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Abstract. To reduce radioactivity of liquid waste generated at PCDF, a neutralization precipitation 

processes of radioactive nuclides by sodium hydroxide is used. We call the precipitate a “sludge” after 

calcination. Pu mass in the sludge is normally determined by sampling and DA within the required 

uncertainty on DIQ. Annual yield of the mass is small but it accumulates and reaches to a few kilograms, so 

it is declared as retained waste and verified at PIV. A HM-5-based verification is applied for sludge 

verification. The sludge contains many chemical components. For example, Pu (-10wt%), U, Am, SUS 

components, halogens, NaNO3 (main component), residual NaOH, and moisture. They are mixed together 

as an impure heterogeneous sludge sample. As a result, there is a large uncertainty in the sampling and DA 

that is currently used at PCDF. In order to improve the material accounting, we performed a feasibility 

study using neutron multiplicity assay for impure sludge samples. We have measured selected sludge 

samples using a multiplicity counter which is called FCAS (Fast Carton Assay System) which was designed 

by JAEA and Canberra. The PCDF sludge materials fall into the category of “difficult to measure” because 

of the high levels of impurities, high alpha values and somewhat small Pu mass. For the sludge 

measurements, it was confirmed that good consistency between Pu mass in a pure sludge standard (PuO2-

Na2U2O7, alpha=7) and the DA could be obtained. For unknown samples, using 14-hour measurements, we 

could obtain quite low statistical uncertainty on Doubles (-1%) and Triples (-10%) count rate although the 

alpha value was extremely high (15-25) and FCAS efficiency was relatively low (40%) for typical 

multiplicity counters. Despite the detector efficiency challenges and the material challenges (high alpha, 

low Pu mass, heterogeneous matrix), we have been able to obtain assay results that greatly exceed the 

accountancy requirements for retained waste materials. 

We have also established the add-a-source measurement method for confirmation of no hydrogen or if 

light element perturbation exists in order to maintain the measurement quality for further assay.  

Furthermore, lead shielding was installed inside the sample cavity to avoid any potential gamma-ray pile-up 

effect in the measurement data. The results from the feasibility study show that an impure sludge 

measurement using multiplicity assay techniques is possible. This methodology improves the precision of 

our material accountancy, decreases our costs (by reducing reliance on DA), and improves the reliability of 

our declarations to the IAEA. 

1. Introduction 
 

PCDF (Plutonium Conversion Development Facility <MBA code: JRB>) converts Pu-U nitrate solution to 

MOX powder by the microwave direct heating method [1]. In this process, nitric acid with small amounts of 

Pu and U is recovered as vapour condensed liquid. The liquid is concentrated by an evaporator, then 

transferred to a precipitation tank. In order to recover nuclear materials in the liquid, to reduce its 

radioactivity and to treat the liquid as low level liquid waste, the nitric acid is neutralized by sodium 

hydroxide solution at the precipitation tank. After the neutralization, the precipitate is filtered and 

transferred to the next process, if supernatant liquid meets the activity concentration specifications (< 

3.7x10
4 
Bq/ml). The precipitate is finally dried and calcined, and we call it a “sludge”. A sample for DA is 

taken, then the sludge is weighed and put into a polyethylene bottle as a batch shown as n
th
 campaign in 

Figure 1. The Pu and U mass in the bottle are calculated and determined as the sum of each batch amount. 

Once the bottle is filled with the sludges, it is stored as an item of retained waste. As for the Pu and U mass 

in the bottle which is not categorized as retained waste, we declare it during the PIT. The bottled items are 

verified by IC, ID and HM-5 (Gross) measurements at the PIV. 
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Figure 1 A sludge bottle and Pu quantification method 

 

The main components of the sludge are NaNO3 as a result of neutralization, PuO2-Na2U2O7 as a compound 

containing nuclear materials, another Na compounds, and impurities containing Am, F, Cl and a small 

amount of stainless steel components (Fe, Cr, Ni). Pu and U content is less than 10 wt%. There is no mixing 

process, so they are mixed roughly and an impure heterogeneous sludge is obtained. Due to the sample 

heterogeneity and large analysis uncertainty (X-ray Florescence Spectroscopy), there is a possibility of 

measurement bias and large random uncertainty in the Pu mass determination. However, annual yield of Pu 

and U mass in the sludge is small (less than the yield in solid wastes), so the total measurement uncertainty 

required on DIQ is set to be 24% (1). Currently, a total of 3kgPu in 80 bottles is being stored in PCDF as a 

result of long operation over 20 years (Pu throughput is over 9 tons). The material accountancy of the 

sludge items are properly performed in accordance with the predetermined procedure. However, in order to 

improve the material accountancy, we expect that neutron multiplicity assay using high efficiency 

multiplicity counters (NDA) is a good option for measuring impure and heterogeneous sludge items. 

Therefore, we tried to perform the sludge measurements using a multiplicity counter to compare with DA 

results and establish calibration constants. 

 

2. New NDA Equipment 
 

We had developed a new multipurpose multiplicity counter called FCAS (Fast Carton Assay System) to 

assay the amount of Pu for any item (containing a few grams or over) generated in PCDF with relatively a 

low cost to Plutonium Scrap Multiplicity Counter (PSMC). The conceptual design of the FCAS was 

performed by JAEA and the detailed design and fabrication was performed by the private company, 

CANBERRA. The FCAS can be used to assay solid waste packed in a carton, solution, small powder 

samples, MOX powder (pure and dirty) in a can, and sludge items. Figure 2 shows the specification of 

FCAS. There are 56 
3
He tubes in dual rings in the detector. The efficiency is approximately 40% for 

240
Pu 

and quite low for the multiplicity assay. The FCAS was calibrated by pure MOX powder, and then the 

known-alpha calibration constant for coincidence and the appropriate efficiency for multiplicity 

measurement were successfully obtained. The calibration results and applicability for carton box assay were 

previously reported [2]. The lower limit of detection (LLD) for MOX powder is 0.859mg for 
240

Pu effective 

mass for a count period of 600 seconds.  

 

Fast Carton Assay System

・ Detector: 0.4MPa He-3 tube x 56

・ Efficiency:   40.5% (Total)

20.4% (Inner Ring)

・ Die-away Time: 49.4 micro sec.

・ Weight : 703kg

・ Outer Size: Φ924×1145(H)

・ Shift Register: AMSR

・ LLD ：0.859mg（240Pu eff.）
for a count period of 600 sec.

・ AAS correction is available.
 

Figure 2 Specification of Fast Carton Assay System 

 

 



 
 

Figure 3 shows the vertical plane of FCAS. One unique feature of FCAS is a big sample cavity to measure 

20L carton box. We believe that the FCAS equipment has the largest sample cavity for multiplicity assay in 

the world. In addition to this feature, both vertical and horizontal flat response profiles were established in 

the sample cavity. In order to measure the waste assay, a plug for add-a-source measurement has also been 

installed. For the sludge sample measurement, we put the sludge that is packed in the 2L polyethylene bottle 

on the table (adjusted centre) inside the sample cavity. JAEA just started to investigate the feasibility of 

neutron multiplicity assay for a heterogeneous sludge sample containing Na, Pu and other impurities using 

this FCAS.  

 

He-3 Detector

(Double Ring)

High Density

Polyethylene
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(for waste measurement)
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Tamper Function

Lead shield for reducing
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Figure 3 Drawing of vertical plane of FCAS 

 

3. Measurement 

3.1. Validation by Using Sludge Standard 
 

The PCDF sludge materials fall into the category of “difficult to measure” because of the high levels of 

impurities, high alpha values and relatively small Pu mass. In order to confirm the applicability of sludge 

measurements for FCAS, validation test by using sludge standard material was performed. The specification 

of sludge standard is shown in Table 1. The standard was chemically prepared as PuO2-Na2U2O7 

(Pu:U=1:4), then the Pu and U contents were determined by DA (IDMS). The standard was assayed by 

multiplicity mode, where the Pu mass in the standard was determined and compared with DA result. Table 

2 shows the comparison result between DA and FCAS measured result. In addition, the pure MOX standard 

result is also indicated in the Table 2 as a reference. Based on the results, it was confirmed that the 

difference between DA and FCAS was only 0.2% although the obtained alpha value is 7.536 (about 10 

times larger than for clean MOX). The DA and NDA results have excellent agreement. For the case of 

sludge measurements, although the counting statistics on the measured doubles and triples should be 

improved, we have validated that FCAS efficiency setup was properly performed for the sludge items. 

 

Table 1 Specification of sludge standard 
Chemical Formula Net Weight (g) Pu contents (wt%) U contents (wt%) Pu:U Am (%/Pu) Moisture (wt%) Other Impurities (<%)

PuO2-Na2U2O7 48.3 15.29 61.61 1:4.03 0.8 1~2 0.2  
 

Table 2 Comparison between FCAS (measured) and DA for sludge standard and MOX powder. 
Item Count DA Measured Uncertainty Uncertainty Alpha Mutiplication Difference

Time (min) Pu mass(g) Pu mass(g) (g) (%RSD) Value (DA-Assay)/DA (%)

MOX Standard 60 9.995 9.98 0.016 0.16 0.749 1.012 0.15

Sludge 60 7.385 7.37 0.324 4.40 7.536 1.002 0.2

Item Count Singles +/- Doubles +/- Triples +/- Alpha

Time (min) (cps) (cps) (cps) (cps) (cps) (cps) Value

MOX Standard 60 2759.07 0.22 343.65 0.53 44.16 0.08 0.7

Sludge 60 8427.951 1.653 211.712 1.753 24.817 1.114 7.536  
 

3.2. Conventional Multiplicity Measurement 
 

In order to confirm the difference between DA and NDA (FCAS), 13 of 80 representative neutralization 

precipitation sludge items stored in PCDF were randomly selected, and then measured in multiplicity-mode 

using the FCAS. In multiplicity-mode, the Pu-240-effective mass, alpha and sample multiplication are 

independently determined from the neutron single, double and triples data. The measurement time was 

temporarily set for just 1 hour to survey the feasibility. Pu mass errors obtained from the INCC output are 



 
 

expressed in the „Measured Pu mass‟ error bars. The Pu mass determination error by DA (24.2%RSD) is 

also expressed in the error bars of „DA Pu mass‟. According to Figure 4, it is observed that some sludge 

items have big inconsistencies between measured and DA results. Actually, due to the high alpha value 

(alpha:15-25), some large error bars in the FCAS results are observed.  

Figure 5 shows the relationship between each sample and the measurement uncertainty (%RSD) for Singles, 

Doubles and Triples. The doubles uncertainties for a 1 hour measurement are about 1-2%. On the other 

hand, the triples measurement uncertainties are between 10-80% and it appears to be increasing as a 

function of count rate, or Pu mass. It is thought that these uncertainties are still acceptable since the sample 

is both heterogeneous and impure. A longer count time will improve the doubles and triples statistical 

uncertainties, creating a better measurement and improving the reliability of the results. 
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Figure 4 Pu mass comparison between measured and DA for selected sludge items  

(count time = 1 hour). 
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Figure 5 Counting statistical uncertainties for selected sludge items 

 

The multiplication factor, M, of sludge items in a polyethylene bottle can be obtained from multiplicity 

measurements. For sludge items, the values of M are small, ranging from 1.002 to 1.012. Therefore, it can 

be concluded that the high alpha value, rather than M, heavily impacts the measurement results. 

 

3.3. Statistical Improvement of Multiplicity Assay 
 

In the feasibility study, the establishment of reliability and integrity of the sludge measurement is necessary. 

Prior to beginning the improvements, the potential for bias from gamma pile-up effects, which means HV 

operating voltage (plateau) drifts, was examined because the surface gamma dose rate of highest sludge 

item is over 30mSv/h. Gamma pile-up effects were not observed, however, it was decided that 5-mm thick 



 
 

cylinder of lead shielding would be added inside the sample cavity to increase the measurement integrity 

and eliminate any concerns related to gamma-ray pile-up in the measurement data.  

 

Table 3 Statistical Improvement Results by long time measurement (14 hours) 
Item DA Alpha Value Alpha Value

Pu mass(g) Pu mass(g) s(g) s(%rel) Pu mass(g) s(g) s(%rel) (1hour) (14hours)

6 26.28 18.80 2.26 12.0 17.92 9.09 50.7 30.73 26.24

11 56.81 44.38 4.22 9.5 27.33 12.58 46.0 22.84 24.52

12 98.57 154.55 25.94 16.8 213.96 78.62 36.7 9.66 16.40

13 107.26 44.03 7.67 17.4 94.13 33.46 35.5 12.82 15.98

Long Time (14 hours) meas. 1 hour meas.

 
 

Table 4  Result of Doubles and Triples statistical uncertainty 

 between 1 hour and longtime measurement (14 hours) 

Doubles +/- % Doubles +/- % Doubles +/- % Doubles +/- %

14 Hours 801.53 3.442 0.429 1295.72 5.107 0.394 5026.404 17.978 0.358 1600.648 8.379 0.523

1 Hour 786.664 13.489 1.715 1255.744 21.182 1.687 5056.515 72.811 1.440 1576.008 23.847 1.513

Triples +/- % Triples +/- % Triples +/- % Triples +/- %

14 Hours 114.628 5.605 4.890 152.689 9.687 6.344 636.505 65.247 10.251 212.756 18.599 8.742

1 Hour 117.85 17.886 15.177 173.3 35.705 20.603 419.41 176.933 42.186 123.908 62.981 50.829

No. 6 No. 13No.12No. 11

No. 11No. 6 No. 13No.12

 
 

In order to obtain more reliable results for the sludge measurements, we performed measurements with long 

time count times (14 hours) on 4 representative sludge items (No. 6, 11, 12 and 13) out of the 13 selected. 

Except for No.6, relatively high Pu mass items were selected. The purpose of these measurements is to 

determine how much the counting statistics on doubles and triples improved for a much longer count time. 

Table 3 and Table 4 show a comparison between 1 hour and 14 hour, highlighting the statistical 

improvement of results. In the special case of a high-alpha sample that is poorly coupled to the detector 

system, like a holdup measurement by HBAS (Holdup Blender Assay System), it is possible that statistical 

improvements from longer count times are not realized due to high accidentals. However, the doubles and 

triples statistical uncertainty of sludge measurements could be dramatically improved as seen in Table 3 and 

Table 4 because the detector system is well coupled with the sample. Consequently, we could obtain low 

statistical uncertainty although the alpha value is extremely high (15-25) and FCAS efficiency is relatively 

low (40%) for typical multiplicity counters. In addition, the improvement of counting statistics can help to 

establish the appropriate measurement conditions. Despite the detector efficiency challenges and the 

material challenges (high alpha, low Pu mass, heterogeneous matrix), we were able to obtain assay results 

that greatly exceed the accountancy requirements for the sludge items that was categorized as retained 

waste materials. 

 

3.4. Add-a-source Confirmation 
 

In addition to the improvement of counting statistics, Add-A-Source (AAS) perturbation was performed by 

using FCAS AAS function to confirm whether hydrogen or light element perturbation exists. If we plan to 

use the multiplicity-mode assay as described above, we need to demonstrate that the sample matrix does not 

effect the detector efficiency. The image of sludge item setting and the AAS correction is shown in Figure 

6. AAS is a sample matrix correction technique that is usually applied to solid waste measurements. If a 

large number of perturbations are obtained, correction of the matrix effects (scattering or adsorption) using 

the AAS technique would be required.  

Table 5 shows the effect of AAS perturbation for each representative sludge item. To get the AAS 

perturbation, the selected sludge was measured with a 
252

Cf source, and then the expected doubles from the 

Cf-source and the Measured doubles (Sludge with Cf-source minus Sludge only) were calculated. The 

obtained difference is equivalent to the AAS perturbation. As results of measurement and calculation, it is 

concluded that no correction is necessary because the significant perturbation was not confirmed (within 

1%). Therefore, it is also concluded that there is less matrix materials, such as light elements, to impact 

matrix effect in the sample. 

 

 

 

 



 
 

 

Table 5 Results of the effect of Add-a-source perturbation for each sludge items 

Doubles +/- Doubles +/- Doubles +/- Doubles +/-

(1) Cf-source (Expected) 1 hour 44441.89 35.97 44441.89 35.97 44441.89 35.97 44441.89 35.97

(2) Sludge Sample 14 hours 801.53 3.44 1600.65 8.38 1295.72 5.11 5026.40 17.98

(3) Sludge with Cf-source 2 hours 45455.47 38.27 45990.59 41.51 45409.57 39.41 49909.91 81.44

(2) - (3) *Measured 44653.94 44389.94 44113.85 44883.51

Difference Expected and Measured 212 (0.48%Cf) -52 (0.12%Cf) -328 (0.74%Cf) 442 (0.99%Cf)

AAS Perturbation -0.00475 0.00117 0.00744 -0.00984

Volume perturbation cannot be determined due to calibration using actual matrix was not performed.

Measurement  / Calculation
No.6 No.11 No.12 No.13

Meas Time

 
 

Cf Check Source

Source Guide Pipe
Sludge Items

 
 

Figure 6 Image of sludge item setting and method of AAS confirmation 

 

3.5. Comparison among DA, FCAS and PSMC 
 

The four selected sludge samples were also measured by PSMC (Plutonium Scrap Multiplicity Counter) in 

order to confirm the reliability of FCAS results. The PSMC was developed to assay the Pu mass in the high-

alpha dirty scrap items with extremely high counting efficiency (54.3%). The PSMC uses 80 
3
He 

proportional detectors. The PSMC characterization and high-precision, low-bias MOX measurement results 

including scrap are reported elsewhere [3][4]. Table 6 shows the comparison result among DA, FCAS and 

PSMC. The generally good agreement between the PSMC and FCAS assay results demonstrate that the 

FCAS measurements are also bias-free, which if combined with the AAS observations reported above, 

indicate that the FCAS multiplicity assay results are very reliable.  In our comparison, the same 14-hour 

measurement time as the FCAS long time measurement was used. Due to the superior multiplicity 

parameters of the PSMC (high counting efficiency and short die-away time), the PSMC results have 

counting statistics and the relating error shown in the table that are about 60% better than FCAS. If a still 

longer measurement time and some optimization are applied to the FCAS, it is expected that the Pu mass 

measurement could approach that of the PSMC. However the existing FCAS results for 14-hour 

measurement periods are more than adequate for the reporting of retained waste.  

 

Referring to items 6 and 11, the DA results are close to the NDA results within 2s of uncertainty. In that 

case, the representative sample could have been taken from a heterogeneous impure sludge item by chance. 

Referring to items 12 and 13, DA results clearly differ from NDA. Since the NDA results from FCAS and 

PSMC are in good agreement, we conclude that the DA results include a large sampling error due to the 

heterogeneous nature of the sludge. The potential for sampling bias in the sludge declarations is problematic 

for our facility material accountancy.  From the more-than-acceptable uncertainty of the NDA results and 

the absence of a sampling bias, it is thought that the NDA results have a better reliability than the DA 

results for PCDF sludge wastes. For the unknown, heterogeneous and impure sludge items, it is concluded 

that the establishment of the multiplicity measurement can provide a significant improvement in our 

material accountancy. 

 

 

 

 

 



 
 

 

Table 6 Comparison among DA, FCAS and PSMC 
Item

No.
NDA

DA Pu

mass (g)

NDA Pu

mass (g)

+/-

(g)
%rel alpha

(DA-NDA)

/DA(%)

(PSMC- FCAS)

/PSMC(%)

FCAS 26.28 18.80 2.257 12.00 26.2 28.4

PSMC 26.28 24.85 1.242 5.00 18.9 5.4

FCAS 56.807 44.38 4.224 9.52 16.4 21.9

PSMC 56.807 69.80 2.233 3.20 16.0 -22.9

FCAS 98.567 154.55 25.938 16.78 16.0 -56.8

PSMC 98.567 130.39 13.982 10.72 18.4 -32.3

FCAS 107.258 44.03 7.672 17.42 24.5 58.9

PSMC 107.258 58.01 4.145 7.15 17.6 45.9
13 24.1

24.3

36.4

-18.5

6

11

12

 
 

4. Conclusion 
 

In order to improve the material accounting in PCDF, we have performed a feasibility study using neutron 

multiplicity assay for impure sludge samples. We have measured selected sludge samples using a 

multipurpose multiplicity counter we had developed. Despite the detector efficiency challenges and the 

material challenges (high alpha, low Pu mass, heterogeneous matrix), we have been able to obtain assay 

results that greatly exceed the accountancy requirements for the sludge items. 

 

We have observed that our reported DA analysis results have good precision enough to meet DIQ 

requirement, but are vulnerable to a large bias resulting from the difficulty of acquiring a representative 

sample of the heterogeneous waste form. Our NDA feasibility data are not subject to this kind of bias, but 

longer count periods are required to obtain high precision.  However, we obtain better precision than is 

required for our reporting from a 14-hour NDA measurement and that is less time than is required to 

perform DA analysis. Further, the NDA measurement does not produce laboratory waste the disposal of 

which is quite expensive for JAEA. The proposed multiplicity-mode NDA analysis methodology improves 

the precision of our material accountancy, decreases our costs (by reducing reliance on DA), and improves 

the reliability of our declarations to the IAEA. 
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