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Standard Test Method for
Nondestructive Assay of Plutonium by Passive Neutron
Multiplicity Counting *

This standard is issued under the fixed designation C 1500; 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 3. Terminology

1.1 This test method describes the nondestructive assay of 3.1 Terms shall be defined in accordance with Terminology
plutonium in forms such as metal, oxide, scrap, residue, o€ 859 except for the following:
waste using passive neutron multiplicity counting. This test 3.2 alpha (), n—the ratio of the uncorrelated neutron
method provides rapid results that are usually more accuramission rate froma(,n) reactions to the spontaneous neutron
than conventional neutron coincidence counting. The methodmission rate from a non-multiplying sample (see R&f.for
can be applied to a large variety of plutonium items in variousequation).
geometries in cans, 208-L drums, or 1900-L Standard Waste 3.3 coincidence gate length (Gh—the time interval fol-
Boxes. It has been used to assay items whose plutoniutowing the detection of a neutron during which additional
content ranges fra 1 g to1000’s of g. neutron counts are considered to be in coincidence with the

1.2 There are several electronics or mathematical aperiginal neutron. In Fig. 1, this is the length of time thR« A)
proaches available for multiplicity analysis, including the shiftand @) gates are set to accept neutron counts.
register, the Euratom Time Correlation Analyzer, and the List 3.3.1 gate fractions, a-the fraction of the total coincidence
Mode Module, as described briefly in RéL.).? events that occur within the coincidence gate.

1.3 This test method is primarily intended to address the 3.3.2 doubles gate fraction(fy), n—the fraction of the
assay of“%Pu-effective by moments-based multiplicity analy- theoretical double coincidences that can be detected within the
sis using shift register electroni€4, 2) and high efficiency coincidence gate (see Eq 1).
neutron counters specifically designed for multiplicity analysis. 3.3.3 triples gate fraction(f)), n—the fraction of the theo-
This test method requires knowledge of the relative abunretical triple coincidences that can be detected within the
dances of the plutonium isotopes to determine the totatoincidence gate (see Eq 2).
plutonium mass. 3.4 die-away time ), n—the average mean life-time of the

1.4 This test method may also be applied to modifiedneutron population as measured from the time of emission to
neutron coincidence counters which were not specificallythe time of detection, escape, or absorption. Die-away time is
designed as multiplicity counters, with a corresponding degraa function of the counter assembly design and the assay item.

dation of results. Fig. 1 illustrates the decreasing probability of detection as a

function of time.

2. Referenced Documents 3.5 doubles (D) n—the doubles are equivalent to the reals
2.1 ASTM Standards: rate and represents the number of double neutron
C 859 Terminology Relating to Nuclear Materials coincidences/s. The doubles may be determined from the
C 1030 Test Method for Determination of Plutonium Isoto- coincidence shift register directly or by reduction of the

pic Composition by Gamma-Ray Spectroscbpy multiplicity (R + A) and @) histogramg1).

C 1207 Test Method for Nondestructive Assay of Plutonium 3.6 efficiency €), n—this is usually taken to be the absolute
in Scrap and Waste by Passive Neutron Coincidenc@eutron detection efficiency, which is calculated from the ratio

Counting of the measured neutron count rate to the declared neutron
C 1458 Test Method for Nondestructive Assay of Pluto-emission rate of a non-multiplying reference source.
nium, Tritium, and®**Am by Calorimetric Assay/ 3.7 factorial moment n—this is a derived quantity repre-

senting a summation of the neutron multiplicity distribution
weighted by certain factors (see RéT) for equation).

* This test method is under the jurisdiction of ASTM Committee C26 on Nuclear ; n ; i ; ;
Fuel Cycle and is the direct responsibility of Subcommittee C26.10 on Nonco?]'tir:im the entire container bemg measured and its

Destructive Assay. o L . o L .
Current edition approved Jan. 10, 2002. Published May 2002. 3.9 multiplicity distribution n—this is the distribution of

% The boldface numbers in parentheses refer to the list of references at the end ffie number of neutrons emitted in a fission event. This number

this standard.
2 Annual Book of ASTM Standardgol 12.01. can vary from 0 to 5 or more.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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FIG. 1

(a) Simplified porbability distribution showing the approximately exponential decay, as a function of time, for detecting a second
neutron from a single fission event. The probability of detecting a random neutron is constant with time. (b) Typical coincidence
timing parameters.

3.9.1 spontaneous fission neutron multipliciti€s,;, vy lifetime of coincident neutrons in the counting chamber. This is
veg), N—the factorial moments of the spontaneous fissiora measured quantity.
neutron multiplicity distribution. For the multiplicity analysis  3.11.4reals (R), A—the number of coincident neutrons
of Pu materials the spontaneous fission nuclear dafd%u is  detected in R + A) gate intervals immediately following the
used to calculate these mome(i33. One commonly used set detection of each neutron during the count tif®g. This
of moments isvg; = 2.154,v, = 3.789,v,;= 5.211(23). quantity is calculated from the measured £ A) and @)
3.9.2 induced fission neutron multiplicitie&;;, vip, viz), quantities.
n—the factorial moments of the induced fission neutron 3.11.5 neutron counting multiplicity, A-the number of neu-
multiplicity distribution. Typically multiplicity analysis will  trons within the coincidence gate for each trigger event in the
utilize the data from fast neutron-induced fissiorf8Pu to  shift register.
calculate these moment8). One commonly used set of  3.12 net neutron leakage multiplication (M)—the ratio of
moments isv;; = 3.163,v;, = 8.240,v;3 = 17.321(23). the net number of neutrons leaving the item to the number
3.10 point model n—the mathematical model used to ana- initially produced by spontaneous fission ardn) reactions
lyze multiplicity counting data. The model assumes that thg6).
neutron detector efficiency and the probability of fission are 3.13 passive moden—determines the total spontaneous
constant across the item, as though it were a point source. fissioning mass in the measured item through the detection of
3.11 shift-register-based coincidence circuit—an elec- emitted neutrons rather than neutrons from fissions induced by
tronic circuit for determining total$, reals plus accidental®(  external interrogation sources.
+ A), and accidentalsd) in a selected count time(4, 5). The 3.14 pre-delay n—the coincidence circuit has a pre-delay
terminology used in this test method refers specifically toimmediately after a neutron has been detected to allow the
shift-register electronics. Fig. 1 shows the probability ofamplifiers to recover and prepare to detect subsequent neutrons
detecting a neutron as a function of time and illustrates the timé4). This principle is shown in Fig. 1.

intervals discussed. 3.15 singles (S)n—the singles are equivalent to the totals/s
3.11.1 totals, n—the total number of neutrons detected representing the total neutron detection rate.
during the count time. 3.16 triples (T), n—The triple neutron coincidence rate is a

3.11.2reals plus accidentals, (R + A),-Athe number of derived quantity obtained from the factorial moments of the
neutrons detected in th& ¢ A) gate period (Fig. 1) following multiplicity (R + A) and @) histograms(1). It may be
the initial detection of each neutrdd). These events are due visualized as the count rate for three neutrons in coincidence.
to neutrons that are coincident with the given neutron (reals)
and to neutrons that are not correlated with the given neutroft: Summary of Test Method
(accidentals). This is a measured quantity. 4.1 The item is placed in the sample chamber or “well” of
3.11.3 accidentals (A), A~the number of neutrons detected the multiplicity counter, and the emitted neutrons are detected
in the (A) gate period (Fig. 1) following the initial detection of by the®He tubes that surround the well.
each neutror(4). These neutrons are not correlated with the 4.2 The detected neutron multiplicity distribution is pro-
initial neutron. They come from many different sources andcessed by the shift register electronics package to obtain the
their count rate is assumed to be constant from the item beingumber of neutrons of each multiplicity in thR ¢ A) and @)
assayed. This quantity is measured by interrogating #)e ( gates.
gate time interval window that occurs long after the expected 4.3 The first three moments of theR (+ A) and @)
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multiplicity distributions are computed to obtain the singles (orpractical counting time§12).

totals), the doubles (or reals), and the triples. Using these three5.5 For pure Pu metal, pure oxide, or other well-
calculated values, it is possible to solve for 3 unknown itemcharacterized materials, the additional multiplicity information
properties, thé*%Pu-effective mass, the self-multiplication, is not needed, and conventional coincidence counting will
and thea ratio. Details of the calculations may be found in provide better repeatability because triple coincidences are not
Annex Al. used. Conventional coincidence information can be obtained

4.4 The total plutonium mass is then determined from theeither by changing to a coincidence counter, or analyzing the
known plutonium isotopic ratios and th&Pu -effective mass. multiplicity data in coincidence mode.

4.5 Corrections are routinely made for neutron background, 5.6 The mathematical analysis of neutron multiplicity data
cosmic ray effects, small changes in detector efficiency withs based on several assumptions that are detailed in Annex A1,
time, and electronic deadtimes. The most important is the assumption that the item is a point in

4.6 Optional algorithms are available to correct for thespace, so that neutron detection efficiency, die-away time, and
biases caused by spatial variations in self-multiplication oimultiplication are constant across the entire it€i6, 17)
changes in the neutron die-away time. 5.6.1 Bias in passive neutron multiplicity measurements is

4.7 Multiplicity counters are carefully designed by Monte related to deviations from the “point model” such as variations
Carlo techniques to minimize variations in detection efficiencyjn detection efficiency, matrix composition, or distribution of
caused by spatial effects and energy spectrum effects. Corregyclear material in the item’s interior.
tions are not routinely made for neutron detection efficiency 562 Heterogeneity in the distribution of nuclear material,
variations across the item, energy spectrum effects on detectigaytron moderators, and neutron absorbers may introduce
efficiency, or neutron capture in the item. biases that affect the accuracy of the results. Measurements
made on items with homogeneous contents will be more

5. Significance and Use o oS
. . - . _accurate than those made on items with inhomogeneous
5.1 This test method is useful for determining the plutonium. .o ts

content of items such as impure Pu oxide, mixed Pu/U oxide,

oxidized Pu metal, Pu scrap and waste, Pu process residugs, |nierferences

and weapons components. . -
5.2 Measurements made with this test method may be 6.1 For measurements of items containing several hundred

suitable for safeguards or waste characterization requiremen@@ms of plutonium metal or more, multiplication effects are
such as: not adequately corrected by this meth¢tB). A variable-

5.2.1 Nuclear materials accountability multiplication bias correction is required.
5.2.2 Inventory verificatior7), 6.2 For items with highd,n) reaction rates, the additional

5.2.3 Confirmation of nuclear materials cont¢sy, un_coryelated neutrons will significantly ﬁncr_ease the ac.ciQe.ntaI
5.2.4 Resolution of shipper/receiver differenc@} comc[den'ce rate. Thg pracycal application of multiplicity
5.2.5 Excess weapons materials inspectidis 11) counting is USL_JaII_y limited to items where the ratio afrf) to
5.2.6 Safeguards termination on waét@, 13) spontaneous fission neutrons is aboy¥}

5.2.7 Determination of fissile equivalent contéid). 6.3 For measurement of large items with highn) reaction

5.3 A significant feature of neutron multiplicity counting is rates, the neutrons fronan) reactions can introduce biases if
its ability to capture more information than neutron coinci- their energy spectra are different from the spontaneous fission
dence counting because of the availability of a third measure@nergy spectrum. The ratio of the singles in the inner and outer
parameter, leading to reduced measurement bias for mo8fgs can provide a warning flag for this effgdi9).
material categories. This feature also makes it possible to assay6.4 Neutron moderation by low atomic mass materials in the
some in-plant materials that are not amenable to conventiondem affects neutron detection efficiency, neutron multiplication
coincidence counting, including moist or impure plutoniumin the item, and neutron absorption by poisons. For moderate
oxide, oxidized metal, and some categories of scrap, waste, afvels of neutron moderation, the multiplicity analysis will
residueg10). automatically correct the assay for changes in multiplication. A

5.4 Calibration for many material types does not requirecorrection for capture in neutron poisons or other absorbers is
representative standards. Thus, the technique can be used fisit available, so that a bias can result in measurements of such

inventory verification without calibration standardg), al-  items.
though measurement bias may be lower if representative 6.5 It is important to keep neutron background levels from
standards were available. external sources as low and constant as practical for measure-

5.4.1 The repeatability of the measurement results due tment of low Pu mass items. High backgrounds may produce a
counting statistics is related to the quantity of nuclear materialbias, depending on the item’s mass and self-multiplication.
the (@,n) reaction rate, and the count time of the measurement 6.6 Cosmic rays can produce single, double, and triple
(15). neutrons from spallation events within the detector or nearby

5.4.2 For certain materials such as small Pu items of leskardware. The relative effect is greatest on the triples, and next
than 1 g, some Pu-bearing waste, or very impure Pu proceggeatest on the doubles. Cosmic ray effects become significant
residues where thex(n) reaction rate overwhelms the triples for assay items containing large quantities of high atomic
signal, multiplicity information may not be useful because ofnumber matrix constituents and small gram quantities of
the poor counting statistics of the triple coincidences withinplutonium. Multiplicity data analysis software packages should
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include correction algorithms for count bursts caused by 7.1.3 Multiplicity counters are designed with a nearly flat

cosmic rays. neutron detection efficiency as a function of the neutron energy
6.7 Other spontaneous fission nuclides (for example, curiurspectrum, largely through the use of multiple ringStéé tubes

or californium) will increase the coincident neutron countplaced at different depths in the polyethylene moderator

rates, causing a positive bias in the plutonium assay thanaterial.

multiplicity counting does not correct for. The triples/doubles 7.1.4 Multiplicity counters usually have a thick external

ratio can sometimes be used as a warning flag. layer of polyethylene shielding to reduce the contribution of
background neutrons from external sources.

7. Apparatus 7.1.5 Existing conventional neutron coincidence counters

7.1 Multiplicity Counters are sometimes used for multiplicity analysis. The quality of the

7.1.1 Neutron multiplicity counters are similar in design andmultiplicity results will depend on the extent to which the
construction to conventional neutron coincidence counters, aonverted counters meet the multiplicity design criteria given
described in Test Method C 1207. Both are thermal neutrombove.
detector systems that utilize polyethylene-moder3itslpro- 7.2 Multiplicity Electronics
portional counters. However, multiplicity counters are de- 7.2.1 An example of the physical layout of tfiée tubes
signed to maximize neutron counting efficiency and minimizeand amplifier electronics on a multiplicity counter is illustrated
neutron die-away time, with detection efficiencies that arein Fig. 2. The junction box usually contains 20 or more fast
much less dependent on neutron energy. Multiplicity counterpreamp/discriminator circuits to allow operation at very high
have 3 to 5 rings ofHe tubes and absolute neutron detectioncount rates with short multiplicity electronic deadtimes.
efficiencies of 40 to 60 %, whereas conventional coincidenc@he®He tubes require a high voltage power supply, and the
counters have 1 or 2 rings #fle tubes and efficiencies of 15 electronics require a +5 volt DC power supply. Depending on
to 259%. A multiplicity counter for the assay of cans of the multiplicity electronics package being used, it may be
plutonium is illustrated in Fig. Z20). necessary to provide separate +5 V or HV power supplies.

7.1.2 Multiplicity counters are designed to keep the radial 7.2.2 Some multiplicity junction boxes include a derandom-
and axial efficiency profile of the sample cavity as flat asizer circuit that holds pulses that are waiting to enter the shift
possible (within several percent) to minimize the effects ofregister, thus eliminating input synchronization los¢2s).
item placement or item size in the cavity. Provision for With a derandomizer circuit, a conventional shift register can
reproducible sample positioning in the cavity is still recom-be operated at count rates approaching 2 MHz with virtually no
mended for best accuracy. synchronizer counting losses.
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FIG. 2 Design Schematic for a Plutonium Multiplicity Counter. In this cross section of the counter, 80 3He tubes are arranged around
the sample cavity. The space between the tubes is filled with polyethylene, and graphite above and below the sample cavity scatters
and reflects neutrons. The junction box contains the fast preamp/discriminators.
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7.2.3 A predelay circuit is usually included at the input to 9. Preparation of Instruments
the multiplicity shift register to reduce the effect of small g 1 perform initial multiplicity counter setup.

electronic deadtimes or pulse pileup effects in#He tubes 9.1.1 Itis recommended that the counter be set up and used
and eliminate a counting imbalance or *bias” betweenRR& i, o areq with a range of temperature and humidity typical of
andA multiplicity distributions(4). _ an air-conditioned office environment, although newer elec-

7.2.4 A multiplicity shift register is required to measure the yonjcs packages are specified to operate over the range of 0 to
neutron multiplicity distributions in th&+A andA coincidence  5gec and 0 to 95 % humidity. Movement of radioactive
gates (5). This electronics provides the same data as naterial in the vicinity of the counter should be avoided while
conventional shift-register, and in addition records the numbeg,easyrements are in progress if the background count rates can
of times each multiplicity occurs in tHe+A andA coincidence change by 10 % or more.

gates. 9.1.2 Set up the initial detector, data collection, and data

7.2.5 Software packages are needed to acquire and analyzg,|ysis parameters in the software code as recommended by
datg from thg multiplicity shift reglstgr. M.easurement controlihe supplier. Turn on the quality-control tests in the analysis
options, quality control tests, and calibration and least-squargs,de as described in Section 11.

fitting options are also needed in the software. 9.1.3 For all measurements, split up the available count time
into a series of many smaller runs.

9.2 Perform detector characterization measurements. These

8.1 Safety Hazards-Consult qualified professionals as jnjtial measurements will provide some of the initial detector
needed. parameters needed for setup.

8.1.1 It is recommended that a criticality safety evaluation 921 Measure the room background singles, doubles, and
be carried out if fissile material is to be measured, especiallyriples rates to make sure that they are reasonable aftdieno
before assay of unknown items. The measurement chambgetector breakdown is indicated. These count rates can be used
approximates a reflecting geometry for fast neutrons. as initial measurement control values. Typical singles, doubles,

8.1.2 Precautions should be taken to avoid contact with higland triples count rates are 100 to 1000 cps, 1 to 2 cps, and 0.1
voltage. ThéHe tubes require low current high voltage power g 0.2 cps, resp.
supplies. 9.2.2 Perform an initial neutron source measurement to

8.1.3 Precautions should be taken to prevent inhalatiorprovide a reference value that can be used for measurement
ingestion, or spread of plutonium contamination during itemcontrol purposes. This can be done witd®%Cf reference
handling operations. All containers should be surveyed on gource that will be readily available in the future, or with a
regular basis with an appropriate monitoring device to verifyphysical standard that is not likely to change its shape, density

8. Hazards

their continued i_ntegrity. o or chemical form. If £°°Cf source is used, tHe°Cf content
8.1.4 Precautions should be taken to minimize personnelhould be low enough to allow decay corrections using the
exposure to radiation. known half-life of?>2Cf alone. The source or standard should

8.1.5 Counting chambers may contain a cadmium linerpe placed in a reproducible location within the normal assay
Precautions should be taken to prevent the inhalation oyolume of the measurement chamber.
ingestion of cadmium. It is a heavy metal poison. Cadmium 9.2.3 Using the reference source of known neutron yield,
shielding should be covered with nontoxic materials. determine the neutron detection efficiencygf the multiplicity
8.1.6 Pinch point and lifting hazards may be present duringounter (See Ref(1) for equations). The isotopic data and
the loading and unloading of heavy items with multiplicity neutron yield for thé>°Cf source should be certified to a
counters. Mechanical aids, such as a hoist, should be used faational standard. The neutron singles rate should be corrected
movement of heavy items. for background, electronic deadtime, and source decay. This is
8.1.7 The weight of the instrument may exceed facility flooran excellent diagnostic that tests fike detectors, the fast
loading capacities. Check for adequate floor loading capacitpreamp/discriminator electronics chain, all hardware and soft-
before installation. ware configurations, the counter’s design specifications, and
8.2 Technical Hazards any effect of the detector’s surroundings. The detection effi-
8.2.1 High mass, high items will produce large count rates ciency is also used later as part of the calibration process.
with large accidental coincidence rates. Very long count times 9.2.4 Verify that the detector die-away tinés as expected
may be required to obtain an assay result, or sometimes it is nftom the manufacturer or from Monte Carlo calculations by
possible to get a meaningful result. re-measuring th&°Cf reference source at a different gate
8.2.2 Total counting rates should be limited to about 900ength that differs by a factor of 2 (See Ré&f) for equations).
kHz to limit the triples deadtime correction to about 50 % andSome multiplicity counters will have more than one significant
to ensure that less than 25 % of the shift register steps amomponent to their die-away curves, so this calculation may
occupied. Otherwise incorrect assay results may be obtaingdeld somewhat different die-away times with different choices
due to inadequate electronic deadtime corrections. of gate length. The most appropriate choice of gate lengths for
8.2.3 High gamma-ray exposure levels from the sampléhis test are those that bracket the expected die-away time.
may interfere with the neutron measurement through pile-up 9.2.5 Verify that the coincidence gate widiis set close to
effects if the dose is higher than 1 R/h at thee tubes unless 1.27 to obtain the minimum relative error for the asg2p).
counter design takes gamma-ray exposure levels into accourt high count rates, it may be necessary to set the gate width
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to a smaller value to keep the highest observed multiplicities ity assays for the nonuniform probability of fission inside large
the R + A) and @) distributions under 128 to minimize the metal plutonium items. The correction factor has the form
multiplicity deadtime correctioif23, 24, 25 _ 2

9.2.6 It is strongly recommgnded that )the coincidence and  CR=l+aM- 1? " b(N_I -D (?)
multiplicity deadtime coefficients be checked if feasible be- WhereM is the sample multiplication, and the coefficients
cause multiplicity data analysis requires careful deadtimé@re determined empirically or by Monte Carlo calculation. An
corrections for the singles, doubles, and triples count rates. Regmpirical set of coefficients appropriate for metal items in
(1) provides an examp|e of typ|ca| deadtime correction equaseveral different mUltlpllCltY counters i9=0.07936 and
tions and a common procedure for determining them. FoP=0.13857(18). The correction factor approaches 1 ks
multiplicity counters, typical values for the doubles deadtime@PProaches 1, so it can be left on even if the multiplicity
coefficient are in the range of 0.1 to 0.6 ps, and typical value§ounter is only used to assay non-metallic items, or only small
for the triples deadtime coefficient are in the range of 25 to 17dnetal items. Or, it can be turned off by settiag0 andb=0 in
ns. the analysis software.

9.2.7 A series of 40 or more precision runs with the same 10.6 Provide physical standards for calibration, if available.
item left in the counter can be carried out. This will provide Although the use of standards is not essential, the accuracy or
some indication of the run-to-run stability of the electronics,"€liability of the measurements can be increased. A complete
and check that the statistical error propagation is being dongét of standards would consist of the following:

correctly. (1) A series of*“Cf sources of known isotopics and known
- relative strength that are referenced to a national standard, for
10. Calibration deadtime measurements,

10.1 Because multiplicity counters are used to assay or (2) A ?>°Cf source or small metal Pu standard referenced to
verify a wide variety of impure plutonium items, representativea national standard for determination of efficiency and gate
physical standards are usually not available, and it is possibitsactions,
to calibrate the counter without them. Instead, the singles, (3) A plutonium oxide standard, preferably referenced to a
doubles, and triples equations are solved directly for multipli-national standard if available, for adjustment of the triples gate
cation M, «, and effectivé’®Pu massm.; using a series of fraction, and
measured detector parametéry The solution will provide an (4) A large Pu metal standard to normalize or verify the
accurate assay to the extent that the plutonium items satisfy th@riable-multiplication correction if Pu metal is to be mea-
assumptions used in multiplicity analysis, as described irsured.

Annex Al. (5) It is conservative, but not essential, to have additional

10.2 Adjust the detection efficienay for the difference in  physical standards whose plutonium mass loadings span the
efficiency between californium and plutonium by Monte Carlo range of loadings expected in the items to be assayed.
calculations or by measurement of a non-multiplying represen- If one or more representative physical standards are avail-
tative standard. The magnitude of the adjustment will dependble, the calibration can be improved by following the steps
on the actual multiplicity detector being used, but will typically described below.
be in the range of 1 to 2 %. If no other information is available, 10.6.1 Adjust the measured triples gate fractioto obtain
set the plutonium detection efficiency to be 1.02 times thethe best assay results for the standards. This corrects for
californium detection efficiency. uncertainties in the nuclear data parameter$>@f and

10.3 Determine the actual fraction of the doubles that arglutonium, and for differences between the actual items to be
counted within the gate widtf. The doubles gate fractioly ~ assayed and the assumptions of the point model. The adjust-
is calculated from the singles and doubles rates measured withent tof, may be on the order of 10 %.
a®®°Cf reference source (the parameters are defined in Section10.6.2 If theM or « values of the physical standards are

3): known, it may be helpful to vary or f, also and obtain the best
204D agreement with the knowm, o, and mass values. This
4= @S (1) approach can only be helpful if thé or « values are well

10.4 Determine a preliminary value for the fraction of the known. Otherwise, the procedure will introduce a bias into the

. L . . assay of actual items that will increaseMsor « increases.
tnple;s that_are counted within the gate wthhetnp_les gate 10.6.3 As a general guideline, if there is no independent
fraction f; is calculated from the doubles and triples rates, :

e information on theM or « values of the standards that would
measured with &°Cf reference source (the parameters are . . . :
) ; . . provide a physical basis for adjustment, changes to the gate
defined in Section 3): . .
fractions are generally not advisable.

_ 3favel @ 10.6.4 If additional calibration standards are available that
toevgD are not needed to optimize the efficiency or gate fraction

The triples gate fraction is close to the square of the doublesettings, these can be used to validate the calibration process to
gate fraction, but not exactly equal unless the counter has ensure that correct assay values are obtained on known
single exponential die-away time and the item to be measurestandards.
satisfies the assumptions of the point model. 10.6.5 When the calibration process is completed, verify the

10.5 Set the parameters for the variable-multiplication biaspplicability of the multiplicity counting technique by measur-

correction in the analysis software. This will correct multiplic- ing a series of materials to which the technique is going to be
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applied. The measurements need to be verified relative th2. Assay Procedure

calorimetry or some other established performance comparison 12 1 center the item both vertically and horizontally in the

process. counting chamber if possible, to minimize position effects.
10.7 The multiplicity calibration procedure does not need toavoid placing items against the edges, where efficiency varia-

be repeated unless there is a significant change to the physic@ns may affect assay results. This counting geometry should
configuration of the counter, new electronics are installed, ope maintained for all standards and assay items.

measurement control limits cannot be maintained. If new 122 Select a count time sufficient to provide the desired

material categories need to be measured that may not Rfieasurement repeatability. This can be estimated from Fig. 3.
appropriate for multiplicity counting, some fraction of the Alternatively, select the software option that allows counting to

measurements should be verified relative to calorimetry (0]2} preset precision, if available. One percent RSD on the trip|e
some other established performance comparison process. Fincidence counts is commonly used, which typically requires
example, the ratio of counts in the inner and outer detectof000 to 1800 s of counting time. This will result in a final assay

rings is a good indicator for neutron energy spectrum shifts thgsrecision of about 1 % () for items witha less than 2, and

may bias the assay. about 20 % (&) for items witha close to 7(15).
12.3 Enter the item identification, isotopic composition, and
11. Measurement Control declared Pu mass, if these are known. If data by other methods,

11.1 Measurement control procedures shall be implementegich as passive coincidence counting, Kndwjner Knownao
to verify proper operation of the multiplicity counter. These analysis is also desired these can be selected if available in the
procedures are installation specific and should be determinegpftware, and if the appropriate calibration coefficients have
according to facility needs. Some of these procedures shoulegeen entere@3, 24)
be conducted on a daily basis, and records should be main-12.4 Carry out the item measurement. Appropriate person-
tained to archive and monitor the measurement control resultdel should review the data printout for data entry errors, quality
and to provide a basis for decisions about the need fogontrol test failures, outlier test failures, and any unusual
re-calibration or maintenance. Referend@8, 24) describe measured or calculated results.
these tests. 12.5 The multiplicity counter’s data acquisition and analysis
11.2 The quality-control tests that are commonly imple-Software should compute the measut&®u effective mass.
mented usually include a checksum test on the shift registéf the item’s isotopic composition has been entered, the total Pu
electronics, the accidentals/singles test, an outlier test whicRass should be calculated from the equation:
rejects runs that lie outside a limit, a measurement control Myt
chi-squared limit, a declared-minus-assay quality check limit, Pu= (2.52fy38 + f2a0+ 1.68F4) “)

and a high voltage test limit. The tests should be selected as yhere Ess 240 aNd foupare the mass fractions of the even
appropriate for the system hardware, and should include tegfi,onjum isotopes present in the sample. The mass factions
limits that the operator can set. Runs that fail the test limits, usually obtained by analytical chemistry or by gamma —ray
shall be rejected and identified as failed runs. spectroscopy. The latter approach is described in Test Method
11.3 For all measurements, the count time should be split ug: 1030.The coefficients 2.52 and 1.68 are the ratios of the
into @ minimum of 10 runs, with an individual length of 10 to gpontaneous fission decay rates and second factorial moments.
100 s. This makes it easier to diagnose electronic noise ofhe available nuclear data on these coefficients has an RSD of
instrument drift problems, and makes it possible to use qualitghout 2 to 3 9%(27).
control outlier tests. The outlier tests can reject runs with 126 |f a previously declared mass value has been entered
unusually large double or triple coincidence bursts due tgnto the database, the assay Pu mass can be compared to the

cosmic rays. declared Pu mass, and the absolute and percent difference can
11.4 Background runs should be done daily when theye calculated.

instrument is in use, or more frequently if there is reason to
believe that the room background is changing significantly. 13. Precision and Bias

11.5 Normalization runs should be done daily, using the 13.1 Multiplicity counter assay precision is determined
same item described in 9.2.3, to ensure that the counter isrimarily by the statistical uncertainty in the singles, doubles,
operating correctly. Because tfée detectors are very stable, and triples count, and the reproducibility of sample placement.
the normalization constant is normally set to 1 (no correction)The dominant source of uncertainty usually comes from the
and rarely deviates by more than 0.5 %, unless one or more fagiples, and is determined primarily by detector efficiency,
preamp/discriminator circuits fails. Due to the stability of thesedie-away time, counting time, and the, ) rate of the sample.
systems, if a statistically significant deviation from the ex- 13.2 The propagated assay uncertainty in the plutonium
pected value is obtained, the system should be taken out @fiass is usually estimated by the analysis software in one of
service until the cause has been determined. two ways: from the statistical scatter between the short

11.6 Occasional measurement of a known item or knowmmultiple runs that make up a single assay, or from theoretical
representative standard is a good practice for long-term meastimation methods that have been benchmarked against mea-
surement control. This verifies system operation, data analysisurements of the observed scattEs). See the supplier's user
and large corrections like the variable-multiplication correctionmanual for detail§23, 24) In either case, the quoted error is
for metal. not a Total Measurement Uncertainty (TMU) that includes all
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FIG. 3
Estimated precision for both multiplicity and conventional coincidence assay using a multiplicity counter with a detector
efficiency of 50 %, a gate width of 64 us, a die-away time of 50 ps, and a predelay of 3 ps. The background rate is 100 counts/s,
and the counting time is 1000 s.

possible sources of error. Rather, it consists only of counting 13.4 Examples of single measurements of a wide range of
statistics and any calibration uncertainties that may be propglutonium standard cans and inventory items are given in Table
gated. _ . . 1 (7). The measurements were made in a processing facility
13.3 Fig. 3 provides rough estimates of the predicted assayjith a multiplicity counter of approximately 57 % detection
repeatability due to counting statistics for Pu me@ @),  efficiency and 47 s die-away time. The measured items were
oxide (@=1), scrap ¢=5), and residuesa20) for @ high- i, cans of 4 to 6-in. diameter, and 5 to 8-in. height. Most of the
efficiency multiplicity counte(15). The actuak values of Such  jiomg were assayed only once, so that “precision” in this table

materials will vary, but the values selected here are represery just the repeatability due to counting statistics. Most items

tative. Th? ltem mult_lphcauon IS esnmatgd fr(_)m typical ValuesWere counted for 1800 s or for 3600 s, although the MSE salt
for plutonium oxide in cans. The curves in Fig. 3 are based O os counted for 5400 s to reduce the counting stafistics
calculations that are usually within 15 to 25 % of actual 9

observed uncertainties. Note that the repeatability due t ncertfamty dug to thel high Valu:' E)((jcept folr the star/n_dardsz
counting statistics is always better for conventional coinci-'€ "€ference Pu tota mass Is basec on ca orimetry/isotopics,
dence counting than for multiplicity analysis. with a typical RSD of 0.6 %. The Pu-24Pmass fraction was

TABLE 1 Measurement Results for Multiplicity Counter Assay of Some Plutonium Items (Ref. 7)

Material Pu Pu _Ite_m ) ltem Multiplicity I_3u240 ) Assay (Assay—Reference)/
Type Reference Mass Assay Mass Multiplication alpha Assay Effective Fraction Total Reference
(9) (9) M RSD RSD RSD (%)
Calex Std 398 394 1.102 0.9 0.2 % A 0.2% -0.4
Oxide Std 874 877 1.084 0.7 0.8 % A 0.8 % 0.3
Impure Oxide 865 855 1.074 0.9 0.6 % 23% 2.3% -1.1
Impure Metal 2417 2463 1.483 0.0 0.3% 3.0% 3.0% 1.9
Impure Metal 4074 4200 2.281 0.3 0.2 % 45 % 45% 3.1
Pure Metal 4190 4169 2.125 0.3 0.3% 3.6 % 3.6 % -0.5
Filter Residue 607 626 1.057 1.6 1.5% 1.3% 19% 3.1
MgO Crucible 130 131 1.022 25 0.8 % 4.0 % 4.1% 1.0
ER Salt 493 442 1.071 3.9 0.9 % 1.9% 21% -10.4
Sand and Slag 119 123 1.012 7.5 42% 28% 51% 3.7
Filter Residue 339 325 1.028 10.5 9.0 % 2.6 % 9.4 % -4.1
Impure Oxygen 314 266 1.038 30.1 441 % 3.0% 44.2 % -15.3
Inciner. Ash 161 99 1.026 30.1 47.1% 2.0% 47.1% -38.3
MSE Salt 263 188 1.021 34.2 38.9 % 3.0% 39.0 % -28.5

A Used reference isotopic values.
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obtained from 1@ 2 h FRAM gamma-ray isotopic measure- singles, 2 % (i) for doubles, and 3 % () for triples, and 3 %
ments, with a repeatability in the range of 1.1 to 4.6 %. The(1lo) or less for the final assay result.

“Multiplicity Assay RSD” is the repeatability computed by the 13,10 The moisture content of an assay item increases
multiplicity analysis software (see 13.2). The “Pu-240 effectiveincreases self-multiplication, and alters the detection efficiency
RSD” is the repeatability of the gamma-ray isotopic analysis off the counter. The first two effects are calculated and auto-
the Pu24Q; mass fraction. The “Assay Total RSD” is the matically corrected for by the multiplicity assay, and the third
combination of these two repeatabilities in quadrature. Thean be detected by the inner/outer ring ratio if it is significant.

(Assay-Reference)/Reference uncertainty is usually within th&everal wt % moisture will affect the detection efficiency of a
calculated “Assay Total RSD” uncertainty. More detailedwell-designed multiplicity counter by 1 % or less.

estimates of bias are given in Table 2. 13.11 Sample container wall effects may bias individual

13.5 Assay bias for multiplicity counting is very low for sipjicity assay results by about 1 % for wall thicknesses of
samples that meet the mathematical assumptions used #Bughly 3 to 5 mm.

m_ultlpI|C|ty analy5|_s. HOWG.Ve“ n pr_actlce container anq ma- 1312 Large quantities of moderator in the container can
trix factors may yield noticeable biases. Table 2 provides a

L hange the die-away time of the counter and bias the assay if
broad summary of past performance for multiplicity assay o : . ; . : :
: ; there is no cadmium liner in the assay chamber. This effect is
many of the nuclear materials commonly found in DOE

facilities, and can be used to estimate performance for othetOO counter- and matrix-specific to quantify. Monitoring the

similar applications. Table 2 also estimates the expected ass<5|e-away time with a second gate length can provide a flag, and

repeatability and bias (including the uncertainty from gamma-%s option is usually available in the multiplicity hardware and

ray isotopics) relative to calorimetry or destructive analysis. software package. i

13.6 Multiplicity counting measures the even isotopes of 13-13 Neutron poisons (at the level of several percent by
plutonium. Biases in the determination of the plutoniumwe'ght) have no effect unless there is also enough moc_;leratorto
isotopic composition will result in significant bias in the féduce the average energy of the neutrons to the point where
calculated total mass of plutonium. A fractional biasng, € Poison’s capture probability becomes high. At this mod-
propagates to the same fractional bias in the total plutoniun§rator level (greater than 0.1 g/emf water or equivalent) the
mass. slower moderated neutrons tend to fall outside the coincidence

13.7 Changes in background can affect the assay by roughfgpunting interval. As a result, the loss of coincidence signal is

1% for every 1 % change in the total count rate, depending ofl® More than would _be _exp_ected from the neutron gletection
the item’s mass and self-multiplication. efficiency change. This bias is seldom observed and is hard to

13.8 The coincidence background of spallation neutronéluantif_y because most matrix materials do not contain large
from cosmic ray interactions can be significant for smallduantities of both moderator and absorber.
plutonium loadings in cans with several kg of high atomic 13.14 The presence of other spontaneous fission sources
number matrix materials. For example, 100 kg of iron yields asuch as curium or californium will bias the assay high. For
doubles rate roughly equivalent to 20 #§Pu, and 100 kg of €xample, the spontaneous fission neutron yield from 1 mg
lead yields a doubles rate roughly equivalent to 120%ffilgu  of ***Cm or 5 ng of °Cf is equivalent to the neutron output
at 2200 m altitude. The bias is reduced to approximately on&om 10 g of**®Pu. If there is enough curium or californium to
half of these values at sea level. dominate the coincident signal, then the average observed
13.9 If the detection efficiency is not constant over the assaynultiplicity per fission will be higher, and the triples/doubles
volume, bias effects can occur due to sample positioning ofatio can be used as a warning for this condition.
varying fill heights in the container. For a well-designed 13.15 The response of tfiele tubes, fast preamp/
multiplicity counter these effects are usually about 1 ¥)fr  discriminators, and multiplicity electronics is usually stable to

TABLE 2 Summary of Past or Expected Multiplicity Counter Performance on Various Nuclear Material Categories

Nuclear Material No. of Ref. Pu Mass (a,n)/sf Count Time RSD Bias Refs
Category ltems Technique (9) Rate a (s) (%) (%) ’
Pu Metal 13 Calliso 200-4000 0to 1.3 1800 4.6 1.3 7)
14 Calliso 1500-5000 0 1800 2.7 -0.1 9)
5 Calliso 300-3700 0to 0.3 3000 51 -4.7 (26)
Calex Std. 1 DA 398 1 1800 13 0.3 (@]
Calex Std. 1 DA 398 1 1800 1.37 0.77 (28)
Pu Oxide 45 Calliso 500-5000 1 1800 2.2 0.0 9)
5 DA 400-1800 0.7-1.1 3000 0.8 -2.7 (26)
Impure Pu Oxide 12 DA 20-875 0.7-4.3 1000 2-3 0.8 (29)
Pu Scrap 16 Calliso 80-1175 1-6 3600 5.7 -1.6 7)
67 Calliso 300-1000 1-10 1200 8 0.0 (20)
24 DA 2000 1-6 1800 5.8 -1.0 (11)
Pu Residue 8 Calliso 161-339 7-34 3600 18.8 -9.2 (@)
10 Calliso 37-300 9-32 3000 4.8 0.9 (26)
Mixed U/Pu Oxide 8 DA 200-800 1-2 1000 1-2 1-3 (30)

Note that the observed repeatability and bias estimates include the uncertainties from the neutron counting, the gamma-ray isotopic analysis of the 2*°Pu effective
fraction, and the Calliso reference values. For the Calex standard, Ref. (7) reports precision (repeatability and reproducibility) on 8 measurements, and Ref. (28) reports
a combination of precision on about 100 measurements and repeatability on about 150 measurements. Cal/iso refers to the combination of calorimetry and gamma-ray
isotopic analysis, and DA refers to destructive analysis traceable to the national measurement system.
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better than 0.1 % &), and contributes a negligible bias to the coefficients used to solve the multiplicity equations (These

assay. have very little effect because the calibration process compen-
13.16 The average Pu mass calculated from a series of shates for them.)

assays may not be exactly equal to the Pu mass calculated from (2) About 1.5% (&) uncertainties in the strength of

the average of the rates because the solution of the multiplicitiNIST-traceabl&>2Cf sources (This will affect the assay by

analysis equations involves a non-linear cubic equation. Thiabout 1.5 %, unless a physical standard is available to remove

condition becomes more pronounced as the r{) rate in-  the uncertainty.)

creases, but is typically less than 0.1 %. (3) About 5% (1) uncertainty in the variable-
13.17 Care must be taken to ensure that all sources ohultiplication bias correction (For assay of large metal items,

uncertainty are included in the final reported mass value. Therthis will introduce an uncertainty of about 5 % into the assay

are several uncertainties that may not be calculated by the dalbeecause no large metal standards are available.).

analysis software, including the following: 13.18 Final assay bias for multiplicity counting is typically

(1) About 2% (Ir) uncertainties in the nuclear data in the range of 1 to 5% (i), as summarized in Table 2.

ANNEX
(Mandatory Information)

Al. CALCULATIONS REQUIRED TO ANALYZE DATA

Al.1 There are several electronics or mathematical ap- A1.4 The singles rate5 or the totals rate, is the total
proaches available for multiplicity analysis, as mentioned innumber of trigger events that arrive at the shift register per unit
the Scope. For a shift register-based system, the multiplicityime. In terms of the computed factorial moments, the doubles
counter software package should carry out the data analysiate D and the triples ratd are given by:
steps described in this annex to deternfitfeu-effective mass D =S/, — by (AL.1)

M. Self-multiplicationM, and ¢,n) reaction rate a from the
measured singles, doubles, and triples count r¢ite23, 24) 7o Sf2m b :bl(fl )

(A1.2)

Al.2 The calculations are based on several important AL5 Th d sinales. doubl d triol trat
assumptions about the process of neutron emission and detec- € measured singles, doubles, and triples count rates

tion. To the extent that actual plutonium items meet thes(flre corrected for the background values measured during the

assumptions, the measured singles, doubles, and triples rat3§t meas(;Jrfemtehnt controlllbatqur?ur;d rgni for glegtrdom_c de;ﬁd'
provide an exact solution fan,g, M, anda. Otherwise, some Imes, and for the normalization tactor determined during the

assay biases may result. The most important assumptions t measurement control bias run, if different fronf1} 23,
the following (1): )

Al.2.1 It is assumed that all induced fission neutrons are A1.6 The net singles, doubles, and triples rates from an
emitted simultaneously with the original spontaneous fission oactual item are given by the following point model equations

(a,n) reaction (superfission concept). (16):

Al.2.2 Itis assumed that the neutron detector efficiency and S= FeMugy(1 + ) (AL.3)
the probability of fission are uniform over the sample volume. -
This assumption is called the point-model assumption because D FefaM [V ('V' - 1> vl + aw, ] (AL4)
it is equivalent to assuming that all neutrons are emitted from 2 2 w17 ?
one point in space. Felf M3 M-1

A1.2.3 It is assumed thatx(n) neutrons and spontaneous =76 |'sT <ﬁ> [Bveviz + va(l + ajvig]
fission neutrons have the same energy spectrum, so that the M—1)\2 2
detection efficiencye, the fission probabilityp, and the " 3<vi1 - 1) vaill + vz } (AL5)

induced-fission multiplicityv; are the same for both neutron where:

SOXrlchA‘r It d th thout fission i F = spontaneous fission rate of the item, and the other
negliéiBle t is assumed that neutron capture without fission is variables are defined in Section 3.

Al.7 For measurements of large mass items in small
containers, the neutron detection efficieneyis usually as-
sumed to be a known parameter obtained from the careful
measurement of a californium reference source. Then the
solution for self-multiplicationM is obtained by solving the
following cubic equatior(1):

A1.3 The multiplicity shift register measures the fore-
ground multiplicity distribution in theR + A gate, called(i),
and the background distribution in thegate, called(i). From
these multiplicity distributions, the first three factorial mo-
mentsf, andb, are computed. (The singles ré8¢imesf, is R
+ A, and S times b, is A. The other factorial moments are
defined in Ref(1).) a+bM+cM?*+ M3 =0 (A1.6)

10

aZzmanco.com


https://azmanco.com

Ay c 1500

where the coefficients are functions §fD, andT: Also, the item’s §,n) reaction ratex is given by:
6Ty — 1) __ S
a- fSvgvis — Vi) (ALD) * 7 FevgM) ! (A112)
2D a1 — 1) — vy, ) _ ) o
p — 22l = 1) = Svgviy) (AL.8) A1.8 The**%Pu-effective content of the item is multiplied

€f (Svoviz — vevip)
c— 6Dvyv;, B
ef (Svevis — vegbio)
OnceM is determined, the item fission rafteis given by
D MM — 1) v,S The?*%Pu effective massn is that mass of plutonium that
[e_fd B T] would give the same doubles response from the shift register as

by the correction facto€F for variable multiplication bias, if
(A1.9) this correction was installed in the software.

mgi(corrected = my; X CF (A1.13)

F= M2, (AL10)  that obtained from all the even isotopes in the actual ifé)n
OnceF is obtained, the item&*°Pu effective massn. is My = 252% Pu + 2*%Pu + 1.68%*%Pu (A1.14)
given by: - Then, Eq 4 in Section 12 can be used to compute the total Pu
- content if the isotopic composition is known.
Meit = (473 fissions—0) (AL.11) P P
APPENDIXES
(Nonmandatory Information)
X1. OTHER MULTIPLICITY SOLUTIONS
X1.1 Solution for Mass, Efficiency, Alpha may be well known but the sample container may be highly

For measurements of low Pu mass items in large container¥ariable introducing a variability to the counting efficiency. For
such as waste drums, the neutron detection efficienoyay ~ these samples Eq A1.3-A1.5 may be solvedNbre, and mgq
vary from item to item. This is because matrix materials in the(17). The solution for self multiplication is obtained by solving
large waste containers can significantly affect the outgoinghe following quadratic equation:
neutron energy spectrum. But in this situation, it may be a good
approximation to assume that sample self-multiplicatdn
equals 1. TheM can be considered a known parameter, and where the coefficients are functions §fD, andT:

0=aZ+bz+c (X1.4)

we can solve Eq A1.3-A1.5 for sampt&Pu effective mass 6TS
M. «, and neutron detection efficiency (17). First, the a= (3—TD§>1;31(1+ awd (X1.5)
measured values f@, D, andT are used to obtain: !
6T veavio
3STvy? = _ L — = dVoli2 )
o= [P (X1.1) b= 3vyv, + vy(l+ a)vig 2107 (X1.6)
2Dvgvg
. . . . 6Tszv2
Then the sample fission rate is given by: C= vy — —— 2 (X1.7)
S 4fDy(1+ a)
Szfdvsz .
P v 1+ o) (X1.2) The above equations are solved frand
and the neutron detection efficiency is given by: M—1=z20; -1 (X1.8)
e:L (X1.3) %:L(V +v-v(1+a)(M_ >)
Frg(l + o) : T 2DFVZ (1 + P\ 2 s vip— 1
When we use multiplicity analysis to solve for detector (X1.9)
efficiency rather than sample multiplication, the multiplicity . S (X1.10)

RSDincreases by a factor of 3 to 4 over the entire mass range, T MPma(1+ )

and will be 5 to 15 % at begt2) Potentially this method may also be of use in the analysis of
X1.2 Solution if Alpha is Known, with M, Mass, the biases observed in the assay of metal forms (that3s)).
Efficiency as Unknowns
For certain applications, the chemical form and isotopics

11
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X2. WHEN TO USE MULTIPLICITY COUNTING

X2.1 There are many alternatives to multiplicity counting, X2.2.4 Pu Residues-Residues are very heterogeneous
including calorimetry, segmented gamma-ray scanning, anglutonium-bearing materials with values of 10 to 30 or more.
passive neutron coincidence techniques. Passive coinciden@@e multiplicity technique is not well suited for residues
options (Ref.(31)) include nonlinear calibration curves, the because extremely long count times are needed to get good
known-« approach, the knowM approach, and self- precision on the triples.
interrogation. Multiplicity counting may or may not be the X2.2.5 Pu Waste-The additional information available
preferred approach, depending on precision, bias, or througtirom multiplicity counting can flag the presence of shielding
put requirements. materials, detect highly multiplying samples that should not be

X2.2 Factors to be considered in selecting either convenpresem’ or improve assay accuracy by correcting for matrix

tional neutron coincidence or multiplicity counting vary with \?g(rai;isor?:clt‘/luﬁﬁoﬁcﬂ)_lgg:;egvinsﬁglg Ogoeet?gg;rioenfﬁrce'gt‘ﬁé
material type. They include plutonium mase,r) reactions, to coincidénce CF())unt)i/n bu>tlma be mgre agcurate because the
available detector efficiency, self-multiplication, neutron en- 9 y

ergy spectrum effects, spatial distribution of fissile material,glcézeﬁﬁ]useadt t?]éng&-w:sizezezggggifit 'S”r(:](i)trr?;]:ﬁg'";?r
other matrix effects, available counting time/required preci- untin gusuall does not have sufﬁcientyrecisi’on plicity
sion, and container size and shape. The assay precision 6P 9 y P )

multiplicity counting is always worse than the assay precision X2.2.6 M'Xed. Pu/U OX|d_es—M|xed QX'.d.eS do not megt all
for conventional coincidence counting, but for impure itemsOf the assumptions used in the multiplicity mathematics, and

with unknown multiplication and, the accuracy for multi- must be assayed with caution. If the calibration coefficients
plicity counting is usually much better. Other considerations"mpr.Olorlate . plut(_)mum are used tq assay |Fems with a large
for several major material types are given below: uranium concentration relatlvg to their plutonium content, the

] assay results will tend to bias low. If the coefficients are
X2.2.1 Pu Metai—Pure plutonium metal hasc=0, SO agjusted to fit a particular mixed oxide material type with a

conventional coincidence counting will give better assaySixed U/Pu ratio, then the multiplicity performance will be
because the precision is better. If samples are thought to hg,qq.

pure, but not with certainty, then multiplicity counting can be o )
used to check the conventional assay. If conventional and X2.3 Multiplicity counting can be used successfully for
multiplicity results are in statistical agreement, then the coninventory verification. The technique provides a higher level of
ventional result can be used; if they are in disagreement, theygrification than is possible with conventional coincidence
the multiplicity result can be used. In reality, most meta|_count|ng because it requires less initial information about the
samples contain some impurities, and their surface is usuall§?ventory.
oxidized. Actuala values range from 0.1 to about 1.0, which  X2.3.1 For inventory verification, it is helpful to segregate
would produce unacceptable biases in conventional coincitems into categories such as calibration and measurement
dence counting. control standards, plutonium metal, lawplutonium (impure
X2.2.2 Pu Oxide—Multiplicity information is not needed if oxides and scrap), and highplutonium (residues witk > 7).
the oxide is so pure that a can be calculated, and the krown-These categories can be defined by the observed assay results
approach can determine the mass and the multiplication frorfor sample multiplication, mass, or measurement precision.
the singles and doubles rates. If samples are thought to be pure X2.3.2 For lowe plutonium, counting times of 1800 s (half
but not with certainty, then multiplicity counting can be used tohour) are usually sufficient to eliminate counting statistics as a
check the conventional assay. If conventional and multiplicitysignificant contribution to the overall assay precision. It may be
results are in statistical agreement, then the conventional resuitlpful to do all assays at 1800 s, then decide on the basis of
can be used; if they are in disagreement, then the multiplicitghe observeawhether additional counting time is warranted.
result can be used. Most oxide samples available in DOE X2.3.3 For higha plutonium, multiplicity counting may not
facilities are impure, with actual values between 1 and 4, and be a viable option because of the long count times required.
multiplicity counting will be significantly more accurate than Other techniques such as calorimetry, gamma-ray scanning, or
conventional coincidence counting. the KnownM coincidence techniquél) may be preferable.
X2.2.3 Pu Scrap—For the purpose of this test method, scrap X2.3.4 The overall assay precision of multiplicity counting
may be defined as plutonium withvalues in the range of 1 to for total plutonium mass has a lower limit of about 3 % RSD
6. Highly multiplying impure plutonium metal items are best once the error on th&Pu-effective as determined by gamma-
assayed with multiplicity counting, but items with very low ray isotopics is folded in. At some facilities, the use of stream
multiplication and very highd, n) rates are best assayed with average isotopics may provide better results and can eliminate
conventional coincidence counting, such as the kn®vn- the time required to do gamma-ray isotopics.
approach. The selection of multiplicity or coincidence counting X2.3.5 Inventory verification may require the assay of
will depend on whether the lower bias in the multiplicity assaystorage containers with more than one sample can. Multiple
will outweigh the loss of counting precision. The conventionaldiscrete sources do not satisfy the mathematical assumptions
coincidence result usually provides an upper mass limit beused in coincidence and multiplicity counting. However, lim-
cause this analysis undercorrects the multiplication effects. ited experience obtained to date with 2 to 5 sample cans per
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drum does not indicate any observable biases in the multiplicthe reasonable expected limit of error because of the presence
ity assay that can be attributed to this effect. of interferences (as described in Section 6) that are not known

X2.3.6 Experience to date suggests that a small fraction cdibout. These outliers will require calorimetry and/or gamma-
the inventory will have multiplicity assays that are well outsideray isotopics to resolve.
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