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IN-PLANT TEST AND EVALUATION OF THE NEUTRON COLLAR
FOR VERIFICATION OF PWR FUEL ASSEMBLIES AT RESENOE, BRAZIL

by

H. 0. Menlove, Marco A. S. Marzo, Silvio G. de Almeida,
M. Candida de Almeida, L. Paulo M. Moitta, L. F. Ccnti,

and J. Roberto T. de Paiva

ABSTRACT

The neutron-coincidence col lar has bten evaluated for

the measurement of pressurized-water reactor (PWR) fuel as-

semblies at the Fabrica de Elementos Combustiveis plant in

Resende, Brazi l . This evaluation was part of the coopera-

tive-bilateral-safeguards technical-exchange program between

the United States and Brazi l , The neutron co l lar measures
235the U content per unit length of f u l l fuel assemblies

using neutron interrogation and coincidence counting. The
o op

U content is measured in the passive mode without the

AmLi neutron-interrogation source. The extended evaluation

took place over a period of 6 months with both scanning and

single-zone measurements= The results of the tests gave a

coincidence-response standard deviation of 0.7% (c = 1.49%

for mass) ,:or the active case and 2.5% for the passive case

in 1000-s measurement times. The length measurement in the

scanning mode was accurate to 0.77%. The accuracies of dif-

ferent calibration methods were evaluated and compared.



I . INTRODUCTION

As part of the United States-Brazil safeguards technical-exchange act iv-

i t y , a neutron-coincidence co l lar has been evaluated for the ver i f i ca t ion of

fresh pressurized-water reactor (PWR) fuel assemblies. The work was performed

during the period from October 1984 to May 1985 at the Fabrica de Elementos

Combustfveis (FEC) plant near Resende, Braz i l . The measurements were performed

by staff from Comissao Nacional de Energia Nuclear (CNEN) during six separate

v is i t s to the plant over a six-month in terva l .

The neutron col lar uses active neutron-interrogation combined with neu-
235tron-coincidence counting to measure the U content in the fuel assembly.

The U content is determined by the passive coincidence counting of the
2 D 1 _3

spontaneous fission rate from the U decay. Previous reports give a

description of the neutron-coincidence collar and i ts application to PWR and

boiling-water reactor (BWR) fuel assemblies.

The present test was to evaluate the collar under conditions typical for

inspector work in the f ie ld. These conditions included:

• international shipment of the equipment,

• operation by inspectors with only brief training on the col lar,

• multiple setup and disassembly of equipment for each inspection v is i t ,

• hot and humid weather conditions, and

• large voltage fluctuations in the plant.

All 40 assemblies in the plant were measured during the evaluation period,

and the results of the work are described in this report.

I I . DESCRIPTION OF EQUIPMENT AND SETUP

A. Neutron Source

The neutron source for the present work was MRC-AmLi-118, contained in the

double stainless steel capsule (Model 2724 BT). This source has 0.93 Ci of

Am in the form of AmÔ  with a neutron y ie ld of 5.3 x 104 n/s and the

International Atomic Energy Agency cer t i f i ca t ion of competent authority USA/

D043/S. Figure 1 shows a schematic drawing of the source.

The radiat ion dose from the source in the co l lar was less than the dose

from the fuel assembly (<1 mRem/h).



AmLI NEUTRON SOURCE

Fig. 1. Schematic diagram of AmLi neu-
tron-source holder.

B. Measurement Setup

1. Scanning Mode. The neutron collar was used in two different

measurement locations. The first location was for scanning the entire length

of the assembly and the second was for use on the normal support cart.

Figure 2 shows the neutron collar

on the support platform produced by

FEC to make it possible to scan the

fuel assembly completely through the

collar. The platform was located over

a hole in the floor for examination

of fuel assemblies. The fuel assem-

blies were moved using the overhead

crane. It was possible to slide the

platform in the horizontal direction

to engage or decouple the collar from

the fuel assembly.

2. Cart Mode. The neutron collar was

also used on its standard support cart

to verify the fuel assemblies in the

fuel storage vault. For these meas-

urements, the extended (double) legs

were used with the cart to lift the

collar high enough to reach the active

Fig. 2. Neutron-coincidence collar zone of the fuel. Figure 3 shows the

plant, Resende, Brazil. of a fuel assembly at Resende.
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Fig. 3. Neutron coVar and support
cart in measurement position with
ANGRA-I fuel assembly at the FEC
plant.

Two different measurement procedures were used for the fuel assembly veri-
fication. For the normal case, the assemblies were transferred to the cart
located about 5 m from the other assemblies. In the second case, the fuel as-
semblies were not moved, and the cart was moved to the normal assembly storage
location. In this case, there were many assemblies in the immediate vicinity
of the assembly being measured. This increase in background did not adversely
affect the quality of the measurements.

For the measurements, the fuel assemblies were kept inside their plastic
bags to keep them clean. This bag did not affect the measurement results.
Foam spacers were used to center the assembly side-to-side and to hold the as-
sembly against the front face (next to the AmLi source) of the collar. This
was to improve the positioning reproducibility. Normally, the fuel assembly
is positioned 1 cm back from the front face so that when the present results
are compared with the prior calibration results, it will be necessary to cor-
rect for this difference in positioning the assemblies.
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In addition to the ANGRA-I fuel assembly results, measurements were

performed on a larger AMCRA-II assembly containing depleted uranium. This

assembly was centered in the collar and both passive and active measurements

were performed.

C. Electronics

The electronic components are identical to the high-level neutron-coinci-

dence counter (HLNCC). The recommended settings were used as follows:

High voltage = 7.5 (1500 V),

Discriminator = 3.0 (1.5 V),
Gate = 64 ps, and

Time = 200-s runs on recycle for available measurement time.

Figure 4 shows the sh i f t register (Model HEC-100 produced by IRT Corp. )

and programmable calculator (Model HP-97 produced by Hewlett-Packard Corp.).

The software program for the HP-97 is described in the Appendix.

I I I . DESCRIPTION OF FUEL ASSEMBLIES

The ANGRA-I fuel assemblies are of the Westinghouse PWR type. Each has a

16 x 16 rod array with 21 control rod positions result ing in 235 fuel rods. The

characteristics of the fuel are given in Table I .

Fig. 4. Shi f t - register coincidence
electronics package (IRT Model HEC-
100) and programmable calculator.
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I V . MEASUREM1LMT

A. Initia'i

The reutron col lar w?,s shi pod fvom Los Alamos, Nf-tf Mexico,, to C!J'£N in Rio

de Janeiro, B raz i l . After cVa v inc customs, the col lar was set up at Labora-

to'rio de Salvfiguardas, loc».ced at Tnstituto tie Radioprotecao I- Oosimetria

(IRD), for demonstration a".d t ra in ing of CNEN s ta f f . The equipment was moved

later by van to the FEC fabricat ion plant near Resende, Braz i l .

B̂  Check-Out at FaciVity_

(1) Set up thf: c ' i r t ; attach the col lar to the cart or support platform

with the '-hi/nbscrews.

(2) Attach t.hf: electronics to the detector as described in Ref. 4 and set

the y«r?ineters as l i s ted in Sec. I I .C (do not change these settings

betv/eer uses).



,3 ' 'dke a 100-i count with no AmLi source or fuel assembly near the un i t .

The net r.oi/ci'Jenje race (R+A) - A, where (R+A) is tha reals plus ac-

cidental 'ate and A is the accidental rate, should be s ta t i s t i ca l l y

noMiO. to zero. The tota ls rate should be between 5 and 600 counts/s,

•vip<M<!"-irj on tiie airount of UOp in the v i c i n i t y .

i4) r!?:e the AmLi source in the col lar (no fuel assembly) and take 3 x

"iOO-i runs; note that the coincidence rate R is s t a t i s t i c a l l y zero and

thf net t oU ls rate is M930 for AmLi-118.

'"• ''fl'^y I''i '-'peration

(I) Passive mode (no AmLi) - remove the neutron source and set the time
for 200-s recycle with the fuel assembly in the collar.

[?.) After the desired number of cycles (^5), press the stop button on
the HEC-100 and the program key B on the HP-97. This will print out
the summary of the passive results and store the coincidence back-
ground data in register A for subtraction from the active assay (see
the Appendix).

(3) Active mode (with AmLi) - return the neutron source to the collar and

press the start button on the HEC-100 to start the runs.

(4) After the desired number of 200-s runs K 5 ) , press the stop button and

press the program key C on the HP-97. This will print out the active

results.

0. Scanning Mode

{1 ) Attach the collar to the platform over the hole 'n the floor, and
place the HEC-100 and HP-97 on the support cart.

(2) Request the operator to use the overhead crane to lower the fuel as-
sembly through the collar, stopping when each grid spacer is even with
the bottom of the collar.



(3) Take n x 200-s recycle counts where n is 1-3, determined by the ava i l -

able measurement time.

(4) Record the assembly posit ion and press key C to get s ta t i s t i ca l sum-

mary at each posit ion.

(5) To ver i fy active length, move the assembly to the one-half maximum

points (top and bottom) determined from the cal ibrat ion scan p ro f i l e .

(6) Take a short count K2 x 100 s) at each end position and compare

with the average rate in the middle region of the fue l . Within the

counting stat ist ics, , the rate should be one-half thp f u l l rate.

V. CALIBRATION

/L External Absolute Calibration

During the past several years, other neutron-coincidence col lars have been
2 3

calibrated using reference fuel assemblies at Belgium (PWR), Sweden (BwK),
235and Exxon Nuclear (PWR and BWR). A range of U enrichments was used to

establish the shape of the cal ibrat ion function, and the AmLi neutron sources

were measured to establish the re lat ive counting ef f ic iency.

These cal ibrat ion curves can be used for the fuel in Brazil i f the col lar

responses are normalized using the AmLi neutron sources. This procedure as-

sumes that only the counting eff ic iency has changed between cal ibrat ion and

subsequent appl icat ion.

For the present work, we w i l l normalize to the cal ibrat ion using a d i f -

ferent col lar (LANL-1, AmLi-117). This col lar has been calibrated at Exxon

Nuclear Corp. in Rich!and, Washington, using two reactor fuel assemblies that

are similar to the ANGRA-1 assemblies. The enrichments and f i s s i l e l inear-

loading densities are given in Table I I .

Prior cross-calibration measurements at Los Alamos established that the

co l la r used in Brazil (LANL-2) gives a coincidence response that is 1.009 times

larger than the co l lar used at Exxon (LANL-1) for the same PWR fuel assembly.



Reactor

TABLE I I

CALIBRATION OF REFERENCE FUEL ASSEMBLIES

Array

Exxor-1

Exxon-2

ANGRA-I

14

14

16

X

X

X

14

14

16

PWR

F'WR

PWR

Type (%) g 235U/cm

3.82 38.28

3.40 35.2*

3.30 35.40

Collar

LANL-1

LANL-2

Source

AmLi-117

AmLi-l lB

Coinc.
Pate

133,8

135,2

The ' 3 5 U mass per unit length is calculated from the ca l ibrat ion function

using the expression

M = (1)

where a = 0.001344 and b = 2.135 for P\«R fuel assemblies.

Figure 5 shows a graph of th i s ca l ib ra t ion function for PWR assemblies.

For ":he present absolute ca l i b ra t i on , k9 i 1.000 and vie solve Eq.

for k,, giving

( I )

k = —I

This equation was calculated for the two reference assemblies from Exxon

yie ld ing an average value of

k1 = 0.9024

with TQ == 1920 for the LANL-1 co l l a r , where TQ is the net t o ta l s rate with

no sample present at the time of ca l i b ra t i on .
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b = 2.135

_L
10 20 30
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Fig. 5. Calibration curve for standard PWR fuel assemblies
(17 x 17 array).

For the Brazil case, TQ = 1930 and the fuel assembly was touching the
front face of the collar instead of being in the standard position 10 mm back.
This increased the response by a factor of 1.017.

Thus, we can use the k, reference value from Exxon for Brazil i f we
correct i t as follows:

k] = 0.9024 x (1.017)"1 x (1.009)"1

Exxon position efficiency
ref. corr. corr.

k] = 0.8794 for LANL-2.

The two AmLi sources have the same neutron yields.
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B. Reference Assembly Ca l ib ra t ion

The ca l i b ra t i on i s more simple and d i r e c t i f we use one of the fuel assem-

b l ies a t the f a c i l i t y as a ca l ib ra t ion reference assembly. Then the other as-

semblies are measured r e l a t i v e to the reference assembly. We selected assembly

KWU-1 as the reference assembly for the AN6RA-1 f u e l .

In t h i s case, k-j = 1.000 and k2 i s measured during each v i s i t using

the equation

M 1

a

235
where M i s the operator 's va^ue (g U/cm) fo r KWU-1 and R i s the average

response fo r the reference assembly that was measured during each v i s i t .

V I . IN-PLANT TEST RESULTS

b. In-Plant Neutron Backgrounds

The primary source of neutron background in the fab r i ca t i on plant i s the

U02 in the fuel assemblies. This background was measured in each of the c o l l a r

locat ions , and the resul ts are l i s t e d in Table I I I .

TAGLE I I I

IN-PLANT NEUTRON BACKGROUNDS

Location

Scanning pit

Storage vault - away from fuel

Storage vauIt - next to fuel

KWU-1 fuel assembly (net)

Totals Rate
Is"1)

4

66

^200

114

Coincidence Rati

(s"1 )

0

0

0

7.22

11



The totals background is not important except for determining the net to -

ta l s rate Tn for cal ibrat ion purposes. The to ta ls background rate from a
-1

single ANGRA-1 PWR assembly in the co l lar was measured to be 114 s , and th is

rate was 'ised in the correction for the induced f issions from room neutrons.

3. Response »s Assembly Position

To determine the change in response for d i f ferent fuel posit ions, the as-

sembly KWU-1 was counted in the middle of the co l la r as well as in positions

touching the f ront and back of the co l la r . The front-to-back response gradient

was measured to be 1.7%/cm. The normal position for cal ibrat ion of a PWR fuel

assembly is 1 cm back from the f ront face of the co l l a r , but for the ANGRA-1

fuel we measured the assemblies touching the front face. Thus, the coincidence

rate must be reduced by the factor 1.017 to correspond to the normal cal ibra-

t ion parameters.

When a fuel-assembly spacer gr id is in the measurement zone, there w i l l

be a s l ight reduction in the response because the fuel is pushed away from the

neutron source by ^3 mm. This w i l l reduce the response by ^0.5%; however,

a l l of the measurements for ANGRA-1 fuel were mad*5 with the co l lar between the

spacer grids.

The active length of the fuel assembly must extend at least 15 cm beyond

the bottom or top of the col lar to avoid a reduction in the measured response

because of end losses from neutron leakage.

C. Scan Results

During the f i r s t measurement v i s i t to FEC, we made a f u l l length scan of

assembly KWU-1 using the overhead crane to move the fuel assembly. Measure-

ments were made about 50 cm apart to give the response prof i le shown in Fig. 6.

The individual measurement times were normally 2 x 100 s.

The fu l l width at half maximum (FWHM) in the pro f i le gives a measure of

the active length for the fue l . The result for KWU-1 was 363 ± 2 cm, which

can be compared with the operator's value of 365.8 ± 0.6 cm, giving a d i f fe r -

ence of 0.77% in the length measurement. This uncertainty can be reduced to

^0.3$ using the collimated HM-4 gamma-ray instrument.5

12
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Fig. 6. ANGRA-I F'jel assembly coincidence scan p ro f i l e using
the neutron co l la r .

D. ANGRA-1 Results

We w i l l analyze the data using three d i f ferent ca l ibrat ion approaches:

(1) Plant reference assembly with renormaiization on each v i s i t ,

['•) Absolute cal ibrat ion with Exxon fuel assemblies and renormai izat ion

using the AmLi source (AmLi-118) during each v i s i t , and

(3) No normalization for each v i s i t , using a single value of k, for the

entire exercise.

There were six separate v is i t s to the plant during the six-month measure-

ment program for ANGRA-1. Table IV gives a summary of the cal ibrat ion param-

eters used for the above three methods. The net to ta ls rate with no sample

present (T ) was measured during each v i s i t .

For method 1 , k., = 1.000 and k2 i s obtained from the di f ferent measure-

ments of the reference assembly from the six v is i t s l i s ted in Table IV. For

method 2, k,, = 1.000 and k̂  is obtained from AmLi source reference from six

values l i s ted in Table IV. For method 3S k0 = 1.000 and the single absolute

value of k, = 0.8794 is used.

13



1

132.8

0.7719

1930

0.8794

TABLE IV

CALIBRATION PARAMETERS

2

136.5

0.7285

1931

0.8785

V i s i t

3 5

134.1 137.3

0.7560 0.7189

1930 1959

0.8794 0.8532

5

135.0

0.7453

1933

0.8762

6

135.6

0.7383

1926

0.8826

Average

135.2

0.7430

1934

0.8749

KWU-1 rate

new
kl

]_. Normalization Method 1 Using Plant Reference Assembly. In principle,
this is the most accurate calibration procedure because potential variations
in both the counting efficiency and interrogation flux are corrected. The ref-
erence assembly (KWU-1) was counted several times during each visit and the
mean coincidence response was used to obtain

where M = 35.4 g 235U/cm and the values of R and kg are given in Table IV.

The mass (g U/cn) for each of the other fuel assemblies was obtained using
the above equation.

Table V gives the summary of the active-assay coincidence rates for each
of the six visits. No normalization to the reference assembly has been applied
to these rates. We see that both the reference rate and the assay rates are
about 1.5% high for visit number 4. The observed scatter or standard deviation
in the average coincidence rates was 1.2 s"1 or 0.88% without any normaliza-
tion. This deviation can be compared with the expected value from only count-
ing statistics of a = 0.70% for a measurement of 5 x 200 s.

14



TABLE V

COINCIDENCE RATES FOR ANGRA-I FUEL ASSEMBLIES

Assembly
No.

KWU-1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Average

1 2 3 4 5 6
12-12-84 01-23-85 02-04-85 02-26-35 03-11-85 05-CT-85 Average

132,
132.
132,
135,
136
136,
139

134,5

136.5
135.0
134.2
136.2
137.8
133.9
138.2

134.1

136,
136.
134,
137.
135,
138,
134,
135,
135
133,
132
135,
135.5

137.3

137.
138,
138.
135,
137.
136
135,
136,
137,
135
136
138
137,
136.4

135
136
134
134
135
135
135.4

135.
134
133.
135,
136,
136,

134.8
±2.3

136.2
±1.4

135.1
±1.8

137.1
±1.1

136.0

135.3
±1.0

135.6

134.6

137.5
135.1

134.5

135.9

134.2

135,
134.
133.
135.
136,
135,
136,
136,
134
137
136
136
134
135,
135
133
133
135
135
137
137
138
135
137
136
135
136
137
135
136
136
137
136
135
134
133
135
136
136

2
9
9
6
4
3

,7
,2
,5
,3
.7
.3
.6
.9
.5
.2
.5
.1
.5
.4
.4
.2
.0
.1
.6
.5
.3
.9
.9
.9
.5
.4
.4
.2
.8
.9
.2
.1
.4

135.3
±1.1

136.0

135.9
±1.2

15



When the measured R is converted to mass (M) using Eq. (1), the per cent

error in R is increased by approximately the factor b = 2.135 because

M a Rb

and

AM a b AR .

Table VI gives the operator's tag value for the mass (g U/cm) of each

assembly, together with the measured value using the neutron co l l a r . The k2

factors l i s ted in Table IV were used in Eq. (1) to calculate M.

The average absolute value of the mass residual was 1.49%, which compares

very well with the s t u J - t i c a l expectation of ^bar% - 2.135 (0.70) = 1.49% for

single measurements of 1000 s. For those assemblies where we have used the

average of several measurements, the expected s ta t i s t i ca l error w i l l decrease;

however, the value of a =0.70% includes only the active coincidence-rate sta-

t i s t i c a l error, but the net corrected coincidence error also should include the

uncertainties from the passive background subtraction and the reference-normal-

izat ion measurements.

Figure 7 shows a histogram of the active assay results for the ?»9 ANGRA-1

fuel assemblies. The mean value for the d is t r ibut ion is 35.6 g U/cm and 36

of the values f a l l within ±2o where a is 1.5%. The average mass for the opera-

to r ' s tag values is 35.40, result ing in a small difference of 0.56% compared

with the measured values.

2. Normalization Method 2 Using AmLi Neutron Source. An absolute value

for the mass of the assemblies can be obtained by using prior cal ibrat ion pa-

rameters and using the AmLi source to normalize to the operating conditions at

FEC. Only the to ta ls rate is obtained from the AmLi (no coincidence neutrons),

and the totals rate is proportional to the eff iciency

T a e
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TABLE VI

MASS RESULTS USING REFERENCE FUEL ASSEMBLY
(Method 1)

Fuel Elements

KWU-1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Average

Tag Data (MQ)

35.40
35.42
35.42
35.46
35.60
35.63
35.63
35.60
35.53
35.55
35.54
35.54
35.42
35.39
35.41
35.38
35.34
35.30
35.26
35.25
35.24
35.27
35.33
35.39
35,36
35.31
35.30
35.31
35.39
35.45
35.44
35.45
35.42
35.34
35.34
35.33
35.34
35.34
35.35
35.35

35.40

, Collar Results (M)
' (Eq. (1)

35.40
35.49
34.93
35.89
36.48
35.72
36.92
36.59
35.62
36.80
36.45
36.58
35.68
36.42
36.19
34.89
34.65
35.96
36.19
35.45
35.90
35.90
34.15
35.29
35.02
34.42
34.85
35.73
34.63
35.18
35.43
35.45
35.91
35.51
35.29
34.79
35.51
36.02
36.19
35.96

35.fil

/M - MQ \
I M

 U x 100)i

+0.20
-1.38
+1.21
+2.47
+0.25
+3.62
+2 ,,78
+0.25
+3.52
+2.56
+2.93
+0.73
+2.91
+2.20
-1.38
-0.02
+1.87
+2.64
+0.57
+1.87
+1.79
-3.34
-0.28
-0.96
-2.52
-1.27
+1.19
-2.15
-0.76
-0.03
0.00

-1.44
+0.48
-0.14
-1.53
+0.48
+1.92
+2.38
+1 .73

fl = 1.49% ± 0.65%

I = 0.65 ± 1.77%
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However, the coincidence counting rate varies as the square of the efficiency

R a e 2 .

Thus, if the counting efficiency has changed, we can correct to the original

rate RQ with the equation

R ° • ^

For the collar used at FEC (LANL-2, AmLi-118), k] = 0.8794 and TQ = 1930
s (see Sec. V.A). When the AmLi totals rates measured during each visit (see
Table IV) are used to obtain the mass from the equation

M = (1.000'jade, R) b , (2)

where

kl , o.8794^f

we obtain an assay that i s independent of the p l an t ' s reference assembly.

Table V I I l i s t s the mass values ca lcu la ted w i th Eq. (?) and the comparison

wi th the opera tor 's tag va lues. The average absolute mass res idual i s 2.13%,

which i s l a rge r than the average mass residual of 1.49% obtained w i th the nor -

mal iza t ion to the reference assembly (KWli-1).
O-3C

I f we take the average assay value of 35.76 g ll/cm and compare i t wi th

the average tag value of 35.40, we get a bias of only 1.01%. This is very good
19



TABLE VII

MASS RESULTS USING PRIOR CALIBRATION PARAMETERS
(Method 2)

M - Mr

Fuel Elements

KWU-1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
"19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Average

Tag Data (MQ)

35.40
35.42
35.42
35.46
35.60
35.63
35.63
35.60
35,53
35.55
35.54
35.54
35.42
35.39
35.41
35.38
35.34
35.30
35.2-5
35.25
35.24
35.27
35.33
35.39
35.36
35.31
35.30
35.31
35.39
35.45
35 44
35.45
35.42
3E.34
35.34
35.33
35.34
35.34
35.35
35.35

35.40

Collar Results (M)
(Eq. 2)

35.82
35.47
35.36
36.33
36.60
36.13
37.07
36.79
.35.81
36.62
37.23
37.34
35.87
36.62
36.39
35.08
35 ,,39
36.16
36.39
35.14
36.41
35.58
33.8:
34.98
34.70
34.11
34.54
35.41
34.33
34.87
35.92
35.14
34.60
35.93
35.71
35.20
35.93
36.45
36.62
36.39

35.76

Deviation^ ^ x 100^%

+1.19
+0.14
-U.I 7
+2.45
+3.37
+1.40
+4.04
+3.34
+0.79
+3.01
+4.76
+5.06
+1.27
+3.48
+2.77
-0.85
+0.14
+2,44
+3.20
-0.31
+3.32
+0.88
-4.22
-1.16
-1.87
-3.40
-2.15
+0.28
-3.00
-1.64
+1.35
-0.87
-2.32
+ i.67
+1.05
-0.37
+1.67
+3.14
+3.59
+2.94

\I\ = 2.13% ± 1.0U

6" = 1.008 ± 2.33%
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considering that the calibration constant k, = 0.8794 was obtained from a di f-
ferent collar (LANL-1) calibrated at Exxon. In general, this agreement was
fortuitous and the absolute calibration wi l l not be this good when using the
AmLi neutron source normalization method.

3. Normalization Method 3 Using a Constant k1 Coefficient for the Entire
Program. In this case we wi l l use the in i t i a l Exxon value of k-j = 0.8794
(k2 = 1,000) for the entire program. That i s , we wi l l not renormalize the re-
sults for each v is i t . This would be the correct approach i f we assume there
were no changes in the electronics or collar setup and efficiency during the
six-month program.

The results of this analysis are given in Table VI I I . In this case, the

average absolute mass residual is 3.29%, which is good considering there was
235no normalization required. The a.erage value for assay mass was 36.57 g U/

cm, which is 3.3% greater than the average of the operator's tag values. The
standard deviation in the mass residuals was only 2.0%.

In summary, the equipment and electronics were very stable during shipment
to Brazil and during the six-month test program. This resulted in reasonably
good results without any renormalization. However, the results were s ign i f i -
cantly improved with calibration methods 1 and 2.

p
E. Passive Results for U

In addition to the active interrogation measurement, the passive coinci-
238dence rate is proportional to the spontaneous fission rate in the U. How-

ever, this rate is amplified by fast-neutron multiplication in enriched U,
so a correction based on enrichment must be made to obtain the U mass.

Table IX gives a summary of the passive results. The net coincidence rate
R(net), corresponds to the measured value corrected for induced fissions from
the room background neutrons. This correction is obtained from an empirical
relationship that is programmed into the HP-97 calculator as follows:

R(corrected) = R(meas.) - 0.014(T - 114)
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TABLE V I I I

MASS RESULTS USING CONSTANT CALIBRATION PARAMETERS
(Method 3)

Fuel Elements

KWU-1
2
3
4
5
6
7
8
9

10
11
12
13'
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Tag Data (MQ)

35.40
35.42
35.42
35.46
35.60
35.63
35.63
35.60
35.53
35.55
35.54
35.54
35.42
35,39
35.41
35.38
35.34
35.30
35.26
35.25
35.24
35.27
35.33
35.39
35.36
35.31
35.30
35.31
35.39
35.45
35.44
35.45
35.42
35.34
35.34
35.33
35.34
35.34
35.35
35.35

Collar Results (M)
(k1 = 0.8794)

36.21
36.04
35.47
36.44
35.90
36.;i7
37.08
36.79
35.81
36.62
37.08
37.19
35.87
36.62
36.39
35.08
34.69
36.16
36.39
37.48
37.48
37.95
36.10
37.31
37.02
36.39
36.85
37.78
36.62
37.19
36.96
37.48
36.90
36.21
35.99
35.47
36.21
36.73
36.90
36.67

Deviation " M 0 x 100 %

Average 35.40 36.57

+2.29
+1.75
+0.14
+2.76
+3.65
+1.80
+4.07
+3.34
+0,79
+3.01
+4.33
+4,64
+K27
+3,48
-^2.77
-0.85
-1,84
+2.35
+3.20
+6.33
+6.36
+7.60
+2.18
+5.43
+4.69
+3.06
+4.39
+7.00
+3.48
+4.91
+4.29
+5.73
+4.12
+2.46
+1.84
+0.40
+2.46
+3.93
+4.38
+3.73

\I\ = 3.29% ± 2.02%

I = 3.22 ± 2.02%



TABLE IX

PASSIVE RESULTS FOR ANGRA-1 FUEL ASSEMBLIES

Assembly No.

KWU-1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
15
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Average
±o%

Vis i ts

1-6
1,2,5
1,2,5
1,2,5
1,2,5
1,2,5
1,2,5
3
3
3
3,6
3,6
3
3
3
3
3,6
3
3
&
4,6
4
A
T

4
a
4
4
4
4
4
4
4
5
5
5
5
5
5
5

T

186
190
185
189
187
193
195
225
226
186
188
186
188
186
186
189
183
188
187
187
186
185
185
185
187
185
185
185
182
181
185
186
186
179
177
177
178
177
178
180

R(meas.)

8.23
8.63
8.51
3.27
8.42
8.26
8.38
8.65
9.00
8.07
8.35
8.41
8.09
8.26
8.12
8.53
8.73
8.35
to1.20
8.25
8.3G
8.20
8.48
8.18
8.28
8.27
8.39
8.10
8.07
8.82
8.36
8.45
8.14
8.05
8.14
8.33
8.04
8.19
7.97
8.25

8.32
±2.69%

R(net)

7.22
7.57
7.52
7.22
7.40
7.15
7.19
7.10
7.43
7.06
7.31
7.40
7.05
7.25
7.11
7,48
7.76
7.31
7.18
7.23
7.37
7.21
7.49
7.19
7.26
7.28
7.40
7.11
7.12
7.88
7.37
7.44
7.13
7.14
7.26
7.45
7.14
7.31
7.07
7.33

7.30
±2.5%
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where T is the measured totals rate, 114 s~ is the background rate from the

ANGRA I PWR fuel, and 0.014 is an empirical constant. The difference (T - 114)

is just the net room-background neutrons that, cause the induced fissions.

Measurements were performed on four fuel assemblies located in the dense

storage area (that is, with adjacent fuel assemblies). The R(meas.) increased

to about 10 but the R(corrected) value was the same as in the open areas

K7.3 s" 1).

Because all of the fuel assemblies have about the same g U/cm and U

enrichment, the passive coincidence rate should be the same within statistics.

The mean value for R(corrected) = 7.30 ± 0.18 and the standard deviation in the

scatter was 2.5%. This scatter can be compared with the expected value from

counting statistics of

o% R(passive) x

= ̂ A% for 1000 s.

Many of the passive background runs were for less than 1000 s, and this ac-
counts for part of the increase in the observed s:atter. Also, the empirical
correction for room-background induced fission causes some additional un-
certainty.

Figure 8 shows the passive results as a function of enrichment for AMGRA-1
and ANGRA-2 fuel. The coincidence rate increases as the enrichment increases
because of neutron multiplication in the " U. We have used the previous data

p

from PWR assemblies in Belgium to extrapolate the response to zero enrich-
ment.

After correcting the data for induced fissions in the 2 3 5U, we have
O'iQ

plotted the corrected passive response vs the U content. These results are

shown in Fig. 9.
The primary goal of the passive measurement is to check the 238U and to

give an independent value for the 235U enrichment from the equation
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Fig. 8. Net passive coincidence rates as a function of en-
richment for ANGRA-I and ANGRA-II fuel assemblies and Belgium
fue l .

235U(Enrichment) =
g 235U/cm

g 235U/cm

g 238U/cm

This value is used only to check the operator's declaration of total uranium

because the passive measurement has a relatively large uncertainty. An addi-

tional benefit of the passive measurement is that it prevents the undetected

substitution of moderator rods for UCL rods. A substitution of moderator rods

for U02 will cause a drop in the passive coincidence rate.

F. Precision and Stability

The precision and stability of the equipment was demonstrated by the stan-

dard deviation in the results of methods 1-3 described in the preceding sec-

tions.

In addition to these results, we have repeat measurements on a single as-

sembly counted overnight to obtain good statistical precision. The assembly

KWU-1 was measured 9 x 6000 s, resulting in an observed scatter of 0.55% (la)
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in R, which can be compared with the expected value from counting s ta t i s t i cs

0.28$ ( la ) .

G. ANGRA-II Active Assay

We performed an active assay of ANGRA-II (depleted to 0.22% 235,

the induced-fission coincidence rate. This resul t was R = 24.8 s -1

238,

U) to

but w
238such a low enrichment value, the thermal neutron absorption in U and

238
fas t - f i ss ion f rac t ion in the U become s ign i f i cant .

The power-function cal ibrat ion curve (Fig, 5.) does not give a good

near the or ig in and i t should only be used for enrichments greater than ^

I f we apply Eq. (1) t t the measured R, with ^ = 1.000 and k2 = 0.7383, we
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a mass value of M g 235U/cm compared to the operator's tag value of 3 .1 . I f

we want to f.pply the neutron co l lar to depleted uranium fuel assemblies, i t

w i l l be necessary to extend the cal ibrat ion data down to th is low loading.

VII. CONCLUSIONS

A. Electr ical Noise

There were no identifiable problems/from electrical noise. We used a

transformer to give 110 V and 60 Hz from 220 V. During each measurement, we

took at least five repeat cycles to check the data consistency. In two cases

we observed a large R+A or A value, and the run was rejected.

B. Precision and Stabi l i ty

The counting s ta t i s t i ca l precision for the coincidence rate R for a

5 x 200-s measurement was 0.7%. This uncertainty increases to 1.49% in the

mass calculat ion. The observed average absolute value for the mass residual

was 1.49% for cal ibrat ion method 1 .

Repeat runs for the same assembly with no equipment or fuel movement gave

an observed standard deviation of 0.55%.

C. Information from Operator

In cal ibrat ion method 1 , we used the operator's value of the active length

and uranium content in the reference assembly to obtain the f i s s i l e loading in

the other assemblies.

In methods 2 and 3, we are free of operator information i f we determine

the length using a scan or a separate gamma-ray measurement ( for example,

HM-4).5

D. On-Line Use Potential

I f the neutron col lar is used by the plant operator, there is no need to

make the repet i t ive setups of the equipment. Also, more time would be ava i l -

able for measuring each fuel assembly. For overnight measurements M h) ,

the s ta t i s t i ca l coincidence error reduces to ^0.2%. The i n t r i n s i c s tab i l i t y

and positioning errors would probably l i m i t the relat ive accuracy in the mass
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tc ^0.7%. This can be compared with the average absolute mass deviation of

1.49% obtained under inspection conditions at FEC.

E. Inspector Use Evaluation
The equipment performed very well under the difficult conditions of in-

spector field u~e. The equipment was shipped from Los Alamos to Brazil, was
set up and taken apart seven times by the inspectors, was used by three dif-
ferent inspectors with only brief training on the instrument, was used both v^
situ (no fuel movement) and away from the high-density storage area, was sub-
jected to about 10 power outages or disconnects, and was used during very humid
and hot weather conditions.

None of these adverse conditions significantly degraded the results, and
all of the measurements made during the six-month program are included in Ta-
bles V-IX. There were no equipment failures or repairs during the test period.
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APPENDIX

DATA COLLECTION AND STATISTICAL ANALYSES PROGRAM
USING THE HP-97 CALCULATOR

The software program used during the exercise is described in this
appendix. The purpose of the program was to collect data in the cyclic mode;
to calculate the estimated per cent standard deviation,

and to calculate the mean responses, T and R, and the observed scatter (S)

about the mean. At the end of n runs (or cycles), the standard deviation for

the total counting time is calculated from

\fa%
n

The inspector has a comparison of

c% (predicted deviation)

with

S% (observed scatter)

at the time of the measurements.
In the program, subroutine B is used for the passive measurement. The

passive coincidence results are stored for use in subroutine C, which is used
for the active measurement. The calibration constants, a and b, and the back-
ground correction factors are directly written into the program. These values
should not be changed as long as the present calibration constants are in
use. An example of the readout format is given in Table A-I.
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TABLE A-1

DATA READOUT FORMAT FOR HP-97 DATA COLLECTION PROGRAM FOR A BWR ASSEMBLY

Active ModePassive

200.00
56.59
2.86
0.18
2.69
4.59
1.00

200.00
61.32
3.04
0.30
2.74
4.71
2.00

200.00
55.51
3.08
0.19
2.89
4.43
3.00

Press

***
** *
* * *
* * *
* * *
***
***

***
* * *
***
* * *
***
* * *
***

***
***
* * *
* * *
***
***
* * *

B
57.63
2.81
3.23

238000000.0

Press

2.63
2,55

D (Op
14.04
0.20
3.04

1

-
-
-
-
_
-

)
)
)
)
)
)
)

)
)

)

)
)

4 .

Mode

time
T/s
(R +
A/s
R/s
a%
n

2nd

3rd

* * * _
* * * _
* * * _

* * * _
* * * _

i'Tial
*** _
* * *
+ * * _

(s)

A)/s

run

run

• T /s
R/S

• S%
U-238

• R co r r .
• a/VT%

• M(g *35

i\M(g)
• % U-235

200.000
2168.245
373.900
301.935
71,965

2.554
1.000

200.000
2143.530
366,385
292.395
73.990

2.453
2.000

200.0C0
2127.500

362.160
290.575

71.585
2.524
3.000

200.000
2129.330
363.285
292.615
70.670

2.563
4.000

Press, C

*** _
*** .
*** .
* ** .
* ** .
* ** .
*** .

* * * i

* * * '

* * * '

* * * '

* * * '

* * *

* * * '

* * *

* * * '

* * * '

* * * i

* * *

* * *

* * *

* * *

* * *

* * *

* * *

* * *

* * *

* * *

• t i m e ( s )
• T/s
• (R
• A/s
• R/s
• o%
• n

1
)
1
) 2nd
1

)

)

1 3rd

)

) 4th

)
)

2136.734 * * * -
72.

2.
215 * * * _
438 * * * -

235000000.0
69.

1.

_
583 * * * - '
28 * * * -

+ A)/s

run

run

i run

T/s
R/s
S%
U-235
R net
oS/VTT
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9 *3C

The HP-97 programs that include the U mass calculation using the

function M = k.a(k..R) are given in Table A- I I for PWR.

The mass calculat ion for the PWR case uses the equation

7
M = k20.Q01344(k1Rr*

and for BWR assemblies

M = k2O.O3177(k1R)1*399

The factors k, and k~ are defined in Sec. VI.D of this report.

If subprogram D for the mass calculation is to be used during the inspec-

tion, then the inspector must store the factors in the HP-97 as follows:

k1 «- store (STO) in Register C,

k2 <- store (STO) in Register D,

k3 <- store (STO) in Register E (optional),

where

. _ Av Enrichment
3 = g/cm

It is only necessary to enter k, if the inspector wants a printout of the
9 QC O\

' U enrichment. Otherwise, zero will be printed after the U linear dens-
ity.

Note that Register A contains the passive coincidence rate (automatically
stored in Register A when subprogram B, passive, is used). If the user wants
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TABLE A-II

HP-97 PROGRAM FOR PWR ASSEMBLIES

001
002
003
004
005
006
007
008
009
010
Oil
012
013
014
015
016

on
018
019
020
021
022
023
024
025
026
027
028
029
030
031
032
033
034
035
036
037
038
039
040
041
042
043
044
045
046

*LBIA -
RCL1
PRTX -
RCL2
RCL1

t

PRTX -
RCL3
RCLl

*
PRTX -
RCL4
RCLl

PRTX -
RCL3
RCL4
-

RCLl

PRTX -
STO6
RCL3
RCL4

+

vie
RCL3
RCL4

~

1
0
0

X
PRTX-
STO5
RCL2
RCLl

ENTt
RCL6

E+
PRTX -
3TO9
SPC
RTN

Data in

Time (s)

T/s

(R + A)/s

A/s

R/s

<*%

run no. (n)

047
048
049
050
051
052
053
054
055
056
057
058
059
060
061
062
063
064
065
066
067
068
069
070
071
072
073
074
075
076
077
078
079
080
081
082
083
084
085
086
087
088
089
090
091
092
093
094
095
096
097

*LBLB -
X

x*y:
PRTX -
STO8
X*^
PRTX -
STOft

S
RCLA

t
1
0

X
PRTX -

2
3
8
0
0
0
0
0
0

PRTX -
RCL8

1 )
1 )
4 )

-
m

0
1
4
0

X
RCLA
X**
-

PRTX-
RCL5
RCL9

VT
J.

PRTX -
SPC

GSBE
CLX
RTN
R/S

Passive Mode - key B

T/s

R7s

S% (scatter)

U-238 (ID)

PWR background

R/s (corrected)

<j/V~n %
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098
099
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

TABLE

*LBLC - active Mode - key C
X
X£Y
PRTX - f/s
X£Y
PRTX - R/s
STO7
S

RCL7
T

1
0
0

X
PRTX - s% (scatter)

2
3
5
0
0
0
0
0
0

PRTX- U-23'5 (ID)
RCL7
RCl.A
-

PRTX - net R/s
STOB
RCL5
RCL9
VT

PRTX - cr/Vn"%
STO3
SPC

GSBE
CLX
RTN
R/S

A-II (cont)

139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191

*LBLD - Mass Calc - key D
RCLB
RCLC

X
2 )
. )
I ) b (PVR)
3 )
5 )

Y*
. )
0 )
0 )
1 ) a (PVR)
3 )
4 )
4 )

X
RCLD

X
PRTX - M(g 235u/cm)
HCS
STO5
RCL3

1
0
0

X.

X

2 )
. ) b
1 )

X
PRTX - AM(g)
RCL5
RCLE

X
PRTX - %235U
SPC

GSBE
CLX
RTN

*LBLE - Storage ref.
0 (optional)

STO4
3TO5
STO6
STO7
STOB
STO9
ECS
RTN
R/S
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to make a series of active measurements without the corresponding passive as-

says, then an average value of the total passive coincidence rate can bo

stored (STO) in Register A manually.

The protected registers contain the following:

A - R/s (passive)
B - '*/s (active)
C - k

automatic from

subprograms B and C
.. (response corrections)

D - k2 (calib. normalization)
E - k_ (enrichment factor)

must be entered

by user

(1.00 optional).

The single HD-97 magnetic card (both sides) for the HP-97 contains all of

the programs needed for routine operation of the coincidence collar for a

speciric type of fuel assembly. The constants a and b and background

parameters are written into the program, and thus separate cards are needed

for PWR and BWR applications. Each card contains five subprograms with tha

following functions:

1. Program key A

2. Program key B

3. Program key C

4. Program key D

5. Program key E

(cyclic data collection triggered by the HEC-100
microprocessor)
(passive measurement summary, background correction,
and error - 2 3 8U)
(active measurement summary, background correction,

235and error - U)
235
( U mass calculation with calibration parameters
and normalizations)

(clears statistics for aborted cyclic runs)

These programs are listed in Table A-II., The HP-97 keys A-E serve the dual

purpose as storage registers (STO) and program keys.

35


