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Standard Test Method for

Non-Destructive Assay of Nuclear Material in Waste by
Passive and Active Neutron Counting Using a Differential
Die-Away System *

This standard is issued under the fixed designation C 1493; 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 epsilone} indicates an editorial change since the last revision or reapproval.

1. Scope effect of the matrix on the active signal.

1.1 This test method covers a system that performs nonde- 1.2.2 For plutonium-bearing items, the DDT method mea-
structive assay (NDA) of uranium or plutonium, or both, usingSures thé*Pu content in the range between 0.01 and 20 g.
the active, differential die-away technique (DDT), and passive 1.3 The passive mode is capable of assaying spontaneously-
neutron coincidence counting. Results from the active an@sgilon'”g nuclei, over a nominal range from 0.05 to 15 g
passive measurements are combined to determine the toffi>" PU. Or equivalent. The passive mode can also be used to
amount of fissile and spontaneously-fissioning material ifméasure large (for example, kg) quantities8U. _
drums of scrap or waste as large as 208 L. Corrections are 1.4 This test method requires knowledge of the relative
made to the measurements for the effects of neutron modergbundances of.the pIutomu.m or uranium isotopes to determine
tion and absorption, assuming that the effects are averaged oviée total plutonium or uranium mass.
the volume of the drum and that no significant lumps of nuclear 1.5 This test method will give biased results when the waste
material are present. These systems are most widely used #¢fm does not meet the calibration specifications and the
assay low-level and transuranic waste, but may also be used ff{€asurement assumptions presented in this test method regard-
the measurement of scrap materials. While this test method {89 the requirements for a homogeneous matrix, uniform
specific to the second-generation Los Alamos National LaboSOUrce distribution, and the absence of nuclear material lumps,
ratory (LANL) passive-active neutron assay system, the prinf© the extent that they effect the measurement.
ciple applies to other DDT systems. _ 1.6 '_I'he Comple_te active and passive assay of a 208 L drum

1.1.1 In the active mode, the system measures fissile isds Nominally 10 min or less.
topes such ag®®U and 2%u. The neutrons from a pulsed, 1.7 Improvements to this test method have been repétted
14-MeV neutron generator are thermalized to induce fission i 3. 4)? Discussions of these improvements are not included
the assay item. Between generator pulses, the system detetitghis test method. _ .
prompt-fission neutrons emitted from the fissile material. The 1.8 This standard may involve hazardous materials, opera-
number of detected neutrons between pulses is proportional #2ns, and equipment. This standard does not purport to
the mass of fissile material. This method is called the differ-2ddress all of the safety concerns, if any, associated with its
ential die-away technique. use. It is the responsibility of the user of this standard to

1.1.2 In the passive mode, the system detects time€Stablish appropriate safety and health practices and deter-
coincident neutrons emitted from spontaneously fissioninghin€ the applicability of regulatory limitations prior to use.
isotopes. The primary isotopes measured Z®u, 2*%Pu, pecific precautionary statements are given in Section 8.
and®*%Pu; however, the system may be adapted for use o
other spontaneously-fissioning isotopes as well. The number o
coincident neutrons detected is proportional to the mass of 2-1 ASTM Standards:
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1.2.1 For uranium-bearing items, the DDT can measure C 1009 Guide for Establishing a Quality Assurance Pro-
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C 1068 Guide for Qualification of Measurement Methodsor Mg producing single neutrons. Neutrons produced in this
by a Laboratory within the Nuclear Industry manner are not correlated in time and are a source of

C 1128 Guide for the Preparation of Working Referenceaccidentals in passive mode and background in active mode.
Materials for Use in the Analysis of Nuclear Fuel Cycle 3.1.3 coincidence gate lengtm—the time interval follow-
Material$ ing the detection of a neutron during which additional neutron

C 1156 Guide for Establishing Calibration for a Measure-counts are considered to be in coincidence with the original
ment Method used to Analyze Nuclear fuel Cycle Materi- neutron. Coincidence gate lengths are generally determined by
als® the die-away time of the detector package. The gate length for

C 1207 Test Method for Nondestructive Assay of Plutoniuma shielded detector package is nominally between 35 and 70 ps.
in Scrap and Waste by Passive Neutron Coincidenc&he gate length for a bare detector package is nominally 250
Counting us.

C 1210 Guide for Establishing a Measurement System 3.1.4 coincident neutrongr—two or more neutrons emitted
Quality Control Program for Analytical Chemistry Labo- simultaneously from a single event, such as from a nucleus
ratories within the Nuclear Industty during fission.

C 1215 Guide for Preparing and Interpreting Precision and 3.1.5 combined passive and active—a method which uses
Bias Statements in Test Method Standards used in thgassive and active modes to determine the spontaneously-
Nuclear Industry fissioning and fissile mass components of the waste form,

2.2 ANSI Standard: respectively.

ANSI N15.20 Guide to Calibrating Nondestructive Assay 3 1.6 depleted uraniumn—uranium containing less than

System$ the naturally occurring fraction ¢°U isotopes (< 0.7 weight
2.3 U.S. Government Documents: percent).

DOE Order 435.1 (supercedes DOE Order 5820.2A Radio- 3 1 7 die-away timen—the average lifetime of the neutron

active Waste Management population in an NDA assay system as measured from the time
DOE Order 474.1 (supercedes DOE Order 5633.3B) Congf emission to detection, escape, or absorption. The average

trol and Accountability of Nuclear Materials lifetime is the time required for the neutron population to
DOE Order 5630.2 Control and Accountability of Nuclear yecrease by a factor of 1/e. It is a function of several

Materials, Basic Principles o parameters including chamber design, detector design, assay
DOE /WIPP-069 Waste Acceptance Criteria for the Wastgiom characteristics, and neutron energy.

Isolation Pilot Plant o _ 3.1.8 early gate n—the time interval during which the
10CFR71 Packaging and Transport of Radioactive Materiy,arma| nedtron induced prompt-fission neutrons are mea-

als . L . sured. Typically, this time interval begins 0.4 to 0.9 ms after the
40CFR191 Environmental _Radlanon Protection Standard itiating neutron generator pulse and is 2 to 4 ms in duration.
for Management and Disposal of Spent Nuclear I:ue"'l'his gate is used only during the active mode. Fig. 1 indicates

High-Level, and Transuranic Radioactive Waste the approximate delay and length of the early gate in reference
USNRC Regulatory Guide 5.11 Nondestructive Assay of;, o generator pulse.

Special Nuclear Materials Contained in Scrap and Waste  cila ; ;
. e L 3.1.9 fissile isotopesn—isotopes that can be induced to
USNRC Regula.tory.Gwde 5.53 Qualification, Cf’i“br""t'on’fission by neutrons with thermal kinetic energy, about 0.025
and Error Estimation Methods for Nondestructive Assay electron volts.233U. 235 22%y  and24Pu are the most

3. Terminology common fissile isotopes.

' L . _— . 3.1.10flux monitors n—detectors in the measurement

i octmtons-The folowing deiitons e #°€4%8 1" craber Thereare wo ypes of fux moniors
b 9y ) 3.1.10.1 cavity flux monitor, A~bare neutron detectors used

3.1.1 active mode n—determines total fissile mass of the . 2 . . .
. . : to monitor the intensity of the interrogating thermal neutron
assayed item through thermal neutron interrogation and sum-

sequent detection of prompt-fission neutrons released fro uxin the chamber. .

induced fission. A 14-MeV neutron generator is pulsed at a 3:1.10.2drum flux monitors, ﬁ—b_are heutron dete_ctors
nominal rate of 50 Hz. The pulsed neutrons rapidly thermalizé’IaCGd close to the drum and CO”'”.‘ated with cadmilim o
in the chamber and in the assay item. Thermal neutrons afgeasure the thermal neutrqn flu?< emitted frqm the Qrum.
captured by fissile material which then fissions and immedi- 3-1-111ate gat¢ n—the time interval during which the
ately releases more neutrons which are detected prior to tH&Ftivé neutron background is measured. Typically, this time
initiation of the next pulse. The prompt-neutron count rate ignterval begins 8 to 18 ms after the initiating neutron generator
proportional to the mass of fissile material. This mode is called®ulSe- Refer to Fig. 1. _ _
the differential die-away technique (DDT). Refer to Fig. 1. 3-1.12lump n—that contiguous mass of nuclear material
3.1.2 (alpha, n) reactionsn—occur when energetic alpha that is sufficiently large to affect the measured signal. In the

particles collide with low atomic number nuclei such8®, F, ~ active mode, self-shielding of the thermal neutron interrogating
flux results in an underestimation of the fissile mass. In the

passive mode, self-multiplication leads to an overestimation of

4 Available from American National Standards Institute, 11 W. 42nd St., 13ththe spontanequs—ﬂssmnmg mass. . .
Floor, New York, NY 10036. 3.1.13 matrix, n—the material which comprises the bulk of
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FIG. 1 Time History of an Active Assay of Plutonium Using the Differential Die-Away Technique
the item, except for the assay isotopes and the container. 3.1.17 neutron moderators+—materials which slow down

3.1.14 matrix-specific calibrationn—uses a calibration ma- neutrons through elastic scattering interactions. Materials con-
trix for both passive and active assays similar to the matrix tdaining large amounts of low atomic weight materials, for
be measured. No matrix correction factors are used. Thiexample, hydrogen, are highly moderating.
calibration is generally not appropriate for other matrices. 3.1.18 passive moden—a technique used to determine the

3.1.15 neutron absorbersn—materials which have rela- spontaneously-fissioning mass in the measured item through
tively large thermal-neutron capture cross-sections. Absorbefe detection of coincident neutrons. The coincident neutrons
with the largest capture cross-sections are commonly known age prompt neutrons.
neutron poisons. Some examples are boron, cadmium, gado—3_1_19 24%_gffective massn., N—the mass of“°Pu that

I|n|3ur1nla€13nd I|tth|um(.j toct K bundle of tw would produce the same coincident neutron response in the
h . 5 neu rgnft Ie ector pflc ager at' un | edot ' 0 orf instrument as the assay item. It is a function of the quantity of

ree, 2 or 3-ft long neutron proportional detectors (forg, o 4qq isotopes of plutonium in the assay item and
example,He tubes) surrounded by polyethylene. The output o

: . : . ndamental nuclear constants.
the detectors from one package is combined into one signal an'c“J | d withi
processed by a single preamplifier/amplifier/ discriminator. 3-1-20 prompt neutronsn—neutrons released within ap-
proximately 10** s of the fissioning event. For example, on

Neutron detector packages are of two types:
packag yp average?*®U and #*%Pu emit 2.41 and 2.88, respectively,

3.1.16.1 bare detector package,—Aneutron detectors sur- i o )
rounded by ponetherne, but not shielded with Cadmium_prompt neutrons per neutron-induced fission evéiRu emits

These packages provide a better efficiency for thermal nel@n @n average of 2.16 neutrons per spontaneous fission event.

trons, thus providing a better passive sensitivity when a small 3.1.21 pulsed neutron generaton—a device which can
amount of nuclear material is present. supply a pulsed flux of neutrons. A widely used generator is the

3.1.16.2shielded detector package—meutron detectors Zzetatron which produces 14-MeV neutrons via the deuterium-
surrounded by polyethylene and shielded by a thin wrapping offitium interaction. Zetatrons generate a 10 to 20 ps pulse at a
cadmium. These packages measure the neutrons produced fi§dquency of 50 Hz.
nuclear interactions and are relatively insensitive to thermal- 3.1.22 spontaneously-fissioning nuclen—those nuclei
ized neutrons. which do not require an external neutron source to undergo

aZzmanco.com


https://azmanco.com

@iy c 1493

fission. The most common isotopes &féPu, 2*Pu?*?Pu, mode to measure the plutonium content of scrap or waste, or
244 cm and?%Cf. only in the active mode for measurement of uranium.
3.1.23 totals, n—total number of individual neutrons de- 4.1.3 For waste containing both uranium and plutonium,
tected during the count time, determination of the mass of the fissile materials is performed
3.1.23.1bare totals, r—is the sum of neutrons detected outside of the standard DDT code.
from all bare detector packages. 4.1.4 In all modes, the relative abundances of the plutonium
3.1.23.2shielded totals, a-is the sum of neutrons detected and uranium isotopes are required to determine the total
from all shielded detector packages. plutonium and/or uranium mass.
3.1.23.3 system totals,++is the sum of neutrons detected in 4.2 The active assay is performed using the differential
both the bare and shielded detector packages. die-away techniqués, 7, 8) The technique is described below

3.1.24 transuranic waste, TRU waster—as defined by and in Fig. 1.
DOE Order 435.1(5), transuranic waste is radioactive waste 421 A 14-MeV neutron generator is pulsed repeatedly,
containing alpha-emitting isotopes with atomic number greateyyith a pulse width of 10 to 20 ps, usually at a frequency of 50
than 92, half-life greater than 20 years, and with activitygr 100 Hz.
concentration greater than 100 nCi per gram of waste at the 4 5 » After each pulse, the neutrons are quickly moderated

time of the assay. , to thermal energies in the polyethylene and/or graphite walls of
3.1.25 volume weighted average response-an estimate  he cavity and ultimately, in the waste matrix of the drum

of the count rate that would be obtained from a drumpere they induce fission in fissile material.

containing a uniform distribution of special nuclear material. It

is a weighted average calculated from a series of measuremen

as follows: the drum is divided into typically 10 to 15 volume

4.2.3 The high energy neutrons from the generator that enter
R Cd-shielded detector packages decrease in humber expo-
. . ; nentially (due to capture or escape). After about 600 to 900 ps,
elements, a point source is centered in one of the volumggqaially all of the high energy interrogating neutrons have

elements and measured, the point source is moved to the_ NBen cleared from the detector packages and the remaining
volume element and measured, and each response is We'ghﬁ?\?errogating flux of neutrons is at thermal energies.

by the size of the corresponding element. See Appendix X1 for 4.2.4 Fissions induced by the interrogating neutron flux in

a more detailed explanation. the fissile material in the drum produce prompt high-energy

3.1.26 mdg-range calybrauon n—a cahbratlon_ tec_hnlque neutrons, which are thermalized by the waste matrix and
for both passive and active assays that uses calibration sourc

in a variety of homogeneous mock matrices whose moderatioﬁt§Iyezthylene in the walls of the sample chamber before being

and absorption properties span the range expected to (brzneeasured by the shielded detector packages during the early

) . X S ate. Typically, the prompt neutrons are counted in this gate,
encountered in _the waste drums for which the Ca"bra“‘?f.‘ ISt minally between 0.7 to 4.7 ms after each generator pulse (see
be used. Relationships between the measured quantities ap

correction factors are determined through empirical models,. >’ 1, Region A?' The d_|fference petween the f|SS|on'neutr.on

When the measured quantities for an “unknown” item faIISlgnal and the tail of the mterrogatlon ne_utro_n signal gives rise
o ; oo to the name of the technique - differential die-away.

within the range spanned during the calibration, the assay is 425 Aback q tis al de durina the lat i

within the calibration range. When an assay is not within the, | ' ackground count is also made during the late gate

range spanned during the calibration, matrix-specific calibra(8 to 18 ms after each pulse after the moderated interrogating

tions are performed to account for the unique properties of th nd induced f_|$5|on ne_utrons have been cleared_from the
item System (see Fig. 1, Region B). The late gate count is used to

correct the early gate count for background neutrons, which are
4. Summary of Test Method those neutrons, including delayed fission neutrons, that are not

4.1 This test method addresses a system that performs actip€ompt fission neutrons.
differential die-away and passive neutron coincidence count- 4.2.6 The net number of prompt neutrons detected, normal-
ing. Examples of the apparatus, data acquisition, and calculdzed to the interrogating neutron flux as measured by the cavity
tions contained in this test method are specific to the secondlux monitor, is correlated to the quantity of fissile material in
generation Los Alamos National Laboratory passive-activéhe drum.
neutron assay systef@) but the principle applies to other DDT ~ 4.2.7 The total nuclide mass is determined from the known
systems. relative abundances of the isotopes (Test Method C 1030) and
4.1.1 Typically, the active mode is performed prior to thethe measured fissile mass.
passive mode. A 208 L drum is placed inside the chamber and 4.3 The passive assay uses both shielded and bare detector
rotated continuously during the measurement. The active modgackages to count accidentals and coincident neutrons from
is performed by interrogating the drum with neutrons from aspontaneously-fissioning nuclei. Corrections are made to the
pulsed neutron generator for 40 to 200 s. The passive mode unting data to account for background coincident neutrons.
performed using a counting interval of 200 to 100®s7, 8) The number of coincident neutrons detected by the system is
If the isotopic ratios as well as the relative responses are knoweorrelated to the mass of spontaneously-fissioning isotopes (for
for individual radionuclides, the active and passive modes cagxample, the even mass isotopes of plutonium) in the assay
be used to give independent measurements of the total plutdem (Test Method C 1207). The total plutonium mass is
nium mass. determined from the corrected coincidence count rates, the
4.1.2 The system can also be operated only in the passiwalibration curve correlating the corrected coincidence count
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rates with theé*%Pu-effective mass, and the known or measured 5.5.1 For both matrix-specific and wide-range calibrations,

plutonium isotopic ratios (Test Method C 1030). this test method assumes the calibration material matches the
4.4 Correction factors that account for matrix effects in theitems to be measured with respect to homogeneity and com-

observed count rates may be calculated using the ratios gosition of the matrix, the neutron moderator and absorber

counts from the cavity flux monitor and drum flux monitor content, and the quantity, distribution, and form of nuclear

(obtained during the active measurement), and from thenaterial, to the extent they affect the measurement.

shielded and bare detector packages (obtained during the5.5.2 The algorithms for this test method assume homoge-

passive measurement). neity. Heterogeneity in the distribution of nuclear material,
4.4.1 Generally, both ratios can be used to correct the activeeutron moderators, and neutron absorbers has the potential to
and passive assay results. cause biased resul&5).

4.4.2 If there is no passive result, or if the passive count 5.5.3 This test method assumes that the distribution of the
rates are very low (resulting in very poor counting statistics)contributing radioisotopes is uniform throughout the container
the correction factor obtained from the ratio of the shielded anénd that lumps of nuclear material are not present.
bare detector packages is not useful. For this case, the active5.6 Reliable results from the application of this test method
mode results using matrix-specific calibration factors should beequire training of the personnel who package the scrap and
used. waste prior to measurement, and of personnel who perform the
L measurements. Training guidance is available from ANSI
5 S|gn|f|pance and Use. o o N15.20, Guides C 1009, C 986 and C 1068. In some cases,

5.1 This test method is useful for quantifying fissile (for sjte-specific requirements will dictate the packaging require-
example, U, #*U, #*Pu and*"Pu) and spontaneously- ments.

‘;'4385'0”'”9 m;gle| (for exampl&>*Pu,*Pu, >y, *44Cm, 5.7 Both the active mode and the passive mode provide
Cm, and®*%Cf) in waste and scrap drums. Total elementalassay values for plutonium. During the calibration process, the
mass of the radioactive materials can be calculated if th@perator should determine the applicable mass ranges for both

relative abundances_of each radionu_clide are known. modes of operation.
5.1.1 Typically, this test method is used to measure one
fissile isotope (for examplé>U or 22%Pu). 6. Interferences

5.2 This test method can be used to segregate low level and6.1 Potential sources of measurement interference include
transuranic waste at the 60 nCi/g concentration level currentlgelf-shielding by lumps of fissile material, unexpected nuclear
required to meet the DOE Waste Isolation Pilot Plant (WIPP)material contributing to the active or passive neutron signal,
waste acceptance criteridf, 9, 10) non-uniform nuclear material distributions within a highly

5.3 This test method can be used for waste characterizationoderating matrix, heterogeneity of the matrix, excessive
to demonstrate compliance with the radioactivity levels specigquantities of moderators or absorbers in the matrix, multipli-
fied in waste, disposal, and environmental regulations (Seeation, high (alpha,n) rates, high count rates, cosmic rays, high
NRC regulatory guides, DOE Order 435.1, 10 CFR Part 71, 4Geutron backgrounds, and source characteristics (for example,
CFR Part 191, and DOE-WIPP-069). oxide or metal). In general, the largest potential source of bias

5.3.1 In the active mode, the DDT system can measure thfor active neutron measurements results from heterogeneous
235U content in the range from 0.02 to over 100 g andfifeu  distributions of fissile material within a highly moderating and
content, nominally between 0.01 and 20 g. absorbing matrix, while the largest for the passive mode

5.3.2 In the passive mode, the DDT system is capable afneasurements is excessive neutron absorption.
assaying spontaneously-fissioning nuclei, over a nominal range 6.1.1 The techniques used in this test method cannot distin-
from 0.05 to 15 g of*%Pu, or equivalent6, 11, 12, 13, 14) guish which isotope is generating the measured response. If

5.4 This test method should be used in conjunction with anore than one neutron-producing nuclide is present, the
waste management plan that segregates the contents of assalative abundances and relative responses of those radionu-
items into material categories according to some or all of thelides must be known.
following criteria: bulk density of the waste, chemical forms of  6.1.1.1 Active Mode—The presence of other fissile radionu-
the plutonium or uranium and matrix, (alpha, n) neutronclides will increase the induced fission neutron count rate,
intensity, hydrogen (moderator) and absorber content, thickeausing an over-estimation of th&U or 2*%Pu content, unless
ness of fissile mass(es), and the assay item container size aadorrection is made. Induced fission neutrons 3, 2>%Pu
composition. Each matrix may require a different set ofand ?**Pu are indistinguishable and, therefore, the relative
calibration standards and may have different mass calibratiooontributions from each of these radionuclides cannot be
limits. The effect on the quality of the assay (that is, minimiz-determined from the active assay alone. Since the calibration
ing precision and bias) can significantly depend on the degrefctor used in the calculation is isotope specific, the resulting
of adherence to this waste management plan. fissile mass will be inaccurate if the relative isotopic abun-

5.5 The bias of the measurement results is related to the filances of these isotopes are unknq@).
height, the homogeneity and composition of the matrix, the 6.1.1.2 Passive Mode-Other spontaneously-fissioning nu-
quantity and distribution of the nuclear material, and the itenclides (for example, curium and californium) will increase the
size. The precision of the measurement results is related to tleincident neutron count rate, causing an overestimating of the
quantity of the nuclear material, the background, and the courglutonium content, unless their relative isotopic abundances
time of the measurement. are known. Their presence cannot be inferred from the passive
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data, but discrepancies between the passive and active resultese effects than are active measureméhtd9, 20)
may indicate their presence. Knowledge of the waste stream 6.5 Background neutron count rates from cosmic-ray in-
may also provide information on whether such interferingduced spallation can degrade the measurement sensitivity and
isotopes might be present. the measurement precision. High-background count rates mask
6.2 Lumps of nuclear material can exhibit self-shielding orthe instrument response.
multiplication. This effect is larger for highly moderating 6.5.1 Active Mode—Since the neutron background is mea-
matrices. sured for the active assay during the same irradiation cycles as
6.2.1 Active Mode (Self-Shielding)The nuclear material the fissile signal is observed, sudden changes in background
on the surface of the lump shields the inside of the lump fronievels may affect the precision of the measurement, but will not
the interrogating neutrons. Self-shielding in lumps of fissileresult in measurement bias since the change will be accurately
material can lead to severe underestimates of the fissile conte@termined. Such rapid changes might result, for example,
derived from active assays. In principle, self-shielding effectdrom movements of neutron emitting materials near the instru-
can be significant for lumps with masses containing less thafment. Contributions from cosmic rays and room background
100 mg of#%u (17, 18) neutrons are generally only important at very low fissile
6.2.2 Passive Mode (Multiplicatior)-Three factors that loadings. Spontaneous fission and (alpha, n) neutrons originat-
strongly affect the degree of multiplication are the mass of thénd in the waste drum are usually the primary contributors to
fissile material, lump density and lump geometry. Increases ithe background for active assays.
mass that are not accompanied by changes in either density or6-5.2 Passive Mode
geometry will result in an increase in the coincident count rate, 6.5.2.1 Neutron background levels should be kept as low as
In general, this increase is not incorporated into the calibratioféasible, and should not be allowed to vary significantly due to
function. Lumps of nuclear material are likely to causemovements of neutron sources in the vicinity of the instrument.
unknown changes in multiplication and measurement biadigh background neutron count rates from external sources

This effect will be negligible unless the lumps contain a fewadversely affect measurement precision and detection limits.
tens of grams, or more, of fissile mater{aB). 6.5.2.2 Cosmic rays can produce coincident neutrons. Cos-

6.3 Assay results for waste that is inhomogeneous or has'gIC ray effects become more significant for small amounts of
non-uniform distribution of fissile material, can have signifi- Plutonium in the presence of large quantities of high atomic
cant errors. number materials such as iron or lead. Cosmic-ray induced

6.3.1 Active Mode—The largest errors are likely to occur in heutrons Increase in Intensity as the atmo;pherlc pressure
highly moderating or absorbing matrices. Generally nondecreases. It is possible to continuously monitor atmospheric
uniform distributions of fissile material can result in larger pressure for purposes of adjusting the background count rate

assay errors than those resulting from heterogeneous wa

matrices(6, 19) 6.6 If count rates are so high that there is a large overlap

6.3.2 Passive Mode-The largest source inhomogeneity between neutrons from different pm_nudence events, between
random neutrons, or between coincidence-event neutrons and

errors are likely to occur in highly moderating matridas, andom neutrons, precision will be poor and results may be
17). Generally, there is no way to compensate for these effects. P D€ P Ay
iased for the passive mode. This typically becomes a signifi-

e S . AT pobl ol a cotn 3t sboe 0. AL cunt aes
: : 2 X 10° n/s or more, the shielded coincidence rate may

magnitude and direction c_)f th's b'as depenc_i on the quantity of, \ide a more precise and accurate result than the totals
moderator present, the distribution of the fissile material, an oincidence rate
the size of the item. The instrument produces a non-uniform 6.7 Random neutrons from (alpha, n) reactions, generally

e e s o o, e e e, ny, flect on conidence couning
ydrog ) ’ 6.7.1 If the random neutron count rate is very high com-

:ngnct%rgaslgfnrecsgu?égdlgggt:étg?rtﬁe Zgzzgggﬁ\;‘veercgﬁg%nes ared to the coincident neutron count rate, induced multiplica-
tion effects affect the bias of the ass@2).

6.4.1 Active Mode 6.7.2 Random neutrons from (alpha,n) reactions can in-

6.4.1.1 Moderation and absorption of neutrons in the wast@rease the accidentals rate thereby affecting the statistical
matrix can have a large effect on the active signal, ge”era”brecision of the assay.

larger than the effects on the passive assay.
6.4.1.2 Correction factors for these effects can be obtained- Apparatus
from calibrations using matrix-specific waste drums (see Sec- 7.1 The apparatus addressed in this test method is specific to
tion 9). These calibrations are usually based on homogeneotise second-generation Los Alamos National Laboratory
waste matrices and uniform distributions of fissile materialspassive-active neutron assay syst@h
throughout the matrix. 7.1.1 The following components are included in all second
6.4.2 Passive Mode-Neutron moderation and absorption generation DDT systems. Other components, such as convey-
effects can affect passive neutron count rates. The correctiaors for drum transport and additional flux monitors, have been
factors used in the technique generally account for these effeciscorporated into some systems.
satisfactorily for uniform fissile distributions and homoge- 7.2 Counting AssemblySee Figs. 2 and 3 for a typical
neous matrices. In general, passive counts are less affected byunting assembly configuration. The major components are
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the assay chamber (polyethylene, graphite, and structurakiling, and floor and are used to quantify the fissioning

support); rotating platform; pulsed neutron source; shieldedanaterials in the waste (see Fig. 2).

and bare neutron detector packages; cavity flux monitor; and 7.2.2 The neutron detectors are embedded in polyethylene.

drum flux monitor and collimator. The detection efficiency for system totals neutrons is generally
7.2.1 Shielded and bare neutron detector packages abztween 10 and 15 % for second generation DDT systems.

positioned in the chamber walls (including the chamber door), 7.2.3 Provision for reproducible positioning of the sample
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in the chamber is important for reducing measurement bias. 8.1.6 The system uses high-voltage electrical components.
The same counting geometry should be maintained for théppropriate safety considerations should be followed.
measurement of all calibration materials and assay items. 8.1.7 The neutron generator produces approximatefy 10
7.2.4 A 14-MeV neutron generator pulsed at 50 Hz andheutrons per second when it is operating. Although at least 2 in.
producing about 1Dneutrons per pulse is generally adequateof polyethylene surround the generator and shields nearby
for active assays of 208 L waste drun@3). The neutron personnel from exposure to this source of radiation, appropri-
generator is positioned inside the assay chamber. It provideste safety cautions should be observed.
the fast-neutron pulse which is then thermalized and used as 8.2 Technical Hazards
the interrogating flux for active assays. 8.2.1 Uniform neutron moderator, neutron absorber, and
7.2.5 One cavity flux monitor is positioned within the assaysource distributions are assumed. Deviations may lead to
chamber to measure the interrogating thermal neutron flux (Sdaased results.
Fig. 3). 8.2.2 Locate the instrument in an area with the lowest
7.2.6 One or more drum flux monitors are positioned withinpractical neutron background. Prohibit the external movement
the assay chamber and in close proximity to the assay item tof neutron emitters in the vicinity of the instrument while
measure the neutron flux which has elastically scattered in theeasurements are in progress.
assay item matrix material (see Fig. 3). 8.2.3 Utilization of a measurement result which falls outside
7.3 Electronics—Nuclear electronics convert analog pulsesof the range of the calibration curve is not recommended.
from the®He proportional counters to digital signals which are  8.2.4 Utilization of a result which is based on an inappro-
processed by the data acquisition system. Separate sets mfate material category calibration is not recommended.
preamplifiers, amplifiers, and discriminators may be provided 8.2.5 Correct operation of the neutron generator is deter-
for each detector package. The output of a discriminator ignined by comparing the flux monitor readings with site control
processed by scalers. The scaler outputs are manipulated bglues. Some slow decrease in output is expected as the
logic circuitry modules which sum the individual detector neutron generator tube ages, and does not affect the assay
package count3, 24) results since the shielded detector counts are normalized to the
7.3.1 Coincidence counting electronics are utilized, includflux monitor count. Adjustment of the neutron generator may
ing a correction for accidental coincidence rates (for exampleprovide some compensation for this decreased output. The
from (alpha, n) reaction neutrons and delayed fission neutronsgorrect operation and adjustment of the Zetatron neutron
7.4 Automated data acquisition and reduction are accomgenerator is described {23).
plished by interfacing the instrument to a computer. . —
7.5 Shielding—The assay chamber should be surrounded b)?' Instrument Preparation and Calibration
layers of hydrogenous (for example, polyethylene, borated 9.1 The initial preparation of the DDT apparatus is outlined
polyethylene, etc.) material to reduce neutron backgroundn the following sections, which discuss the initial setup,

caused by extraneous neutron sources and cosmic rays.  calibration, and initialization of measurement control. The
details of preparation are site specific, depend on the material

8. Hazards categories, and are generally performed by experts.
8.1 Safety Hazards-Consult qualified professionals as 9.2 Initial Preparation
needed. 9.2.1 The apparatus weight may exceed typical industrial

8.1.1 Precautions should be taken to prevent inhalatiorfloor load capacities. Check for adequate floor load capacity
ingestion, or the spread of radioactive contamination durindgefore installation.
waste handling operations. All containers should be surveyed 9.2.2 Locate the apparatus to minimize radiation exposure
on a regular basis with an appropriate monitoring device tdo the operator from scrap and waste items. The DDT's
verify their continued integrity. shielding screens the measurement chamber from most sources
8.1.2 Do not override mechanical and electrical safetyof background.
systems. Precautions should be taken to minimize exposure t09.2.3 The instrument should be located in a room where
radiation during operation of the assay system. Plutoniumtemperatures can be controlled.
other transuranics, or fission products contained in the waste 9.2.4 Perform the initial setup recommended by the system
packages and the deuterium-tritium (D-T) neutron generatomanufacturer, obtaining assistance as needed.
can produce ionizing radiation. Appropriate health physics and 9.2.4.1 The use of an oscilloscope to look for electronic
safety considerations should be instituted to reduce potentialoise during the initial setup or trouble shooting of the
worker exposures. equipment is strongly recommended. An oscilloscope is rou-
8.1.3 Facility specific guidelines for handling and loadingtinely used to monitor the neutron generator source strike
drums into assay system should be followed regarding criticalvoltage during active countin(®3).
ity control. 9.2.4.2 The output of the neutron generator should be
8.1.4 The D-T neutron generator contains between 9 and 1éhecked by comparing the cavity flux monitor counts with
Ci of 3H in the form of a tritiated solid. Appropriate health those obtained by the manufacturer for a specified number of
physics and safety considerations should be instituted to reduceutron generator pulses and specified neutron generator op-

potential worker exposures. erating conditions (target and source voltages).
8.1.5 Shielded detector packages contain a cadmium liner. 9.2.4.3 The proper operation of the instrument should be
Appropriate safety considerations should be followed. assured by performing passive and active measurements on
8
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items containing known quantities of fissioning material. making an absolute calibration measurement. Self-shielding
Counts and count rates of individual detectors and detectanay occur in sources of very small size (mg quantities, or
packages should be compared to those specified by tHarger, of plutonium or enriched uranium) and multiplication

manufacturer, using appropriate scaling factors to account fazan be significant in sources of 30 g, or more. These effects
differences in the strengths of the check sources. must be accounted for in order to properly calibrate the

9.3 Preparation of Calibration Materials-Additional  instrument. Typically the amount of self-shielding or multipli-
sources of information include Guides C 1009, C 1068 cation is calculated using Monte Carlo techniq(&g).

C 1128, C 1156, C 1210, and C 1215; ANSI Guide N15.20. 9.4 Calibration:

9.3.1 Calibration matrices should be made from materials 9.4.1 The calibration of the instrument can be a lengthy and
that will simulate the neutron moderation and absorptionnvolved process (ANSI N15.20 and USNRC Guides 5.11 and
properties of the waste being assayed. In some cases, it may bé3). Generally, numerous measurements are made with a
possible to use uncontaminated material exactly the same a#gle source in a variety of locations in barrels containing
the waste material. Real-time Radiography (RTR) results cadifferent waste matrix materials. Additionally, several sources
provide information on waste materials for mock-up drums.of different SNM masses are counted to verify the linearity, or
Often, however, it is necessary to simulate the waste matricedetermine the degree of non-linearity, of the system.
using a benign (non-moderating and non-absorbing) matrix 9.4.2 The instrument calibration may be a matrix-specific
material such as vermiculite, and adding various amounts ofalibration, or a wide-range calibration, that is valid for a range
neutron moderators and absorbers, such as polyethylene beagsnatrix materials and fissile loadings. The user must establish
and borax powder, respectively. The amount of moderator angrounds to support one calibration method over another to meet
absorber added to the barrels can be adjusted to approximatelividual circumstances. The wide-range calibration is nor-
the properties of the real waste for which the calibration is tamally performed by the manufacturer. If adjustments are
be used. The fabrication should document traceability forequired to electronics components, or replacements of detec-
special nuclear material parameters. tors or electronics are required, the user should verify that the

9.3.2 The material in the calibration drums should becalibration of the system is still valid. Changes to the system
uniform throughout the barrel. Care should be exercised telectronics (for example, gate length or components) should be
avoid differential settling of components of the calibration evaluated for their effect on the calibration.
matrices. If this is suspected to have occurred, remixing of the 9.4.3 Calibrations for specific matrices identified through a
matrix material is recommended. waste management plan described in 5.4 may lead to better

9.3.3 Because much real waste will not be composed ofesults than are available in the wide-range calibration. In order
uniformly distributed fissile material in homogeneous wastel0 obtain the best results, packaging of the waste in each
matrices, appropriate care in the assignment of overall assalefined waste matrix category must be uniform. Each matrix
errors is required to account for differences between th&ategory will require a set of representative calibration mate-
calibration barrels and the actual waste composition. While itigials (physical standards). The effectiveness of the waste
not generally feasible to use calibration drums containingnanagement plan and the validity of the resulting calibrations
non-uniformities in matrix composition, such drums may bemay be evaluated by monitoring the absorption and moderator
useful in determining the potential magnitude of errors assoindices defined below. These factors can be used to help
ciated with non-uniformitie§15). evaluate whether the neutron emission characteristics of the

9.3.4 Calibration sources for both the passive and activéalibration material match those of the assay item. Reasonable

assays should span the range of loadings found in the was@greement between the indices for_the (_:alibration materials and
barrels for which the calibration is being used. Any use of the2ssay items suggests that the calibration constants are appro-
system outside the mass range of the calibration sources shoupgate. Afacility-dependent evaluation for each matrix category
be carefully evaluated. Plutonium sources can be used for boifi 'equired in order to make the individual assessments.
the passive and active calibrations. 9.4.4 Matrix-Specific Calibration

9.3.5 A source which provides both a known active and 9.4.4.1 If the waste being measured is made up entirely of
passive response is required for the calibration measuremeng¥)e matrix type, such as from a waste stream where barrels are
This may be the working standard (WS). Sources of fissildilled with a sludge of fixed composition, a calibration can be
material ranging in size from nominally 10 mg to 200 g areéstablished for that specific material.
generally required to perform a complete calibration, covering 9.4.4.2 To determine the volume weighted average re-
the range typically found in waste barrels. Uranium sourcesponse, make both active and passive measurements at each of
can be used for the active calibrations for both uranium andhe representative positions (typically 10 to 15) in a barrel
plutonium wastes since the relative response of these materiagtontaining a matrix with the same composition as the waste
to thermal neutron interrogation is well kno2b). If uranium  stream, using appropriate calibration sources.
is used, a source of coincident neutrons, such?°36f, is 9.4.4.3 Combine the data for the assays obtained at the
needed for the passive calibration. The relative response of thepresentative positions to obtain volume-weighted average
passive system to different spontaneous fission isotopes can berrection factors for passive and active measurements. Ap-
calculated(26). pendix X1 summarizes the volume-weighted average ap-

9.3.6 Both plutonium and uranium sources may exhibitproach.
significant self-shielding that must be accounted for when 9.4.4.4 Determine the passive and active responses of the
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instrument as a function of mass using a series of sources thhtation procedure and data. The data should demonstrate the

span the mass range of the waste to be assayed. This informaariation of the instrument response as a function of the nuclear

tion can be used to verify the linearity of the calibration. Themass and matrix.

count rates for individual detector packages and shielded and 9.5 Initialize Measurement ContretThe need for adjust-

bare combinations should be recorded . This should be pement of the instrument can be determined by measurement

formed in one fixed position in the drum. control procedures. These procedures make use of background
9.4.5 Wide-Range Calibration measurements, replicate measurements of a specific item, and

9.4.5.1 This calibration procedure may be used to assaeriodic measurement of certain items.
barrels containing materials whose neutron moderating and 9-5.1 Determine the measurement control item responses
absorbing characteristics vary widely, as is typical of manyand their uncertainties. These values are the ones to which
waste streams. The objective is a calibration that will accounfuture measurements will be compared (see 10.1).
for changes in counting efficiency and interrogation flux 9.5.2 Iltems used in measurement control must provide
intensity due to Varying amounts of moderators and absorbe@nSiStent measured values, within statistical expectations,
in the waste, over a concentration range that is likely to beeach time they are measured. Perform corrections for radioac-
encountered in the waste items being assayed. tive decay when necessary.

9.4.5.2 To perform this calibration, a number of drums_ 9-5-3 Documentation of the measurement control of the
(typically 10 to 20) containing representative homogeneoud?strument is required. (DOE Orders 474.1 and 5630.2)
mock waste materials must be_ p_repared..Provision must bey  procedure
made to place test samples of fissile material and spontaneous

neutron sources at representative locations (typically 10 to 15 10.1 I\/ieasuremgntb (?ontrel—MeaSlirenilent-control | mea- q
throughout the barrel. The matrix characteristics should spa urements aré made belore assays or unknown samples and are

the range of moderation and absorption found in the waste ti't€rspersed between measurements of unknown samples to

be assayed using the calibrati8) 15) Any use of the system verify prop_erfunctioning qf the instrument. If the measurement
outside the range of moderation and absorption found in thgontrol indicates tha_t the instrument response has changed, the
calibration drums should be carefully evaluated operator or supervisor should determine the cause of the

9453 For each calibration matrix. make both passive an hange and perform corrective actions. In addition, all mea-
e ' . passive urements of unknown samples that have been performed since
active measurements at each representative location in tq

barrel. Combine the data for each barrel to obtain a volume-ﬁe last successful measurement control test, are suspect and

: ; ) o may need to be repeated.
weighted average, which represents a uniform distribution o 10.1.1 Backaround MeasurementsBackaround measure-
fissile material in the waste matrix. Appendix X1 summarizes o g g

the volume-weighted average approach ments should be_made in accordanc_e with the site measurement
. : control plan. This can be accomplished by performing, at a
9.4.5.4 The volume weighted system responses should thefinin m, a passive count on an empty drum. Each detector
be analyzed for various parameters, such as the cavity flug,yage count or count rate can be compared with the normal
monltor—to—barrgl flux monitor ratio and the shielded totals. to ackground values for the package. Significant differences
bare . totals ratio, _aind fit to one of several mathemat'caﬁetween background measurements may be due to such causes
functions using a fitting procedure such as the method of leagly g|ectronic noise, detector or electronics failure, or to
squares, as described (6) and(15) _ iincreases in neutron background count rates. Any significant
9.4.5.5 These fitted functions are then used to obtain matrijiscrepancy should be resolved.
correction factors which are functions of measurement-derived 10 1.2 Bias MeasuremeatPerform periodic measurements
parameterg6, 15) Typically, for active measurements, one qf jtems containing fissile material to verify the reproducibility
correction factor is primarily dependent on the moderatingsf the instrument response in accordance with the site mea-
properties of the matrix, and another is primarily dependent oRrement control plan. Typical practice is to perform an active
the matrix absorption properties. The two factors may beyng passive count on the drum containing a measurement
combined to obtain an overall active correction factor. Thecontrol jtem at the beginning and end of a shift for instruments
passive correction factor is primarily dependent on the modyseq daily. For instruments that undergo intermittent use, this
eration properties of the matrix. check is recommended before and after each use. Counts or
9.4.5.6 Determine the response of the instrument as gount rates for individual detector packages, for the shielded
function of mass as described in 9.4.4.4 if it has not been dongnd shielded plus bare totals, and the cavity flux monitor/drum
previously. This check may be done with any matrix, if aflux monitor ratio can be compared with the values expected
suitable range of count rates can be obtained. for that drum. Agreement with previous values within the
9.4.6 Monte Carlo neutron transport calculations may becontrol limits indicates long-term stability of the instrument’s
useful in supplementing the calibration data. Such calculationgesponse. Low results may indicate that a detector or detector
may provide insight regarding the effect of matrix inhomoge-bank is not functioning correctly. High results may indicate
neities and effects to be expected if particular materials arelectrical noise. Discrepancies should be resolved before pro-
present in the waste matrix. Monte Carlo calculations also cageeding with further measurements of unknown samples.
be used to calculate the magnitude of the self-shielding that 10.1.3 Precision MeasuremestPerform periodic replicate
may be inherent in the calibration sourd@s. measurements of items to verify the estimates of the measure-
9.4.7 The user of this test method should record the caliment precision. The replicate measurements may be performed

10
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either successively or using bias measurement control dataatrix specific calibrations, this test method should be used in
performed on a daily basis. Lack of agreement might indicateonjunction with a waste management plan as specified in
background variations, electrical instabilities, or errors in theSection 6. Packaging for each defined waste matrix category
implementation of the software algorithms. must be uniform. Each matrix category will require a set of
10.1.4 The data obtained above should be recorded an@presentative calibration materials.

analyzed to determine trends in the counts or count rates for 11.5 The effectiveness of the waste management plan and
relevant parameters. These data can include: active mass (W®)e validity of the calibrations are best evaluated by monitoring

passive mass (WS), system totals-to-shielded ratio (WS}he absorption and moderator indices of the measured waste.
cavity flux monitor/drum flux monitor ratio and cavity flux These factors serve to determine whether the neutron emission
monitor response, background counts in detector sets, argharacteristics of the calibration materials match those of the

responses of detectors sets (WS). assayed waste. Reasonable agreement between the indices for
10.2 Item Measurements the standards and assay items suggests that the calibration
10.2.1 Check that the item size and container match those gfarameters are appropriate.

the calibration standards. 11.6 Active Mode Analysis
10.2.2 Record the assay item (drum) information in accor- 11.6.1 The active neutron signal is proportional to the

dance with the user’s standard operating procedures. product of the fission cross section and the average number of

10.2.3 The assay item should be located in the center of thgeutrons per fission25, 26) These fundamental nuclear
assay chamber, in the same location used for the calibration. larameters are known with great confidence. This means that
the usual assay method, the drum is automatically rotatedranium and plutonium standards may be used interchangeably
during measurements in order to reduce effects due to radiglecause the measured active response can be accurately
inhomogeneities and non-uniformities in the drum contents. adjusted between the two isotopes. Of course, this is strictly

10.2.4 Measure in the active mode for the preset number afue only when self-absorption effects have been taken into
neutron generator pulses. The number of generator pulses may¥count.
be set based on the desired statistical precision and may be11.6.2 The net signal must be corrected for background and
changed to compensate for decreasing neutron generator oglead time effects before the fissile mass can be calculated.

put. ) _ _ After corrections for these effects have been applied, fissile
10.2.5 Measure in the passive mode for the preset countingiass can be calculated as:

time or until the desired statistical precision is achieved.
Sufficient time should elapse between the end of the active
count and the start of the passive count to ensure that there ighere:
no significant interference in the passive count from delayednet signal

fissile mass= (net signa) X Fp X Fy; X Fga X Caciive

the net count rate (that is, corrected for back-

neutrons resulting from the active interrogation; typically, a ground and dead time effects and normalized

delay of about one minute is sufficient. to the neutron generator output) in the early
10.2.6 Calculate the fissile masses derived from the active gate,

and passive counts and calculate other quantities of interest.F, = the correction factor for absorption of the

interrogating flux,

11. Caleulation = = the matrix correction factor for neutron mod-
11.1 This section provides a brief description of the calcu- eration,

lations developed for the second generation LANL DDT, Fgu = the fissile material self absorption correction

including the calculations for calibration and for the matrix factor, and

absorption/moderation correction formalism. Only major com- C, = the open geometry (empty drum, neutronically

ponents in the analysis method are discussed as the algorithms, thin) active mode calibration term in units of

calibration parameters, and correction factors differ for indi- grams of?*%Pu (or?*U) per unit signal count.

vidual systems. Referencé) provides a more complete  11.6.3 To calculate total plutonium mass from fissile mass,
general reference. In addition, supporting documentation fothe plutonium isotopic composition must be known.
individual systems should be consulted for more detailed 11.6.4 For second generation DDT systems, the correction
information. factor for absorption has generally taken the functional form

11.2 In general, the DDT algorithms, calibration param-(6)
eters, and correction factors have been determined semi-
empirically using simulated materials and containers that are
representative of frequently-encountered waste forms. where:

11.3 The functional form and values of fitted parameters the Absorption Index is an empirically determined value (or
presented here have been put into service for some versions @¥erage) determined from matrices that simulate a broad range
the second generation of DDT systems but may not be@f waste to be assayed, and, Gind N, are parameters
applicable to all versions. It is the user’s obligation, working indetermined from a least squares fitting procedure for a number
conjunction with the instrument supplier, to assure that thef waste matrix forms found in defense-contaminated waste.
fitted functions, set points, and calibration schemes are suitablEypically, there is a threshold value below which no absorption
for the anticipated waste streams. correction is needed.

11.4 For waste to be measured using either wide range or 11.6.5 Absorption indices range from about 1.5 for matrices

F, = C, X (absorption inde}*

11
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(6) with benign materials (for example, vermiculite) to 31 for where:

highly absorbing matrices (200 kg of water). They are calcu-the net passive coincidence signal has been corrected for

lated from the ratio of the net chamber flux monitor responsepackground and dead time effects,

to the net drum flux monitor response determined during ther, the passive mode matrix correction factor, and
active mode analysis. Crassive the passive coincidence calibration factor(s) in

11.6.6 Fitting parameters of,G=0.54 and Nl = 0.612 have open geometry.
been determined as average val(@sover a wide variety of 11.7.1 Again, the determination of total plutonium mass
matrix forms. A value of approximately 2.7 has been deterrequires knowledge of the plutonium isotopic composition.
mined as a threshold value for some second generation drum11.7.2 Over a broad range of matrix materials, passive
DDT systems. For DDT assays of specific waste forms, othematrix correction factors & have been calculated from the

matrix correction factors and functional forms may be moreModerator Index defined above and from both the passive
appropriate. coincidence signal and the total neutron signal depending on

e value of the Moderator index.

11.7.3 For DDT assays of specific waste forms, other matrix
) correction factors may be more appropriate.

Fi = Cy exp(Ny X moderator indek 11.7.4 Because most forms of plutonium have relatively

11.6.8 Again, G, and N, are fit from an analysis of the weak emission rates (approximately 30 spontaneous fissions

neutron moderation properties over a range of materialf?er gram per second for weapons grade plutonium) and
Typical values over a wide range of waste materials ardecause DDT systems have low coincidence neutron detection

Cy =0.48 and N, = 1.8 (6). efficiencies (about 2 % for drum DDT systems), relatively large
guantities of plutonium mass are required for the determination

passive shielded totals rate, the passive totals count rate, a§ the calibration parametergss;,. Because elaborate safe-

the absorption index. They range from 0.0 for benign matriceguards. andzgecurity procedures are required for Iargg masses of
(vermiculate) up to 0.§6) for highly moderating materials pIuFonlgm, cf stan'dard.s are often used for passive mode
(200 kg of water) calibration. Cross calibration correction factors that account for

L . . the different number of neutrons per fission and neutron
11.6.10 Moderator indices are not used in this form for P

. oS nergies for plutonium and®°Cf must be used for these
analyses of uranium waste because uranium isotopes have o Miibrations

a weak passive neutron signal. No absorption COITection iS 11 7 5 | contrast to active mode calibration, several pluto-
required for moderator indices below 0.48). nium calibration standards may be needed for passive mode

11.6.11 For DDT assays of specific waste forms, othegalibration in order to correct for multiplication effect).
neutron moderation correction factors and functional forms

may be more appropriate. 12. Precision and Bias

11.6.12 The correction factor for self-absorption,Fis a 12.1 Precision and bias are affected by many interrelated
difficult correction to establish because it presupposes knowifactors. These factors include neutron moderator and absorber
edge(6) of how the fissile material is distributed within the effects; nuclear material mass; chemical form of the plutonium
waste matrix. In some cases, a simple one-parameter expone¥- uranium; bulk density and distribution of the matrix;
tial model for self-absorption has been used. The singléSotopic composition; self-shielding; neutron multiplication;
parameter was based on an average self-absorption terf@unt rate losses; and background considerations. Evaluation
determined from a number of waste drums at the Hanfor@f the measurement uncertainty is not purely a mathematical
facility. This correction has not been accepted by all users ofask, but also requires detailed knowledge of the measurement
second generation DDT systems. methods and the pertinent characteristi_cs of the items being

11.6.13 Because active mode calibrations are typically gneasured. Measurement of uncharacterized drums (little or no

linear function of fissile mass, determination of the calibration® Priori knowledge of drum contents; e.g. isotopics, source and

parameter ... can often calculated from measurements of gmatrix distribution) may be considered to be of indeterminate

single source. A volume-averaged source response is generaﬂﬁcuracy because fac_:tors that tend to bias measurements may
used to establish Cye- go undetected and will not be completely accounted for using

11.6.14 Si i " vsi th | " the system hardware and software.
T Ince active heutron analysis uses thermal NeUtion 54 1 precision can normally be improved if:

interrogation of the fissile constituents in the waste, care must 12.1.1.1 The count time is increased

be taken to ensure that materials used to determine the; ; 1 5 ype background neutron rate from (alpha,n) neu-
calibration tgrm Gactiver .do not display self-absorption or that tron production, cosmic ray spallation events, and emissions
self—absorptlgn corrections are .ca}lculable. ) from waste stored near the system is decreased.

11.7 Passive neutron analysis is generally dominated by the 12 1 1.3 This section lists precision and bias information

... . 8 24
spogzaneously fissioning isotopes of plutonitiifPu, **®Pu,  applicable to both passive and active mode analyses, and
and®*%Pu. The functional form most often used to calculate th&nformation that is specific only to each measurement mode.

11.6.7 Over a broad range of matrices, the correction factoﬁh
for neutron moderation has taken the form:

11.6.9 Moderator indices are measured as a function of th

mass of the spontaneously fissioning isotopesy, Mf pluto- 12.2 Passive and Active Measurementl§ only plutonium
nium 1s is present, both the active and passive mode measurements
Mge = net passive coincidence signalFp X Cp,ssive provide assay values for plutonium. The passive result will
12
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generally have less bias but the active result will have betteanderestimation of the SNM content. Examples are cited
precision. The active and passive measurements are not coioelow.
pletely independent because they use correction factors that are12.3.2.3 An active result obtained from a 1.0 g plutonium

linked. metal foil approximately 1.9 cm diameter and 0.2 mm thick is
12.2.1 Precisior—The precision in a DDT measurement of biased low by approximately 70 %4).

an item can be estimated by replicate measurements. 12.3.2.4 MCNP calculations predict that a 10 mg metal
12.2.2 Bias sphere of 93 % enriche@®U will be biased low by 65 %

12.2.2.1 The bias should be estimated for each waste typeompared to that of a dispersed sou(28).
12.2.2.2 A comparison with another assay technique can be 12.3.2.5 Similar calculations predict that a 100 g sphere of
helpful for estimating the magnitude of the bias. U504 (93 % enriched) will be biased low by 11 % compared to
12.2.2.3 Experimental studies (for example, measurementiat of a dispersed sour¢2s).
of simulated heterogeneous waste matrices) are often helpful in 12.3.2.6 The active background is obtained during the
estimating potential bias for various waste categories. active measurement of the waste drum by using data collected
12.2.2.4 If the detection efficiency is not constant over thein the late gate, and is generally not a source of bias. However,
assay volume, bias effects can occur due to varying fill heightpr very large neutron backgrounds, on the order of 3.0°
heterogeneity, or item positionin@8). n/s, biases of +0.5 g have been obser{Es).
12.2.2.5 Calibration materials have assigned values for 12.4 Passive Measurements
mass and isotopic ratios. A bias in an assigned value causes al2.4.1 Precision
bias in the calculated results. 12.4.1.1 Counting statistics contribute a random error of
12.2.2.6 If the net passive neutron signal is small (forless than 1 % for a 400 s count of a drum containing 30 g of
example, milligram quantities of plutonium) then the modera-low burnup plutonium meta{15). The precision is generally
tor correction may only partially account for neutron modera-worse for assays of smaller quantities of plutonium.
tion effects in the measurement. 12.4.2 Bias
12.3 Active Measurements 12.4.2.1 The bias due to the cosmic-ray background is
12.3.1 Precision—The % Relative Standard Deviation in generally not significant except at plutonium loadings near the
repeated measurements using a second generation DDT systdetection limit(29).
has been shown to be less than 5 % for active mode analysis12.4.2.2 Because most waste does not contain large, dense
(6). The mass of fissile material used for this demonstratiorfissile sources (~100 g or more) biases due to neutron multi-
was approximately 0.5 g for the measurement (40 s courplication are generally negligible when compared with other
time). uncertainties. If multiplication does occur, then the assay result
12.3.2 Bias will be biased high.
12.3.2.1 Biases in the range of 25 % have been reported for 12.4.2.3 In drums with low moderator content, neutron
active measurements of plutonium and uranium performedbsorbing materials generally have a small effect on the passive
during evaluations of system performance on containers ofoincidence measurement. Absorbers in combination with
simulated wasté15). moderators may result in significant bias, howe{4s).
12.3.2.2 Self-shielding can result in large biases causing an

APPENDIX
(Nonmandatory Information)

X1. VOLUME WEIGHTED AVERAGE

Note X1.1—Other source positional calibration methods that can bein the drum. These radial distances are preferred because they
shovyn to be equivalent to the volume-weighted method discussed in thigre |ocated at the mid-volume radii of a cylinder inside two
section, may be used. nested cylindrical shells, all with equal volumes. Responses

X1.1 The cost of characterizing and storing suitable califrom sources at these radii approximate average responses for
bration materials for large sets of diverse matrices can beénhe equal volumes.
decreased by using the volume-weighted-average coriéept
15). The concept uses small capsules of special nuclear X1.3 When the tubes are fixed in position, the containers
material and containers filled with uncontaminated matrixare filled with uncontaminated matrix material for the calibra-
material to estimate the response of the instrument to differerfon exercise. The selection of matrix materials is based on the
matrices(8). neutron absorption and moderation properties of the material

X1.2 The containers are generally standard 208-1 (55-glyategories used in the sorting and waste segregation proce-
drums, 86 cm high and 57 cm in diameter. Typically, three ordures. The neutron moderation and absorption properties of the
four tubes that span the length of the drum are placed in theatrix in each container should be uniform throughout the
drums at mid-volume radii resulting in equal volume elementsontainer.
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X1.4 Small capsules containing the special nuclear materiadame-sized volume element. Selection of equally sized volume
of interest or appropriate surrogates are placed inside the tubetements will simplify the calculations because no weighting of
of the sample containers at various heights during the medhe responses is required.
surements. Self-shielding of the special nuclear material in
each capsule should be evaluated and minimized. Identical X1.6 After the measurements are completed, the weighted
capsules containing different quantities of special nucleapverage and standard deviation of the measured results are
material in similar quantities can be used to evaluate selfcomputed. Each result is weighted by the volume element it
shielding. An alternative approad¢h) utilizes an analytical fit represents. The average response is representative of the
to the measured responses as a function of radius at a givé@sponse from special nuclear material distributed uniformly
height. throughout the container.

X1.5 Each matrix container will typically have measure- X1.7 Another approach is to determine volume-weighted
ments made at five or seven heights in each of the three tubegsponses using Monte Carlo neutron simulati(8®. Mod-
If the heights are evenly spaced and the radidetermined eling should be used in combination with experimental mea-
above are used, each measurement is representative of thierements.
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