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Coincidence Counter Design for the Assay of Vitrified Nuclear Waste 

D.H. Beddingfield('), H.O. Menlove('), T. Iwamoto(2), and H. Tomikawa(2) 
Los Alamos National Laboratory, Los Alamos, NM, USA, (2) Power Nuclear Corporation, Japan 

Abstract 

For the termination of nuclear safeguards and transfers to waste storage, the verification of 
the plutonium content in vitrified nuclear waste is required by international safeguards agreements. 
A novel design has been used to develop a coincidence counter for measuring vitrified nuclear waste. 
We have devised a method to measure the 244Cm content and to calculate the plutonium content 
from the curium-to-plutonium ratio. In order to provide unattended inspection, the counter is 
designed for continuous operation in the presence of highly radioactive samples: 3 .O x 1 O7 Rad/h 
gamma and 9.0 x 107/s neutron fluence. Operability under these conditions has been obtained by 
designing a heavily shielded detector with radiation hard components subtending a limited solid 
angle. A counting technique, Localized Source Term Coincidence Counting, has been developed to 
allow neutron assay of this type of sample. The system will be installed at the Power Nuclear 
Corporation Tokai Vitrification Facility in the later part of 1998. 

INTRODUCTION 

We have designed a neutron coincidence counter to assay containerized vitrified nuclear 
waste. The detector is intended for use at the Tokai Vitrification Facility (TVF) operated by the 
Power Reactor and Nuclear Fuel Development Corporation (PNC) in Tokai, Japan. This system is 
called the Vitrified Waste Coincidence Counter (VWCC). The VWCC system is designed to assay 
containerized vitrified nuclear waste in an unattended mode. These wastes are to be removed from 
the facility inventory and removed from safeguards protection. 

The VWCC detector head is designed to operate in the very high radiation environment 
produced by the vitrified nuclear wastes. The detector head can operate in gamma-ray fields of 
5 x 1 O7 Rad/hr (5 x 1 O5 Gyih) and in neutron source terms of 4 x 10' d s  (approximately 40 g of 
vitrified 244Cm). The actual operating exposures are anticipated to be a factor of 2 below these 
design upper limits. The detector head is a heavily shielded neutron detector assembly designed to 
subtend a small solid angle. Figure 1 is a photograph of the detector head with a mock waste 
canister in the assay position. 
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SAMPLE DESCRIPTION 

The material which the VWCC will 
measure is in the form of vitrified nuclear 
waste in a cylindrical container 
approximately 40 cm in diameter and 1 m 
tall. Concentrated liquid nuclear waste 
exiting from a reprocessing facility is 
blended with borosilicate glass frit, melted, 
and poured into stainless steel canisters. 
These canisters are assayed by the VWCC 
system to determine plutonium and uranium 
content. The material is then removed from 
International Atomic Energy Agency 
safeguards. 

Table I lists the typical composition 
of the vitrified waste. The quantity of 
*%m is expected to increase by a factor of 
two when the facility reaches full 
production (approximately one canister per 
day). The vitrified waste sample matrix is 
assumed to be a homogeneous glassy mass. 
Because the samples are quickly cooled after 
the pour, phase segregation and lump 
formation is not anticipated. The amount of 
glass frit relative to the high-level liquid 
waste in each pour is considered to be an 
unknown variable. The relative abundance 
of these components will strongly affect the 
(a,n) neutron production rate. For the 
composition listed in Table I, an additional 

Figure 1. Photo of W C C  detector head assembly with a 
mock waste canister. 

-1.4 x 1 O6 neutronds are produced by (a+) reactions in the waste matrix per gram of curium.(') The 

variable (a+) production from the waste canisters was the determining factor in the decision to use 
neutron coincidence counting to obtain the safeguards data because coincidence data are not sensitive 
to the (a,n) production rate. 
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Table I. Composition of TVF Vitrified Waste 
Waste Component Typical Quantity (dcanister) 

Y m  10 
20 240h 

Pu metal 80.2 
U 3200 

241Am 260 
g 0 ~ r / 9 0 ~  350 
Zr metal 1600 

"'CS 900 

SiOz 47 
Glass Component (-225 kglcanister) Weight Percentage of Glass 

Bz03 
LizO 
CaO 
ZnO 

14 
3 
3 
3 

A1203 2.5-5.0 
Other Components Weight percentage of Canister Total 

Na20 10 I 

The spontaneous fission neutrons from curium are the dominant source of neutrons from 
most categories of spent fuel and associated wastes. In general, the higher the burnup, the higher the 
244Cm fraction. In the high-level waste after plutonium separation, the mass ratio of the PdCm is 
-5-1 0, but the neutron emission rate per gram from 244Cm is 1 O4 times greater than for 240Pu.(2) 

LOCAL SOURCE TERM COINCIDENCE COUNTING 

Neutron coincidence counting of waste canisters is complicated by the high gamma-ray dose 
(1 06-107 Rad/h) and high neutron emission rate (-1 O8 neutron&). It is necessary to have a counting 
efficiency of 21 % for coincidence counting, but this results in a totals counting rate which exceeds 
the capacity of the associated shift register electronics (-1 MHz). 

The solution to the count rate difficulty is found by applying the concept of localized 
source-term coincidence counting. The counter is designed in a slab geometry which subtends a 
small solid angle to reduce the overall count rate. The counter only observes neutrons incident from 
the fraction of the sample volume adjacent to the detector head. The solid angle and detector 
efficiency were adjusted so that the counter interrogates the entire sample volume as the sample is 
rotated. This method produces volume-averaged data when analyzed. Because the samples are 
homogeneous, a volume average is an acceptable observation. 

detector. The coincidences which are counted originate only from the sample volume adjacent to the 
detector head. The small solid angle subtended keeps the totals counting rate from exceeding the 
capacity of the system electronics. 

The slab design allows for coincidence counting to be performed using a very low efficiency 

Figure 2 shows the detector response over the sample volume for doubles counting. The 
contours show that the fraction of the sample which is interogated at any given instant is only the 
material immediately adjacent to the detector head. 
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Fig. 2. Detector reals count rate response over the sample volume in the assay position. 

COINCIDENCE COUNTING IN HIGH GAMMA-RAY FIELDS 

The gamma-ray exposure to the detector head is expected to be approximately 5 x 1 O6 Rad/h 
increasing to 1 O7 Radh. A combination of shielding and the use of specially designed 3He tubes are 
required to operate in these high gamma-ray dose rates. The VWCC system is shielded by 10 cm of 
lead on the front face and 2.5 cm of tungsten on the other five faces. Cesium-137 is the dominant 
gamma-ray source in the samples, producing a 662-keV gamma-ray. At 662 keV, the 10 cm of lead 
shielding reduces the gamma-ray exposure to the tubes by 5 orders of magnitude and the 2.5 cm of 
tungsten reduces the gamma-ray exposure by 2 orders of magnitude. The lead shielding introduces 
very little perturbation to the neutron signal. The tungsten does perturb the neutron signal but is 
positioned on faces of the detector from which signal will not originate. 

The 3He tubes used in the detector have been designed to operate at doses exceeding 
100 RadAc3) This provides a reasonably conservative engineering design and allows for optimal 
performance if the facility increases the waste content per drum. To further minimize gamma-ray 
pileup, the tubes are individually serviced by short time-constant preamplifiers. 

CURIUM BALANCE METHOD 

The direct measurement of the plutonium and the uranium in spent fuel is extremely difficult 
because of the high radiation levels associated with the fission product gamma rays and the curium 
neutrons. After several years of post-irradiation cooling, the 244Cm becomes the dominant source of 
neutrons and it decays with an 18.1 year half-life. For many spent fuel storage, process, and 
handling activities, the ratio of the curium to plutonium is invariant because there is no chemical 
process that can change the relative amounts the actinides. For these cases, the 244Cm can be used as 
a tag for the plutonium mass if the CmPu ratio is known. The same curium ratio approach can be 
used to measure uranium and other actinides. 



Typical actinide ratios in the vitrification facility are U:Pu:Cm= 500:8: 1. The 244Cm 
dominates the neutron emission with - 98% of the neutrons from spontaneous fission of 244Cm in 
the liquid waste. However, after the waste is mixed with the glass, the boron in the glass adds a 
significant (a,n) neutron component. 

vitrified waste canisters at the TVF in Japan.('.2y4) The Cm/Pu ratio will be measured in the 
accountability tank at the start of the vitrification process. The gPu/L and gU/L is routinely 
measured for the high-level liquid waste on a batch basis. The curium concentration will be measured 
using DA of the same sample that is used for the plutonium and uranium measurements. The 
VWCC system measures the amount of plutonium, uranium and curium by using the curium balance 
analysis method. To obtain the plutonium mass, we count the 244Cm neutrons and calculate the 
plutonium from the PdCm ratio. Uranium mass is calculated from the U/Cm ratio. 

The curium balance approach was developed to measure the plutonium content in the 

COUNTER DESIGN 

shielding is made from lead on the front face and tungsten on the remaining five faces. The active 
detector volume is a cadmium-clad, polyethylene-moderated, 3He tube assembly. There are five 3He 
tubes in the unit. Each tube is serviced by a PDT-1 10A preamplifier. The entire detector head is 
clad in electro-polished stainless steel for durability and ease of decontamination. 

The detector head assembly is 89.0 cm tall, 21.5 cm wide, and 24.0 cm deep. The assembly 
weighs 265 kg. The detector head with a mock waste canister is shown in Fig. 1. Figure 3 shows 
the internal components of the detector head. The polyethylene moderator is clad on all sides by 16 
mils (0.4 111171) of cadmium to minimize the effect of room-scattered neutrons in the observed signal. 
The five 3He tubes are arranged in a two-row geometry. The 3He tubes are 2.54 cm in diameter with 
a 61-cm active length and are filled with 4 atm of 3He gas. The quench gas admix in the 3He tubes 
was chosen to minimize gamma-ray sensitivity and to resist radiative dissociation. The tubes were 
also designed to have a low operating voltage (1320 V). 

The VWCC detector head is a heavily shielded neutron coincidence counter assembly. The 

Pb Shield 
\ 

Fig. 3. Plan view of VWCC detector head assembIy with a waste canister. 



Each of the five tubes is individually serviced by PDT- 1 1 OA preamplifiers. The use of this 
preamplifier arrangement serves to make the detector assembly more resistant to noise caused by 
gamma-ray pileup. The preamplifier digital output pulses are ORed together in the detector head 
and the resulting sum is delivered to the signal output at the rear of the detector head. Other 
connections to the detector head are the high voltage input for the tube bias and a +5V input to 
power the preamplifier units. 

has a non-zero doubles background. This reals background comes from cosmic-ray spallation 
reactions in the gamma-ray shielding. Spallation events are determined to be statistical outlier events 
by the data collection program.(’) Runs which are determined to be outliers are automatically 
rejected and repeated. 

Because of the heavy shielding surrounding the detector active volume, the VWCC system 

COUNTER PERFORMANCE 

NIST-traceable 252Cf source positioned in the center of a mock waste canister placed in the assay 
position. At the assay position, the efficiency was determined to be 0.43 1%. Because the VWCC 
detector is basically a slab detector, the system efficiency is a strong function of source position. In 
the case of a waste canister located in the assay position with the neutron source homogeneously 
distributed throughout the glass matrix, the system efficiency is 0.346%. However, the counting 
efficiency portion of the sample matrix adjacent to the detector head is considerably higher. This is 
the basis for the concept of localized source-term coincidence counting. 

Figure 2 shows the detector response over the sample volume for doubles counting. Only a 
small fraction of the sample volume is interrogated by the counter at any given instant. By rotating 
the sample during the assay, the entire sample volume is measured. 

The fill height sensitivity of the detector is shown in Fig. 4. The counter is vertically 
positioned with respect to the waste canister to provide adequate fill-height sensitivity within the 
expected fill heights. 

The absolute counting efficiency for the VWCC system was measured for the case of a 

The calibration of the Vitrified 
Waste Coincidence Counter (VWCC) 
differs from standard calibration 
methodology. In the VWCC 
application there are no available 
standards which can be used to 
generate a traditional calibration curve 
by directly measuring an observed 
count rate as a function of material 
mass. As such, the VWCC calibration 
is based upon Monte Carlo computer 
modeling. The Monte Carlo models 
were compared with the detector 
response for the 2’2Cf case to ensure 
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Fig. 4. Detector response to waste fill height 



the validity of the calibration model. Table I1 lists a summary of the detector operating and 
performance parameters. 

Table 11. Detector Parameters 
Volume- Averaged Efficiency I 0.43 1 o/o I 
Predelay Setting 4.5 ps 
Coincidence Gate Width 64 ps 
Die-Away Time 46.8 ps 
Dead Time Coefficients: a 1.261 

b 0.4068 
Doubles Rate Per Gram 244Cm 

Singles Rate Per Gram 244Cma 

103.9 s-l 

42490 s-l 

Doubles Error on a 3600-s Assay f 7.7% 

a For the frit composition listed in Table I 

CONCLUSION 

The VWCC system uses new design and measurement approaches to perform assays on a 
class of material which has never been measured by neutron coincidence counting. The design of the 
counter exploits the concept of localized source-term coincidence counting. Together with the 
development of gamma-ray resistant 3He tubes, it is now possible to obtain coincidence data on 
large vitrified waste matrices. The use of the curium ratio analysis method allows the determination 
of uranium and plutonium content from the assay data. 
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