	
	
	 DOCPROPERTY "IaeaClassification"  \* MERGEFORMAT 
DOCPROPERTY "IaeaClassification2"  \* MERGEFORMAT

	
	
	



IAEA-CN-291/<484>

[Right hand page running head is thepaper number in Times New Roman 8 point bold capitals, centred]

 DOCPROPERTY "IaeaClassification"  \* MERGEFORMAT 
DOCPROPERTY "IaeaClassification2"  \* MERGEFORMAT
P.SIVAKUMAR and P.GOVINDAN et al.
[Left hand page running head is author’s name in Times New Roman 8 point bold capitals, centred. For more than two authors, write AUTHOR et al.]

ASSAY OF ALPHA BEARING SOLD WASTE BY 
PASSIVE NEUTRON COUNTING TECHINIQUE

P.SIVAKUMAR, P.GOVINDAN*, K.S.VIJAYAN, G.SANTHOSHKUMAR, R.V.SUBBA RAO, K.ANANTHA SIVAN

Indira Gandhi Centre for Atomic Research
Kalpakkam, India
Email: pgovind@igcar.gov.in
Abstract

A system for assay of alpha bearing solid wastes based on counting passive neutron emitted from the waste has been designed. Suitable Detector system has been fabricated in the semicircular shape to facilitate for assay of wastes in SS drum of 200 liter capacity. This detector employs eight numbers of 3He detectors of 1 m long and 2 inch diameter embedded in High Density Poly Ethylene (HDPE). The assaying of the alpha nuclide such as plutonium in the wastes is carried out by rotating the drum to a predetermined angle for obtaining the average counts irrespective of positional variation of the Pu bearing waste in the drum. The average counts are obtained are used for counting statistics. The system was calibrated with plutonium typically handled in fast reactor fuel reprocessing facilities. The minimum detection limit of plutonium of research reactor grade is estimated as 35 mg with a 99.7 % confidence level for the background prevailing in the site. It has been determined that a gamma background of up to 20 mSv/hr (2000 mR/h) can be tolerated with reasonable accuracy.
INTRODUCTION
Various plutonium contaminated solid wastes are produced during the operation of reprocessing plants. Depending upon plant capacity, the process route employed, and operating philosophy adopted; the wastes generated has a broad spectrum of materials with the quantities and characteristics. Plutonium Contaminated Material (PCM) which are generally occurred in reprocessing plant from primary containment of hot cell which have high beta gamma content and from Reconversion laboratories which have low beta gamma content. PCM arising from plants are segregated, sorted and packed into suitable containers (drums) and each container properly labelled to facilitate further treatment or storage.

Characterization for alpha emitting nuclide and other fission products of the PCM containing drum is a regulatory requirement for disposal. The assay of plutonium in the solid radioactive wastes can be determined by using either gamma spectrometry or neutron counting, depending mainly on the surface dose of the drum. For typical wastes from the spent fuel reprocessing plant, errors arise from the presence of large amounts of fission products (gamma technique) or the presence of other neutron emitters like 242Cm and 244Cm.

This paper describes the details of the technique and equipment designed and developed indigenously for the assay of PCM in the in the solid waste generated in the reprocessing plant. It also briefs about the equipment calibration procedures and adaptability to the actual plant stream.
PRINCIPLE
Plutonium in the reprocessing plant wastes typically contains Pu238, Pu239, Pu240, Pu241 and Pu242 isotopes. The abundance of the isotopes varies depending upon the energy of neutron responsible for fission in reactor, fuel composition and burn up. The isotopic compositions that are typically encountered are given in Table 1.
TABLE 1.
 ISOTOPIC ABUNDANCE OF PU IN DIFFERENT REACTORS
	Reactor Type
	Plutonium Isotope

	
	238
	239
	240
	241
	242

	Research reactor

(1000 MWd/t burnup)
	0.0179
	93.355
	6.21
	0.394
	0.0229

	Thermal Reactor (PHWR) 

(7000 MWd/t burnup)  
	0.055
	68.73
	24.18
	5.60
	1.44


The gamma spectrometry technique [1] for the assay of plutonium in waste drums uses the 413.7 keV gamma signatures due to 239Pu. Indigenous segmented gamma scanning systems as well as tomography systems have been developed and deployed [2] or are at an advanced stage of development. However, the major disadvantages of these systems are their sensitivity to the gamma radiation present in the wastes and their inability to detect the plutonium gamma signature in the presence of large amounts of fission products. A surface dose around 1 mSv/hr (100 mR/h) renders these systems prone for bias hence these are not useful for wastes arising from the fast reactor fuel reprocessing facility. They are ideal only for fuel fabrication facilities or reconversion laboratories where the product handled is essentially low surface doses.

Passive neutron assay systems correlate the neutrons emitted in any sample due to spontaneous fission of the even-even plutonium isotopes to the amount of plutonium present by utilizing the isotopic composition of the sample. Table 2 shows the spontaneous fission half lives as well as the neutron emission rate [3] for the plutonium isotopes. The table also includes the data for curium isotopes, as these nuclides are the major source of error in these measurements due to their high neutron emission.
TABLE 2.
 NEUTRON EMISSION DATA FOR PLUTONIUM AND CURIUM ISOTOPES
	Nuclide
	Major decay mode
	Half life (a)
	Spontaneous fission half life
	Neutrons emitted / g /s

	238Pu
	Alpha
	8.774E+01
	4.77E+10
	2.590E+03

	239Pu
	Alpha
	2.4110E+04
	5.48E+15
	2.180E-02

	240Pu
	Alpha
	6.564E+03
	1.16E+11
	1.020E+03

	241Pu
	Beta
	1.429E+01
	(2.5E+15)
	(5.00E-02)

	242Pu
	Alpha
	3.733E+05
	6.84E+10
	1.720E+03

	242Cm
	Alpha
	4.457E-01
	6.56E+06
	2.10E+07

	244Cm
	Alpha
	1.810E+01
	1.35E+07
	1.08E+07


Passive neutron assay can be used in two modes: (i) Total neutron counting [4] and (ii) Neutron coincidence counting [5]. The former method accumulates the count of all the neutrons emitted in a given time interval and correlates that with the amount of plutonium present in the sample whereas the latter method counts only the time correlated neutrons that are emitted in spontaneous fission. The latter method is generally more accurate, especially for large amounts of plutonium pellets or powder where the (α, n) contribution introduces errors. Samples of waste generally do not show large contributions due to the (α, n) reaction and hence the accuracy of total neutron counting methods is adequate. In addition, the amounts of plutonium present would not be large enough to require corrections due to self multiplication in the sample.

These methods require prior determination of the plutonium isotopic composition. Though the major source of spontaneous fission neutrons in plutonium samples arise from 240Pu due to its large yield and abundance, corrections are required due to the presence of 238Pu and 242Pu. As 240Pu is the major isotope, we define the term 240Pu eff which takes into account the contributions from all three isotopes as a function of their weight. The term is defined as:
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where the coefficients of 238Pu and 242Pu represent the ratio of their neutron yield per gram to that of 240Pu. A calibration curve is plotted using this term as this term is independent of the actual isotopic composition of the material assayed and the total amount of plutonium in the sample can be easily obtained by using the above expression as the isotopic composition of the sample is known. 
DESCRIPTION OF THE SYSTEM

The system consists of eight 3He detectors embedded in High Density Poly Ethylene (HDPE) moderating medium and configured in a semi-circular shape which encircles half of the drum containing the waste to be assayed. The dimensions of the system are outer diameter (OD) 97 cm; inner diameter (ID) is 60 cm, height 97 cm which can accommodate the waste drum with OD 57 cm, ID 56 cm, height 87.5 cm. The system has a trolley on which the drum to be assayed is placed and moved in position for assay. The trolley has also a facility to rotate the drum.

Fig.1 gives a view of the system and Fig.2 gives the schematic of the arrangement of the detectors. Outputs of the detectors are received in two channels in such a way that there are 4 detectors per channel. Detectors are embedded in a HDPE moderating medium to ensure adequate thermalization of the neutrons.
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FIG. 1. Drum monitoring system
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FIG. 2. Detector arrangement
In order to use the system in the reasonably high gamma field, 25 mm lead sheet is placed in the front side of the detector to enable the system to be used for waste with βγ upto 5 mSv/h also. All the detectors are identical with an active length of 900 mm and diameter of 50 mm containing a fill gas of 75% 3He and 25% Kr at 3 bar pressure. Each detector has a sensitivity of 130 cps/nv and a gamma tolerance of about 5 mSv/h. The positions of the detectors had been optimized using MCNP to obtain maximum sensitivity. The detector configured with two channels containing four detectors per channel to reduce the cumulative capacitance of the detectors. 

The signal processing system consists of a common low voltage power supply module, two independent high voltage detector bias supply unit with two independent pulse amplifiers and a single micro controller module to count both channels. The current pulses from each channel are fed to a fast current amplifier followed by three stages of amplifier, discriminator, monoshot and TTL converter. The TTL pulses from each channel are counted in MCM based on the time and iteration set from the software. The fast amplifier has resolving time of less than 2 microseconds resulting in better gamma pulse pile-up rejection. The entire system is operated using an industrial PC where all the data is stored. The data can be accessed in a tabular form indicating the trend with date and time stamp.

EXPERIMENTAL

The system stability was first established by recording the background counts obtained for a fixed time over a few days. It was observed that the variation in the background counts was within statistical limits. 

4.1. Calibration

The wastes from the initial reprocessing campaigns of spent fuel discharged from FBTR (Fast Breeder Test Reactor) have been taken for assaying. As these reprocessing campaigns are carried out with spent fuels of at least two years cooling period, and that the main curium isotope formed is 242Cm which has a very short half life of 168 days, the neutron output can be considered to be representative of the 240Pu content in the fuel. Since the formation of 244Cm in fast reactor is 100 to 1000 times lower then 242Cm, it will not interfere in the assaying of the wastes.

Calibration of the system was carried out by keeping a plutonium source (product from one these campaigns) of known weight and isotopic composition at the centre of the drum and filling up the drum with neoprene gauntlets and surgical gloves. The counting time interval was fixed at 1000s and a number of values obtained. The source was replaced by another standard source and the process repeated. In view of the nature of the intended application – assay of solid waste – the total plutonium quantity was varied from 70 mg to 5 g. The calibration curve obtained is shown in Fig.3 which plots the 240Pueff mass as a function of count rate. Fig.4 shows the same calibration curve with total Pu on the y-axis. 

4.2. Effect of matrix material

The solid waste to be assayed using this system is expected to be either metallic (SS pieces, equipment, etc) or non-metallic (absorption sheets, shoe covers, neoprene gauntlets and surgical gloves). Studies were carried out to determine the effect of the matrix on the counts obtained using a 1g standard plutonium source. The results are presented in Table 3. 
4.3. Effect of gamma radiation (gamma tolerance)

One of the major problems in the use of 3He detectors is their low gamma tolerance. To ensure that a reasonable surface dose on the drum could be tolerated without affecting the count rate, the system has a 25 mm lead sheet attached to the side facing the waste drum. The effect of external gamma radiation was studied using a 137Cs source (upto 5.4 mSv/h) and a 60Co source (> 5 mSv/h) along with the 1g standard plutonium source using surgical gloves as the matrix and recording the counts obtained. The results are shown in Fig.5. The dose at the surface of the system facing the drum was recorded using a wide range area gamma monitor. 
4.4. Error due to inhomogeneous distribution of waste

The calibration experiments were carried out using standard source kept at the centre of the drum. However, it is expected that the distribution of plutonium and other nuclides would be present at different locations thereby changing the solid angle between the detector and plutonium source. This may lead to count variation of the same source at different location in the drum. Hence an average counts which may take into account of all these positional asymmetry are required for arriving plutonium concentration in the drum is nearly same irrespective of its positional variation. Detailed studies are carried out to obtain this average counts.

The source used for all the experiments described below was 1g of plutonium in a waste bag. The waste drum was divided into six segments (denoted as segment 1, 2, 3... 6) along the vertical axis and into eight zones along the circumference as shown in Fig.6 and Fig.7 respectively. 
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FIG. 6. Vertical division of the drum
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FIG. 7. Circular division of the drum
The sample was positioned and reading is obtained at different heights in each zone e.g. at positions a1, a2, a3,...,a6  as well as  b1,b2...,b6,.....,h1,h2,...h6  so that all possible locations within the drum were covered.   Sample was also positioned at different height along the centre line of the drum such as centre 1, centre 2 … centre 6 as shown in Fig. 7 and counts variation is obtained . Values obtained from the experiment infer that counts are decreased along the points on the diagonal at a given height. In each case, the sample was counted thrice for a time period of 1000s each time. The results are presented in Table 4.

Based on the overall average count, the percent error at each location, along with the range of error in each vertical position is tabulated in Table 5. It can be seen from the data in this table, errors varying from – 52% to +68%, which is unacceptably large.  

 
The plutonium standard is kept at predetermined height and distance from vertical central line of the drum for obtaining variation in counts as a function of axial variation.  Waste drum has provision to rotate around its axis; hence drum can be rotated to predetermined angle as compared to previous position. For example the first position of counting is taken as 0º and subsequent axial positions are indicated with respect this position. Hence, the options available for drum analysis for counts variation at different rotation angles at a given height and distance from vertical centre line of the drum: (i) Count once as positioned as a function of height, (ii) count twice, once as positioned and once after rotating the drum by 180 º as function of height, (iii) Count four times, once as positioned and once each at 90 º position, 180 º position and 270 º position as a function of height.

The error for the first option – count once as positioned – has already been discussed and varies from -52% to +68%. For the second option, it was decided to average the counts at the opposite ends of each circumferential zone i.e. (ai+ei)/2 for i varying from 1 to 6, (bi+fi)/2, etc. The averaged counts were compared against the overall average counts/1000s of 2960 and the percent error computed. In a similar fashion, for the third option, the average (ai+ei+ci+gi)/4 was used to obtain the average counts which were used to obtain the average counts and the percent error computed. Finally, the average values that would be available if the drum was rotated by 45 º each time were obtained by averaging all the values in each vertical position. The percent error for all the three options is presented in Tables 6, 7 and 8.
COMPUTATION OF MINIMUM DETECTABLE LIMITS

The minimum detectable limit is a function of the background counts obtained in the two channels. The background counts in the two channels were 376 ± 14 and 373 ± 17 for 1000 sec. Counts corresponding to three sigma value is 90 and the minimum detectable limit was computed to be 35 mg plutonium. (For the typical spent fuel of FBTR Mark I).

ASSAY OF WASTE BAGS

Waste generated in reconversion laboratory glove boxes were bagged out, sealed and assayed using this system. The bags were assayed individually as well as together by rotating the drum at 180º intervals. The results are given in Table 9. To confirm that the counts obtained are due to plutonium, standard addition of 1 g plutonium source was carried out. It was found that the count rate increased proportionally.
TABLE 9.
ASSAY OF WASTE BAGS FROM RECONVERSION LABORATORY
	Bag No
	Pu (g)

	1
	0.024

	2
	0.242

	3
	0.32

	4
	0.910

	1,2,3,4
	1.573


ACTUAL ASSAY OF SOLID WASTE

Waste bags generated from plutonium reconversion lab and CORAL plant operations were assayed individually as well as together by rotating the drum by 180º. Many such drums have been sent to CWMF after assaying for plutonium for interim storage. The average plutonium values obtained for some of the drums have been given in Table.10

RESULTS AND DISCUSSIONS
RSD values for back ground counts for channel 1 and channel 2 are 3.7 and 4.6 respectively and chi square values for the channel 1 and channel are 11.1 and 11.9 respectively for the degrees of freedom of 14, which implies that the system is stable.

8.1. EFFECT OF MATRIX
Data in Table 3 indicates that the average counts obtained in 1000s do not vary significantly depending on the matrix used. The deviation is more for the metallic matrix which may be due to scattering of the neutron by metals of the metallic waste.
TABLE 3. 
EFFECT OF MATRIX ON COUNTS OBTAINED
	Matrix
	Counts/1000s

	Bare drum (air)
	         2594 ±60

	Surgical gloves
	         2617 ±94

	Shoe covers
	2854 ±136

	Metals
	2929 ±345


Data in Table 4 indicates that the values are lower for the vertical positions a1 and a6 positions compared to a2 to a5. This may be due to the escape of the neutron from the top (a1) and bottom (a6) position of the drum and hence lowers the counts.  Since the positions (a, b, c and d) are nearer to detector appreciable difference in the counts were observed. Similar trends were observed for other positions (e, f, g and h).  Since the source is away from the detector the variations in counts at these positions were less.

TABLE 4.
AVERAGE COUNTS / 1000S OBTAINED AT DIFFERENT LOCATIONS WITHIN THE DRUM

	Position
	a
	b
	c
	d
	e
	f
	g
	h
	Centre

	1
	2907
	3864
	4114
	3574
	2017
	1433
	1409
	2041
	2193

	2
	3498
	4165
	4359
	4224
	2024
	1533
	1565
	2049
	2264

	3
	4133
	4659
	4958
	4579
	2447
	1762
	1699
	2113
	3192

	4
	4009
	4645
	4919
	4743
	2474
	1888
	1817
	2077
	3202

	5
	3954
	4520
	3409
	4022
	2194
	1783
	1781
	1896
	3048

	6
	2971
	3334
	3409
	3304
	1793
	1580
	1441
	1666
	2758

	Overall average value is 2960
	2776


(Angles with respect to position “a”  with a given height    b = 45(; c = 90 (; d = 135(;   e = 180(; f = 225(;         g = 270(; h = 315()
8.2. STATISTICAL ERROR

Statistical error involved in counting for assaying the drum is evaluated in different degrees of the rotation of the drum.

TABLE 5.
PERCENT ERROR AT EACH LOCATION (0 º: NO ROTATION)
	Position
	a
	b
	c
	d
	e
	f
	g
	h
	Range

	1
	-2
	31
	39
	21
	-32
	-52
	52
	-31
	(-) 52 to + 39

	2
	18
	41
	47
	43
	-32
	-48
	47
	-31
	(-) 48 to + 47

	3
	40
	57
	68
	55
	-17
	-40
	-43
	-29
	(-) 43 to +68

	4
	35
	57
	66
	60
	-16
	-36
	-39
	-30
	(-) 39 to +66

	5
	34
	53
	60
	36
	-26
	-40
	-40
	-36
	(-) 40 to +60

	6
	0
	13
	15
	12
	-39
	-47
	-51
	-44
	(-) 51 to +15

	Overall range of error for all positions
	(-) 52 to +68


TABLE 6.
PERCENT ERROR FOR COUNTING TWICE – ONCE AS POSITIONED

                         AND ONCE AFTER 180 º ROTATION.
	Position
	180º
	Range of error

	
	(ai+ei)/2
	(bi+fi)/2
	(ci+gi)/2
	(di+hi)/2
	

	1
	-17
	-7
	-11
	-5
	(-) 17 to (-) 5

	2
	-7
	0
	-4
	6
	(-) 7 to + 6

	3
	11
	12
	8
	13
	+ 8 to + 13

	4
	10
	14
	10
	15
	+ 10 to + 15

	5
	4
	10
	6
	0
	0 to + 10

	6
	-20
	-18
	-17
	-16
	(-) 20 to (-) 16

	Overall Error
	(-) 20  to  + 15


TABLE 7.
PERCENT ERROR FOR COUNTING FOUR TIMES AT 90º INTERVAL

	Position
	90º interval
	Range of error

	
	(ai+ei+ci+gi)/4
	(bi+di+fi+hi)/4
	

	1
	-12
	-8
	(-) 12 to (-8)

	2
	-3
	1
	(-) 3 to +1

	3
	12
	11
	+12 to +11

	4
	12
	13
	+12 to +13

	5
	7
	3
	+7 to+ 3

	6
	-19
	-17
	(-) 19 to (-) 17

	Overall error
	(-) 19 to + 13


TABLE 8.
PERCENT ERROR FOR COUNTING EIGHT TIMES AT 45º INTERVAL
	Position
	45º interval

	
	All values averaged

	1
	-10

	2
	-1

	3
	11

	4
	12

	5
	5

	6
	-18

	Overall error
	(-) 18 to + 12


Data in Table 5 indicates that the error obtained without the rotation of the drum is very high which vary from (-) 52 to +68 %. Data in Table 6 indicates that the error is reduces drastically to (-) 20 to + 15 % when the drum is rotated by 1800. Data in Table 7 and 8 indicate that the error is not reduces significantly when the drums are rotated by 900 and 450. 
As expected, the overall error range diminishes due to rotation of the drum. However, the decrease in the percent error obtained by rotating the drum at 90º intervals or 45º intervals is not substantial when compared to the values obtained by rotating the drum by 180º. Hence, it was decided that it would be adequate to count the drum twice – once as positioned and once after rotation by 180º and average these two values. The error range in this configuration is ± 20%.

The above experiments also indicate that the error margin always remains around ± 20%, irrespective of the number of rotations and counting carried out. This is attributed to the physical location of the detectors and the solid angle between the source and the detectors. This error can be reduced only if the drum is rotated continuously around its axis during the counting and by the use of a system that would cover the drum from all sides i.e. a circular assay unit instead of a semi-circular assay unit
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FIG. 3. Calibration curve obtained using 240Pueff
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FIG. 4. Calibration curve obtained using different quantities of plutonium

Data in Fig.3 indicates that there is linear relationship between counts and mass Pu240 effective with the regression coefficient is 0.9959 and hence this can be used for sample of any isotopic composition whereas the data in Fig.4 is specific for plutonium obtained from reprocessing of Mark I carbide fuel subassemblies from Fast Breeder Test Reactor (FBTR). Both curves show that the response is linear in the range used and hence Fig.4 can be taken as the calibration graph for these wastes.
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FIG. 5. Effect of gamma dose on neutron count rate
Fig. 5 shows the effect of external gamma radiation on the measurement and it can be seen from this figure that there is no significant increase in the counts upto 5.4 mSv/h when Cs137 was used as a gamma source. Counts are increased beyond this when Co60 is used as source. Because of different in energies between Co60 and Cs137, this gamma tolerance level value may go up beyond 5.4 mSv/h, since the actual waste containing mainly Cs137. 
8.3. VALIDATION OF THE SYSTEM BY REALISING ACTUAL PLANT STREAM

TABLE 10. 
ASSAY OF WASTE BAGS FROM Reprocessing Plant
	DRUM
	Contact dose mR/h
	Whole drum 
Estimated Pu (g)
	SUM
 value Pu (g)

	
	
	
	

	DRUM 1
	35 mSv/h
	10.24
	6.25

	DRUM 2
	26 mSv/h
	13.18
	10.10

	DRUM 3 
	23 mSv/h
	9.93
	8.46

	DURUM 4


	0.04  to 0.07mSv/h
	8.45
	8.40

	DRUM 5       


	0.05mSv/h
	8.30
	8.55

	DRUM 7       


	0.05mSv/h
	7.35
	7.25


Data in Table 10 indicates that the calculated sum value of plutonium from individual bags and the whole drum value are almost same when the surface dose of the drum is less than 20 mSv/h. When the surface dose is increased, the difference in the sum value of plutonium calculated from individual bag measurement and the whole drum measurement also increases because of the influence of gamma radiation.  Data in Table also infers that the monitoring of waste by passive neutron counting technique tolerate the surface does of the drum upto  20 mSv/h (2R/h).
CONCLUSIONS
A passive neutron based waste drum monitor using total neutron counting has been designed, fabricated and commissioned at Compact Reprocessing of Advanced fuels in Lead shielded cell (CORAL) facility. The minimum detectable limit is 35mg Pu (FBTR Mark I carbide grade). The responses to external gamma fields as well as for different types of waste matrices have also been obtained. The gamma tolerance of the system is found to be 20mSv/h (2R/h).The system has been deployed for routine use.
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