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h non-destructive mcnsurcment system for the passive assay of plutonium 
in solid wxtc drums is described. The fission neutrons from 1’11-240 spon- 
taneous fissions arc mcnsured with a system consisting of a flcxiblc well-type 
counter built np of six modular units, each containing three SIlc-counter tubes 
of 50 cm Icngth, citbcr cou led to n variable dead-time counter containing pulse T. . nmplilicntion, -shaping am -dlscrlm,nntlon chains for the sir neutron detection 
units. or to a small computer (SK memory) able to do time corrrlation analyses 
of the polsc output from the detector units. The computerized part was 
meant to serve lnninly RS a reference method for the vnriable dead-time 
counter (Vim. 

The wstcm was calibrated with I’uOz standxrds of known isotopic compo- 
sition, d&ibuted ewnly and locslly in matrix mntcrials closely rorrespondin# 
to the matrix nmtcrial expected in real waste drums. Calibration cxtc?dcd 
from sub-gram quantities of plutonium to sevcr~l hundred grams of plutomum. 
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Several non-destructive techniques for the determination of Pu 

in solid waste based on gamma spectroscopy with a Na(I)-crystal 

have been described (1, 2) a As solid waste drum assay for pluto- 

nium became necessary at EUROCHEMIC, the same techniques 

were applied. It soon became evident however, that this technique 

was not applicable at a reprocessing plant treating a wide variety 

of fuels (PWR, BWR, LWR) with a large variation in burn-up, 

giving plutonium with a wide range of isotopic compositions. 

The next step at EUROCHEMIC was therefore the use of a high 

resolution Ge(Li)-detector coupled to a 1024-channel analyzer with 

which it was possible to scan a waste drum and: 

a) to “identify” the plutonium by estimating the probable isotopic 

composition, 

b) to measure the content of plutonium by using selected gamma 

lines 0: Pu-239 and 

c) to apply corrections for gamma absorption in the matrix mate- 

rial by e.Jaluating lines of different energy from the same isotope. 

Ext?nsivc description of a simikr technique is published in ref. (3). 

The results obtained by these measurements at EUROCHEMIC 

were routinely communicated to the EURATOM Safeguard Inspec- 

tion Agency in Luxembourg. 

The sometimes alarmingly high quantities of plutonium reported 

in these waste drums suggested to the A*gency that other, indepen- 

dent non-destructive techniques should be applied for control. 

At this point it was recognized that the gamma-spectyometry tech- 

nique only would be applicable to waste drums where the plutonium 
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was reasonably homogeneously distributed in material where the 

gamma ray attenuation would not be too high (average atomic num- 

ber < 10). 

Pu02 might pass und-trcted by the gamma-spectrometric tech- 

nique if sufficiently shielded. 

Evidently, this problem is not so serious for passive neutron 

assay. On the contrary. this technique is much more sensitive to 

low atomic number materials. Till now gamma- and neutron assay 

are complementary techniques and from a safeguards point of view 

both should be applied, gamma-spectroscopy for establishing tbe 

isotopic composition of the material and neutron assay for the total 

quantity. 

In the best interest of safeguards and reprocessing plant account- 

ability, a cooperation was established between EURATOM, Luxen,- 

bourg: EURATOM, Ispra and EIJROCHEMIC with the aim to mea- 

sure as many actual waste drums as possible with passive neutron 

assay techniques. 

In Chapter 1 the description of the equipment involved is given. 

This chapter contains all relevant information about the performance 

of the detection- and the time correlation analysis systems. Empha- 

sis is given to problem? of the detector response under various con- 

ditions of samples and matrix materials and to the influence of high 

count rates on the coincidence rate for integral a.uto-correlation tech- 

niqcsr: (VDC - and other coincidence techniques). These problem; 

are frequentIy ignored in practice, but this does not mean that they 

are negligible! 

Chapter 2 deals with measurements with known samples, v:hich 

serve for the determination of all parameters needed for the numcri- 

cal analysis of the raw experimental data. An estimate of the diffi- 



cult neutron self-multiplication effect is included. Measurements 

with -aprocessing plant waste drums are reported in Chapter 3. 

Conclusions from .a11 reported experiments are listed in Chap- 

ter 4. 

1. DESCRIPTION OF THE INSTRUMENTATION 

A general view of the passive neutron asoay equipment, which 

was used for measurements with 30 1 waste drums is shown in 

Fig. 1 and a block diagram of the same is given in Fig. 2. 

The various components and units of the instrumentation Tvill bc 

described hereafter, 

1.1 geutyon Detector Assembly for Waste Drum& 

The neutron detector is built up of six modular units. These units 

are held together by two frames in such a way that they form a hexa- 

gonal well counter, in which a waste drum of maximum 34 cm dia- 

meter and 43 cm height can ba placed. Top cover and bottom of the 

well are made of polyethylene plates of 6. 2 cm thickness. Photographs 

of the assembly are shown in Fig. 3. 

Each modu1a.r unit contains three 
3 

He-proportional counters of 

50 cm active length, 2. 5 cm diameter and 6 atm gas pressure. Those 

counters are embedded in a moderator block of polyethylene which is 

clad with cadmium of 1 mm thickness. Each block is covered on the 

internal face of the well by a steel plate of 2 cm thickness which acts 

as a neutron spectrum shifter and also as a gamma-shield. On the ex- 

ternal face a 3 cm thick polyethylene plate is mounted which serves 

for backscattering of fast and epithermal neutrons into the counter, 

Both plates together provide for raising of the neutron counting effi- 

ciency and flattening of the spectral response. 
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The spatial. response functions f,(r) and fZ(z) [f(r, z)=t,(r). fz(z)] 

of the counter well far fission neutrons are s.hown in Fig. 4. In 

Fig. 5 the counter response functions f,(R) and f,(H/2), res- 

pectively averaged over radius K, and height H of cylinders are 

plotted. 

These curves se;,, ’ for the e..,al:l?.tion of the mean counting effi- 

ciency of cylindrical drunls of giarisus sizes. 

The affect of moderating matrix material on the spatial response 

of the counter assembly is demonstrated in Fig. 6 for drums of va- 

rious diameters and 38 cm height, filled with polyethvlene grains 

of 0. 6 g/cm3 density. These curves allow for the estimation of the 

effect of a strongly moderating matrix on the counting efficiency. 

Heavy matrix material has a much smaller influence on the counter 

response. For example, a fission neutron source (Cf-252) has teen 

put in the centre of a lead cylinder of 15 cm diameter and 17 cm 

height (ca. 30 kg) and t!lis gave a relative increase in the ccunting 

efficiency of about 8%. 

The spectral response function normalized to the Cf-252 fission 

neutron energy is given in Fig. 7. A neutron decay curve is shown 

in Fig. 8 from which the neutron die-away time of the detector as- 

scmbly has been determined as (30. 0 i 0. 3),us. There is no mea- 

surable influence of matrix material on the die-away time. S‘inally, 

in Fig, 9 the absolute fission neutron counting efficiency Go(O 

the centrc of the well is plotted as a .Yunction of discriminator set- 

tings of the VDC-unit using 1830 V detector bias voltage. 

1. 2 Variable Dead-Time Counter (VDC’J 

The instrument is described in ref. (4) and (5). A photograph of 

it is show, in Fig. 10 and the block diagram is included in Fig. 2. 

It consists of pulse amplification, -formation and -discrimination 
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and on the distribution of the fissile material within the ma.trix. 

From case to cast there might be a variation oC multiplication 



chains for six neutron detector unit;, a pulse mixing circuit and 

one fast and four slow pul’se ccunters with nominal dead-times 

pi = 16 us, 32 us, 64 
/ / /” 

s and 128 
r 

s. The dead-timi: losses of the 

diff:rent pulse counters are analyzed in terms cf cnu;lt rate’ of 

neutrons from spontaneous fissioning r.uclidcs, in this ca.: L essen- 

tially of Pu-240. The relationship between the fission rleutron 

count rate and the measured count rates Ci can be c.,rablished by 

a simple consideration of the various components of the count 

rates and their balance. 

Co the count rate of the fast pulse counter and Cz” and Cfand 

respectively the spontaneous fission neutron, (a, .I) and background 

count rates of which C 
0 

is composed, we havl?: 

Let us call 

With analogous definitions we write the equations for the count rates 

Ci of the pulse counters with the dead-time *ci as: 

40 
ci = c. bg 

1 
f ca, Ci 

In order to determine C 
40 
0 

from Co and C., we consider the fol- 

lowing balance of count rates. From C 
4 0 1 

counts per unit time a part 

(Ct’) will trigger the counter (i) with dtad time 7i. Because the 

fission neutrons are emitted in grollps (,at the average 2. 2 per event), 

there will bc a fraction F 
40 

C40 
i 

of ct9 correlated with the trigger pulses 

*. which we call the “true coincidence count rate”. 
1 

Moreover, there will be a loss of C.a.C 
40 

counts due to the dcad- 
1 1 0 

time zi of the counter (i), which we call “accidental coincidence 

count rate”. bFz 

r.bg c; V. 

Analogous relationships are obtained for C$ Co and 
bz 

0 

1 
respectively, but I?: and Fi are zero, unless neutron nlul- 

tiplication is taken into account. Neglecting the l,~:tcr for the nlomont 



we have: 

c4c - c40 
o- i 

(1 t “qo) + c&O (1. a) 

c; = c.a 
1 

CbS = cy 
0 

(1. b) 

(1. cl 

C = c t c~y" 
0 i I I. 

4 CiTiCo 

From eq. (l* a) and (2) we obtain 

C40 
C. 

= c 
0 ( _ 1-B 

0 l”CiTi > 

1 tF$O 
.A 

F$O 
1 

C 
40 
0 

= KiXi 

(3) 

(3.6) 

with 

K 
i 

‘lr l+F;’ 

40 (4) 
F 

i - 
L. 1 

X. =C --1 =c t- 1 0 l”CiTi 0 1 
zi- C; 

Ki can be determined by a calibration measurement with a small 
40 

Pu- 240 sample (metallic plutonium) where Co a!ld Xi can be mea- 

sured directly. It can also be calculated from nuclear parameters 

(fission neutron emission multiplicity) and instrumental parameter? 

(counting efficiency and die --away time) as shown in ref. (6). The 

effective dead-time 2. 1 is equal to the nominal dead-time (zi ) minus 
0 

the discriminator paralysis time 8 , averaged over t.he six counting 

chains. ‘T’ha averaged 0 is obtained from the eq. (6). 

where c ok 
means the pulse rate of chain k, 



C 
2 

-- 
0 

’ kc-1 1-c,]<’ k 

C 
For symmetric distribution of the pulse rate, i. e. Cok = 2 and 

‘k 9 Const = 8 
0’ 

we obtain 4 = l/69 
0’ 

4 k depends on the pulse shape and the discrimination level, as shown 

in Fig, 1 I., In Fig. 12 are plotted the effective T.-values applicable 
c; for symmetric distributicn of the pulses (Co = 7, ak = const = Go) 

as a function of the discriminator settings. These values are derived 

from measurements with a pure (a, n) source. Eq. (5) gives for this 

case 

(Xi = O)Zi =+ -$ 
i 0 

For asymmetric distributlpns of the pulses, formula (7) can be 

used for corrections. 

*- T. 
1 

- z i+ A4 

4.0 
Unfortunately, F. and therefore K., depend on the count rate C. 

I 1 I 
itself. This is due to the fact that the higher the count rate. the more 

probable is the case that a spontaneous fission event occurs during 

the closure of the counter (i). Then a fraction of the emitted neutron 

population dies away before the counter may be retriggered by the 
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rn 
surviving fraction and accordingly FT” becomes smaller. This 

effect is ta.ken into account by a linear correction term eiven be- 

low 

Ki(Ci) = Kio(l t biGi) (9) 

It is more convenient to include this correction term into the X. 
1 

x  
io 

q  X&l + b.C.) 
1 1 

and to write 

(10) 

C*” = K 
0 io 

. xi0 (11) 

where K 
io 

is now a constant. 

The dependence of bi on the neutron die-away time E of the detec- 

tor is shown in Fig. 13. These curves have been obtained from Monte 

Carlo simulation of the VDC by means of the computerized system 

for t:me correlation analysis, which is described in the following sec- 

tion. 

The experimental determination of the b.-values is explained in 
1 

section 2, i: in connection with the calibration of the instrument. 

1. 3 “Computerized System” for T ime Correlation Analysis of Fission 

Neuerons -- 

The computerized system is descri.bed in Ref. (6). This system is 

generally useful for the (a) simulation and (b) measurement of the 

time distribution of pulse s from detector-sample arrangements, and 

analysis of the time correlations among these pulses. In the present 

investigations i.t serves main!y as a reference method for p2EsiVe 

neutron assay by the VDC-instrument. 
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curv:?G. In the plct of the variation of the detector response as 



The “si,mulation” is performed by the Monte Carlo-method. Input 

data are: 

i) source parameters: amount, half-life, probability distribution 

function of neutron emission mul.tiplicity (pv-distribution) of spon- 

taneous neutron emitters (spontaneous fissicn 3r (cx, n)-reactions), 

ii) multiplication parameters: probabilities for induced fission reac- 

tions in fissile isotopes of the sample and the respective neutron 

emission multiplicities for the various source?, 

iii) neutron detector parameters: detection probabilities and die- 

away time of neutrons from the various sources. 

C?utput data are: 

i) Time distributibn of neutron detection pulses, 

ii) Time correlation analysis as Ros si-a -method, VDC-method and 

other well known pulse correlation methods. 

A schematic flow diagram is shown in Fig. 14. In the case of a 

“measurement”, the time distribution of neutron detection pulses is 

produced by a converter, which converts the detector pulses in their 

real arrival time. 8 Inputs for detector pulses are provided and 

each of them is labelled (1, 2,. . . , 8). The data (time) are stored 

firstly in an 8-stage buffer memory from which they are transferred 

into the BK-m.emory of the mini-computer (LABEN 70). The buffer 

memory acts as a “de-randomizer” of the time-distribution of pulses 

and allows for reduction of signal losses during the transfer cycles 

into the computer memory. A block diagram of. this instrumentation 

is given in Fig. 15. 

As a reference method for passive neutron assay techniques, we 

choose the well known Roesi-a-method, which does no; require any 

correction. The Rossi-(Y, technique allows for the separation of cor- 

related counts from uncorrelated count3 out of the time-distribution 

In reality there will always be a superposition of both the self- 

multiplication and the matrix effects, which sometimes may add 

--.-..-a- ..^^1. ..ax.,,.. h,, m,nQr ctn’nmont iv nn%cihlc from 
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of neutron detection pulses, This is done 
within a time interval, At, which follows 

pulse and subtraction of the uncorrelated 

by summing up all pulses 

each individual detector 

counts within A t, which 

are computed from the total count rate Co as CoAt. In the picture 

of a coi.ncidence counter, and this is also true for the VDC, this 

would mean that any detector pulse may open a coincidence gate or 

close all. pulse counters (i) respectively. In this way there would be 

no need for correction either for true coincidence losses, during 

the time the coincidence gate wa s opened or the input of pulse coun- 

ter was closed respectively, or for the variation of the Fi (corre- 

lated counts per pulse due to fission neutrons) with count rate C 
i 

(linear correction factor hi). This feature of the Rossi- 0~ technique 

is therefore a possibility for testing the correction formula of the 

VDC method. The second weak point of the VDC is the variation of 

the dead times (z,) due to unsymmetric repartition of the detector 

pulses among the 6 pulse counting chains. Also this uncertainty is 

eliminated in the Rossi- a analysis, just by introducing a blank of 

4 usec 
/ 

at the beginning of the time interval At to be analyzed. 

2. MEASUREMENTS WITH STANDARD SAMPLES IN 30 L. Dl-‘,U.UIS 

The measurements with known (PuO?) samples served for the 

determinations of 

i) F 
40 
M B average number of neutron detector pulses correlated with 

the first neutron detector pulse from a Pu-240 spontaneous fis- 

sion event (integral autocorrelation). 

ii) bi palinear correction factors, 

iii) calibration curves for the VDC instrument and the computerized 

system. 

The standard samples covered the range of Pu-240 equivalent 

mass (m,4i) between 0.09 g and 54 g. 

m40 is defined accordinn to en. (31 as 
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40 m =m40 il2) 
eq 

0 

,(k includes 40) 

upper index 40, k stays for Pu-240 or isotope named “k” rcspec- 

tively. 

40, k = mass of spontaneous fission isotope Pu-240 or “k” respec- 

tively. 

40, k 
n = 

0 
number of nelltrons emitted per g of Pu-240 or “k” rcspec- 

tively. 

F409k = 
i 

correlated counts per trigger of counter with dead-time z. 1 
by a Pu-240 neutron or “k” neutron respectively. 

If Ff N Fz” that means: ail isotopes have nearly the same fission 

neutron multiplicities. we can simplify eq. (12) as 

m40 ~ m40 
9 

(12.a) 

This condition is nearly fulfilled for all isotopes of our interest, 

i. e,, Pu-238, Pu-242 and U-238. 

The Pu-standard samples were put into normal 30 1 drums and 

mixed up with typical matrix materials, like gloves, cleaning papers, 

etc. 

40 
2. 1 Determination of F M 

F4z is defined by the eq.la.tions (13) and (14) 

F40 
i 

= F: 
wi (l-e - “I ) = Fi”. ai(i = 1, 2, 3, 4) Wi < 1 

(13) 

wi corrects for the effect of having more than one trigger (C. -1’“) from 



the same fission event. For the described equipment wi is very 

close to 1; 

C40 
F4’,. -1-I 

=x Ool 
Fz”ak+l 

0 io F40 a 
= Xk 

co i 

o Fz ak (k i/ i) (14) 

from which we obtain 

(15) 

with yik q F and Aitc = ,c 
ko k 

The Yik are the ratios of dead-time corrected true coincidence 

count rates Xio/Xko, according to eq. (IO). 

The ai (or Aik) can be calculated from the known Zi and 1 or 
40 

they can be determined directly from measurements of the Fi with 

a small Pu-metal sample (low count rate, no (a, n) reactions) from 

the following relationships, derived from eq. (3): 

All *f-l 

(16) 

(17) 

F40 ; 
forTk/l>> 1 wehave cXk~l,F~“wF’” and ai L “p-5. ;g$ 

03 
.;Rr 
1 

40 
The parameter F o3 itseif is defined by the following formula: 

1 

N 

7 
2 

A v b.43 -. 
-40 - - L.l/v=O r\ -1 I r uo = 6; a N 

z 
! -.1 

VPV 
v=o 
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where p, is the probability of emitting u neutrons in a fission 

event of Pu 
40 

. 

40 
In principle the measurement of Fa, allows the matrix effect, 

j. e. the influence of the matrix material on the detection efficien- 

to which F 
40 

cy E, is directly proportional, to be estimated. 

However, the F 
4oco 
o. determined by the yik and A;k mea.surements ac- 

cording to formula (15) is very sensitive to the uncertainties of 

those quantities byik, dAik respectively. 

1 
- -1 

40 6F, =L 
” (l “Yips) c 

A 
ik ‘ik 

2 6yjJ- f-- GAik 3 (19) 
- Afk(l -yik) 

The behaviour of this function in the range 1 > E 20. 03 is shown 

in Fig. 16, 

Generally, the Aik can be determined to about CJA = t 0.01. 
ik - 

The uncertainty of the yik may also be about Byi,< = 2 0. 01 for not 

too high count rates (C ). Under such conditions the reiative uncer- 
48 

tainty of the actual F, = 0.066 (for E = 0. 062) amounts to about 

6 F40 
03 -217% 

F40 a, 
40 

The precision of tile Foe -measurement can be improved signifi- 

cantly, by raising the detector efficiency a. In Table I the measured 

a.,A ,y. and F”,” values are summarized. 
1 i 1 

2. 2 Determination of the Linear Correction Factors b. 

The linear correction factor bi takes into account the variation of 

the F:” with the count rate Ci as defined by eq. (9) and eq. (lo), bi 

is determined by the relationship: 

- 31 - 



(yilck. Itb C 1 .: 1 

-I 
bi = $-[j-q--(l+bkCk) - ‘j 

0 
X. 

where (y )c. means $- for C: . . 
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(20) 

(21) 

1K -i -ic A 
X. 

and (y. ) means L extrapolated for C i=o. ( see Fig. 17) 
4 

rk o X 
k 

..y I 

For k m 1, we have bkCk c oiCi << 1 and bk does not need to be 

known very exactly, for the deterl‘lination of the bi (i I: 2, 3, 4). In 
P 

, 

fact b,- was determined direl.tly from X, -measurements with a 
K 

small &-metal sampie as a !‘trnction of the count rate C 
k’ which 

was varied by adding (c:, n) scarce-neutrons. These experimental 

results agreed very well with a Monte Carlo-calculation by means 

of the comFuteriztd system. 

The experimental bi-values are derived from the plots Xi/X1 as 

functions of Ci of Fig. 17. 

A summary of the experimental and Monte Carlo-results is given 

in Table 2. 

2. 3 Calibration Curves 

Calibration curves for VDC- and Ross;- -techniques are given 

in Fig. 18. 

Least squares fits to polynomials showed that the best fitting func- 

tions are of the type 

m40 =a 
oq oi + a .X. + a .X2 for VDC technique and 11 1 21 i 

40 
m =a +a x -;- a 

fiq la a 
X2 

OCX 2cx a 
for Rossi- a-technique. 
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Al’ curves from VDC-techniques are essentially of the same 

shape. This is  more directly demonstrated by the best-fitting 

parameters, for which the following equations must hold: 

a 
oi 

=a 
ok 

2 

Equivalence between VDC and Rossi-a -techniques is  checked 

by analogous conditions: 

a . =a 
01 oa 

2 

a2a 
ala 

= “2i ali (  )  

(23) 

The experimental results confirm the condition;; (22) fairly well 

but not as well for the conditions (23). This indicates a certain s y s -  

tematic discrepancy between VDC and Rossi-a analysis. In prin- 

c iple, the Rossi- K-technique should be more exact than VDC owing 1 
to the uncertainties of the linear correction factor (bi) and the ef- 

fective dead-time (cci)  of the VDC technique. These uncertainties 

cause ‘.;:itematic errors for high count rates, i.e. large Pu-240 

.lrnounts, which are affecting the coefficients a Zi of the quadratic 

correction terms of the calibration curves. These terms take ac,e 

count of various non-linear phenomena which are mainly due to the 

neutron multiplication and s lowing down properties of the standard 

samples. The s lowing down properties are essentially determined 

only by the hydrogenous matrix materials. As the matrix was al- 

ways the same for all standard samples, we may conclude that the 

quadratic correction term (>I the calibration curve mainly describes 

the neutron multiplication effect. 



2. 3. 1 Neutron Multiplica.tion Effects -____l-l--_“_-----_-------- 

Neutron multiplication by induced fission processes, in Pu-239 

and Pu-241 mainly, changes the neutron emission multiplicity. Both 

the spontaneous fission and the (01. n) neutrons are contributing to 

this effect. An exact treatment of this problem is very difficult and 

it is unresolvable for unknown samples. Nevertheless, a working 

hypothesis for estimating the magnitude of this effect can be esta- 

blished. In the case of PuO2 standard samples, the ratio of sponta- 

neous fission to (at, n) neutron emission and therefore X .$Cos= ri is 

nearly constant. The production of induced fission neutrons, 

P* = (<. VQ’V) 5 

should be proportional to the square of the Pu-mass, because both 

the mean neutron flux z and the mean induced fission cross section 

2 fV are proportional to the Pu-mass (V means the volume of the sample). 

In the case of Pu-waste, the assumption about the constant eponta- 

neous fission to (a, n) neutron emission ratio canno+ be maintairked. 

but we may account for this by a correction factor on the neutron flux. 

If we assume that the neutron flux z is proportional to the count rate 

C o, this flux correction factor is equal to the ratio of the count rate 

Co of the unknown sample to the count rate Cos of the standard nample. 

The production of induced fission neutrons in the unknown sample can 

be written therefore as 

C 
P=P ,.e- km 

2 co 
C 

7 = km2ri* 
OS OS i 

If we further assume that the coincidence count rate, A Xi, due to 

induced fission events, is proportional to P, we obtain 

C zc C 
AXi = AXis e ~3 pzi. m e = pZim2 ri ?;“- 

05 OS i 
(25) 



where AX. 2 
= PZim 1s the coincidence count rate due to induced 

15 
fissions in the standard .sample. 

The re!ationship between pli and the best fitting parameters of 

the calibration curves ali and a2i is obtained from the equa.tions 

(a HO’ Poi” oi - 
0 neglected) 

m = aliXl + a2iXf 

2 
Xi = ,Plim + P2im (27) 

1 ‘Ii 4p2i m=-- 
2 P2i ti 

1 f-y--Xi -1 

‘Ii ) 
(28) 

4p2i 
For 2 ---Xi = 4~~~. afi Xi<< 1 (pli = 5 ) 

p Ii 
11 

the root expression of equation (28) can be expanded in a Taylor se- 

ries ignoring the third order term. Comparison of coefficients gives 

“2i 
P2i ~ - 3 

aii 

In all assumptions mentioned above, the correcti In for the neutron 

multiplication effect of unknown samples, i. e. the difference rela- 

ttve to etandard samples is equal to 

40 
A meq 

= azix;o c -.%) = aZiXF (l-ri>) 
OS i 

The various parameters for the calculation of AX. and A no 
40 

are 
1 eq 

summarized in Table 3. 

In reality, the neutron multiplication effect is much more compli- 

Catd. It depends strongly on the moderating properties of the matrix 



and on the distribution of the fissile material within the matrix. 

From case to case there might be a variation of multiplication 

effect by order of magnitude. 

2. 3. 2 Matrix Effects ---------c^“- 

The influence of a polyethylene matrix which is one of the strong- 

est moderating media, on the counting efficiency of the detector as- 

sembly, is shown in Fig. 6, especially by the curve E~(R)/E,(O) f. (R). 

From this curve one can estimate the maximum possible variation 

of the counting efficiency for a given net weight of the waste drum, 

just assuming that all the lnatrix material in the waste is composed 

of highly moderating materials. If a variation of the counting effi- 

ciency within + 10% (corresponding to + 20% variation of the calibra- 

tion curves) is considered as tolerable, the net weight of the waste 

drum should not exceed 3 kg. On the other hand, weakly m0dera.tin.g 

matrix does not perturb so much the counting efficiency. A multiple 

of the 3 kg limit can be allowed for high 2 materials as matrix, like 

Fe, Cu, Pb, etc. without exceeding the + 10% limit for the variation 

of the counting efficiency. Therefore, it is highly desirable to mea- 

sure the counting efficiency directly. A possibility of such a mca- 

surement is explained in the section 2. 1. Owing to the dependence 

of the precision of this method on the counting efficienc;r itself, as 

shown in Fig. 16, this method is restricted to high efficiency dctec- 

tors. Moreover, owing to the increase of systematic errors of the 

coincidence count ratios (Xi/Xl<) with count rate Co, t!lis yethod is 

also limited to low count rates of about smaller than 5. 10 cps. 

These limitations of the method are anyhow adapted to the problem. 

because waste materials contain generally small amounts of Pu. 

3. MEASUREMENTS WITH UNKNOWN QUANTITIES OF Pu IN 30 1 -- 
WASTE DRUMS -- 

After calibratio.1 of the itlstrutnents, 134 measurements with waste 
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drums have been performed during a period of about 3 months. 

No calibrations of the instruments were done during this period. 

As far as the VDC instrllment is concerned, no breakdown has been 

observed. On the other hand, ar: electronic defect of the “fast data 

acquisition unit” (de-randomizer) was discovered after 1 month 

operating time. This defect caused s,ystematic errors in ihe nna- 

lysis and it was detected because of discrepancies between the VDC 

and Rossi-a(computer) results. For this reason the “de-rantlomizer” 

had to be repaired and the 18 most interesting waste drums were re- 

measured. These measurements finally serve for comparisGn be- 

tween the Rossi-a: method (reference method) and the VDC mekhod. 

It is clear that this comparison gives a direct :t.n:wer about the va- 

lidity of the VDC analysis method. 

3. 1 Results -___ 

The results of the analysis of all 134 measurements are summa,. 

rized in Tables 4 and 5. 

In Table 4 the results of 18 measurements for comparison between 

VDC and Rossi-a ar,alysis are given. Table 5 represents tha V’DG 

results for all measurements which have been rr.ade. The datz ark 

prescntecl in the same sequence as they have bcc:n nleasureti over a 

3 months ’ period. Sam? of the waste drllms have: been r?ca:;urccl s-7.. 

vcral times, for example drum code E 281-Z has been measured 4 

times during 3 months and no drift of the results 1s ol)scrvecl. 

The quoted error limits are the sum of three so~~rciss 0:’ crl’<>r: 

i) counting statistics AIXi 

iij uncertainty and variation of the effective coi~nicr dead ti,rnss r;.,X. ._ i 

iii) uncertainty of the linear correction factor I).. 1 

A, .\: i is calculated from the s~andarrl errur of the count ra t.c ,C , 0 
which is equal to hJCo ar,d from ‘:he statistical error of (ho i;czrl 

t,imes losses (Co-C;) wllich is equal to J~~~~~T-~. \VI!Il thrtsc st.\rrc1.1rt’ 
1 

r -- 



errors we obtain: 

where t means the total counting time, 

A2Xi and A3Xi are obtained from error propagation of ATE and Abj 

respectively. 

C. 
A3Xi=t yy-&y XiAbi (32) 

11 

AXi=+(lAIXij+ IA2Xii f IA3Xil) (33) 

From AXi v.e calculate the uncertainty of the Pu eq. mass as 

A m - t (aiiAXi + 2aZiXiAXi) (34) 

where ali and a 
2i 

are the parameters of a best fitting parabola to 

the calibration curves. 

No corrections have been applied for neutron multiplication- and 

matrix effects. The me’.hods for estimating these effects, (as ex- 

plained in sections 2. 3. 1 and 2. 3. 2) are not sufficiently accurate. 

3. 2 Discussion of the Results - -- 

The important question concerning the validity of the VDC con- 

cept for time correlation analysis has been rigorously tested by tho 

comparison with a standard method, the Rossi-O: technique. The 

time correlation analysis of the waste measurement3 also i.s an ex- 

trenlely harcl testing in so far as the neutron cn.Lssion rate of some 

of the waste drums is very high ar.d in addition the ratio of correla- 

ted to uncorrolated count5 is very low. For instance the waste drum 

E 250 ga\‘c a count rate of 2. 2 x lo4 cps and the ratio of correlated 
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to uncorrelated counts was about 80% smaller as compared to the 

Pu02 standard oamples. 

The results of the comparison between the VDC and Rossi-a analy- 

sis, as given in Table 3, show that both methods are fully equiva- 

lent, because there is a complete agreement of all results within 

the error limits. Generally, the error limits of the VDC analysis 

are decreasing with increasing dead-time Z.. There is also a cer- 1 
tain systematic “drifting” of the values for the Pu equivalent mass 

which is growing up with zi. This effect is due to the systematic 

variation of the effective dead-time T., for unsymmetric reparti- 1 
tion of the count rate Co among the six pulses counting chains, as 

explained in section 1. 2. This variation A$ is always negative and 

tends to underestimate tile coincidence count rate Xi by 

AXi = - CiCoA8. 

This error is generally increasing with the count rate Co and rela- 

tively decreasing with increasing2. 

The second important point is the reproducibility of the results 

and also this point has been checked rigorously for the VDC. ‘the 

results of VDC measurements in Table 4 demonstrate that there is 

full agreement within the quoted error limits for all measurements 

during a 3 months ’ operation without recalibration of the instruments 

without rejecting any data of measurements which were routinely 

made and processed. 

The third point of main interest concerning the matrix effect, can 

not be considered as resolved completely. Frorn all investigations 

there is however, a general statement possible about this problem. 

This allows waste drums to be classified by their measured net weight 

into two categories. One for which the maximum systematic error li- 

mits can be assigned and another category where the error limits might 

be exceeded.. This simply means that a maximum possible error can 

be deduced from the net weight of the drutn, assuming that all the ma- 

trix material Cs composed of highly neutron moderating material like 

polyethylene, which makes the maximum perturbation of the calibration 
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curves. In the plot of the variation of the detector response as 

a function of quantity of polyethylene as matrix material in Fig. 6 

we see an oscillation of this Function from pos!tive to zero and fi- 

nally to negative perturbations, with increasing amount of matrix 

material. This benaviour is a characteristic of the detection as- 

sembly. It is quite reasonable to set the tolerance level of the ma- 

trix effect equal to the maximum positive perturbation, which is 

about 10% and to set the maximum net weight limit at the negative 

perturbation of -log’,, which is equal to about 3 kg. The maximum 

bias can be calculated from the actual distribution of the net weight 

between 0 and 3 kg just by taking a weighted average over the per- 

turbation functions in Fig. 6. Moreover, it must he kept in mind, that 

a variation of the detection probability (response) by + 10% results 

in about ;t 20% perturbation of the coincidence count rate, i. e. of 

the calibration factor. 

The next step would be to determine the matrix perturbation of 

the waste drums which exceed the :$ !<g limit. For this purpose we 

consider the determinatian of Foe according to eq. (15). Here we 

need a precision for F, at least within t 10%. This could be ob- 

tained by a detection head with at least 0. 2 counting efficiency as 

shown in section 2. 1 and Fig. ! C. This possibility will be investi- 

gated in detail. The present detection head with 0. 062 counting effi- 

ciency is not suitable for the required precision of F CO- 

A difficult point is the neutron multiplication effect; from what 

has been explained in section 2. 3. ;, it might be important for waste 

drums with large Pu content and high neutron flux. An extreme exam- 

ple for this problem is the drum E 250 (50 g Pu- 240 - equivalent and 

2. 2x1 o4 cps). 

The correctioli for self-multiplication according to eq. (29) amounts 

to -35% for VDC results and -20% for Ronsi-ol results. These figures 

are however, very rough estimates. 

- 30 - 
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In reality there will always be a superposition of both the self- 

multiplication and the matrix effects, which sometimes may add 

up or compensate each other. No clear statement is possible from 

the experimental data. 

4. CONCLlJSIONS 

The reported rneasurements of the Pu-240 content in waste drums 

from the EUROCI-IEMIC reprocessing plant represent a severe test 

on the usefulness of passive neutron assay techniques. The analysis 

of the experimental data allows for the definitions of the capabilities 

and limitations of the instruments involved in this exercise. 

1. The VDC method ts equivalent to the Rossi-a method for ail in- 

vestigated waste ‘rums, corresponding to a maximum ne*ltron 

count rate of 2.2x104 cps. 

2. The VDC instrument has proved the highest degree of stability and 

operational reliability. 

3. The matrix effect can be estimated from the net weight of the waste 

drums. Detailed investigations are required for the evaluation of 

the corrections from experimental data, The procedure is explained 

in section 2.3. 2 of this paper. 

4. The neutron multiplication effect is a severe source of error for 

drums with large amount of Pu and high neutron flux. 

5. The detection limit of the VDC method is about 1 mg Pu-240 equi- 

valent for a 15 ‘measuring time and low background of epithermal 

and fast neutrons. 

6. For a maximum of 3 kg of any kind of matrix material and a maxi- 

mum of about IO4 cps the accuracy of the measured Pu-240 equi- 

valent mass should stay within ,t 20% relative error limits. 
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For the drums measured in this work, EUROCHEMIC had 

a good estimate of their isotopic composition, both from admi- 

nistrative control (drum origin, time of filling the drum, ma5 6 

spectrometric data on the material at the exit points) and from 

high resolution gamma-spectrometric measurements on drums 

and standards (see ref. (3)). 

Thus, the measurements performed in this work can be use& 

with confidence for accountability and safeguards purposes, since 

the total plutonium content is obtained by multiplying the found 

Pu-240 content with the appropriate factor. 
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6. TABLES- 

TABLE 1 - Experimental Data ior Evaluation of Fz (see ec;. (15i -- 

from Measurements with PzQ2 -samples 

TABLE 2 - Calculated and Experimental Linear Correction Factors (ti) 

I calculated value 1 expc rimental vaiue I 

1 8.0 2 1.6 8.0 &3 

2 19.0 i 1.7 16.0 93 

3 32.0 & 2.0 28.0 2 3 

4 42.0 A 2.0 38.0 L 3 
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Run I'To. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

I4 

15 

16 

17 

Sample 
Code 

- 

E-151 

E-243-2 

E-246 

E-247-2 

E-250 

E-272--1 

E-272-3 

E-275-1 

E-275-2 

E-277-2 

E-281-1 

E-281-2 

E-283 

E-283-3 

E-2e4-I 

E-284-2 

E-151 

TABLE 5 - VDC-Results 

CokPs) 

3484.98 

3398.1 

2465.5 

815.7 

21920.0 

472.5 

202.4 

469.8 

14438.2 

4363.0 

15031.9 

8979.9 

12813.6 

5136.5 

2135.5 

860.7 

3513.5 

z 
1 

24.98 0.76 it_ 

6.69+ 0.62 

3.76t 0.37 

2.715 0.09 

35.96 +16.4 

2.31~ 0.06 

1.38f 0.03 

2.69 + 0.06 

18.06 + 7.8 

9.63 + 0.93 

47.79, 7.64 

34.59 + 3.21 

29.9 2 6.2 

15.5 + 1.3 

8.62 f 0.33 

3.15-k 0.10 

24.9 + 0.7 

Pu-240 Equivalent(g) 

25.13 f 0.58 

6.82+ 0.45 

4.06 i- 0.27 - 

2.65+ 0.07 

43.52 t 10.6 

2.882 0.05 

1.37& 0.02 

2.77 + 0.04 - 

21.491 5.3 

9.95+ 0.67 

50.839 5.2 

36.60~ 2.3 

33.7 r 4.2 

15.6 + O.?l 

8.852 0.25 

3.172 0.08 

25.4 t 0.58 

25.92 t 0.49 

6.69L 0.37 

3.87f 0.23 

2.63 t 0.06 

43.26 + 8.1 

2.87 2 0.04 

1.352 0.02 

2.75It_ 0.04 

20.31 + 4.1 

IO.18 + 0.55 

51.1 + 3.9 

36.1 + 1.8 

32.7 2 3.3 

15.8 t .0.73 

9.102 0.22 

3.27 f 0,08 - 

26.0 2 0.49 

24 

26.16 9 0.46 

6.84t 0.36 

4.24 ' 0.23 f 

2.60 2 0.07 

44.26 + 6.91 

2.82& 0.04 

1.32 t 0.02 

2.65+ 0.04 

22.11 i 3.5 

10.13 2 0.51 

50.35F 3.4 

36.27 2 1.5 

30.82t 2.9 

15.7 + 0.67 

9.132 0.20 

3.27 F 0.07 

26.3 + 0.45 






































