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The second group includes techniques according to

which the detector wires may be positioned either in the

radially bored hole through the fuel rod or in the spiral

groove made in the horizontal cross-section in the fuel rod.

To obtain higher resolution the detector wire after activation

can be extruded, or before irradiation, spirally wound around

a solid core and thus positioned in the radial hole in the

fuel rod.

In all cases the fuel region is perturbed either

by the holes and the detector material, or by the holder of

the detector foils. A number of authors have carried out

these experiments under different geometrical and nuclear

conditions, so obviously this perturbation had different

effects on the results.

So far the cell perturbation effects have not been

discussed in the literature, neither this effect has been

corrected in the final results.

With respect to this a series of experiments for

determining the micro distribution of thermal neutrons inside

the fuel rod were made on the heavy-water natural-uranium

system for different lattice pitches, with special stress on

the investigation of the perturbing effects in the fuel rod

which inevitably must be introduced if measurements are to

be made.

The thermal neutron distribution in the fuel rod

was experimentally determined in two ways:

- by the conventional method using tube technique

with uranium spacers, so that the perturbing effect could be

reduced to a possible minimum, and

- by the newly developed cell perturbation method,
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where the perturbing effect on the thermal neutron distri-

bution was investigated in variouse geometrical configurations,

to the unperturbed distribution can be determined by extra-

polation of the obtained results.

The results obtained by both methods were compared

with the existing experimental data on equivalent systems,

and with the following theoretical resultss

- P-3 approximation

- the analytical method (12)

- the numerical method (ll).



2. EXPERIMENTAL PROCEDURE

2.1. Description of the elementary cell

The experiments were carried out in the heavy-water

two-zonal system of the RB reactor which consists of a central

test zone with natural uranium fuel rods 25 mm in diameter

and 1 mm thick aluminium cladding, and a driver zone with 2%

enriched uranium tubular fuel elements with an inner and

outer 1 mm thick aluminium cladding. The fuel elements were

arranged in a square lattice whose pitch could be changed.

The central zone, in which the measurements were performed

was large enough in all cases and therefore no influence was

exerted by the subsequent zone.

The thermal neutron distributions in the fuel rod

were measured on specially prepared fuel element positioned

in one corner of the central square cell. The fuel element

consisted of one or three independent fuel parts, the central

one being used for the measurements.

The central part of the special fuel elements

consisted of a few fuel slugs of various lengths. Somepof

them were radially bored with ^ 3, 5, 6, 8, and 11 mm borers.

The holes and all the fuel slugs composing the central part

of the fuel element were coated with colourless lacquer, so

as to avoid direct corrosion water-uranium contact and con-

tamination of the moderator by fission products. The holes

were made for inserting special tubes with detector foils.

Suitable arrangement of the fuel slugs in the central region

of the fuel element allowed the measuring zone to be always

positioned in the approximate axial centre of the reactor

core.
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2.2. Detector and detector holder

The neutron density distribution in the fuel rod

was measured with small aluminium-alloyed dysprosium foils.

To detect the variations of the neutron density in

each part of the fuel rod, it was necessary to obtain the

highest possible resolution between the measured points* As

was experimentally shown, if the micro-effects were to be

visible, it was necessary first to obtain very high stati-

stical accuracy of the measured activities, and strict

positioning of the detector foils.

To determine the best possible position of the

detector foils we made plexiglass tubes, as foil- holders

of 2.1 and 4.1 mm inner diameter and corresponding outer

diameter of 2.9 mm, 4.9 mm, 7.9 mm, and 10.9 mm. Inside the

tube, 2 and 4 mm diameter foils were arranged in a sandwich

array by means of plexiglass or uranium cylindrical spacers

of corresponding diameters. All the elements in the sandwich

array were made with an accuracy of - 0.01 mm, so that the

relative position of the foils was the same in all the

experiments. This was particularly important in determining

the deep factor for various lattice pitches.

All the foils were intercalibrated by activation

rotating them in a thermal spectrum. The calibration factors

were determined with a standard error of - 0.1%.

2.3. Measuring device

The activities of the irradiated detectors were

measured on a set of four independent GM channels.
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In a normal GM circuit the voltage transient

after avalanche discharge follows exponential relation, i.e.

V/V = 1 - exp{ -t/RC?

Obvious remedy would be to rise supply voltage from V to

V but the permissible voltage increase at anode is already

limited to V (the operating point on the plateau); The

solution could be to design a circuit to permit rapid rise

according to supply voltage V ? then limit maximum voltage

to V . Figure 2 shows a design with the Zehner diode to stop

voltage increase. The diodes maintained voltage on the plateau

of the counter, so in some way they acted as stabilizers,

irrespective of the working voltage led to them. In our case

the working voltage was about twofold the usual working

conditions of the GM-counters, and it may be taken as the

optimal working condition.

' The GM-counter connected in such a way has the

following advantages:

- the voltage stability is of no importance since

variations of even - 100 V do not affect the measuring

conditions;

- the dead time of the counter is considerably

reduced due to the reduction of the pulse time which now,

in fact, falls from a double voltage. In our experiment we

used a Philips GM-counter, type 18505, whose dead time is

0.2 msec; the specific connection of the GM tubes reduced

the dead time to 0.05 msec.



2.4. Experimental methods

Two series of measurements were made of the thermal

neutron distribution in the elementary cells using two dif-

ferent methods.

The first method consisted of minimizing the per-

turbation by inserting the detectors and their holders in

the prepared holes in the fuel element. This was accomplished

with a tube, the detector holder, with very thin walls

(0. = 4,1 .mm and 0 , = 4.9 mm), in which the detector
m ou*c

foils of 5% dysprosium-aluminium alloy were arranged ac-

cording to the sandwich principle. The tube was made of

plexiglass while the spacers, used for positioning the

detector foils, were made of uranium, aluminium and plexi-

glass. The spacers corresponded to the medium in which

detection was carried out.

The second, the cell perturbation method, consists

in investigating the effect of various perturbations intro-

duced in the fuel element on thermal neutron distribution.

The basic idea of this method lies in full perturbation of

the elementary cell. The method was developed to evaluate

all the disturbances. The main feature is to investigate the

perturbing effects on the thermal neutron distribution in

variable geometrical configuration so the unperturbed di-

stribution can be determined by extrapolation of the obtained

results. According to this, holes of different diameters,

0 3 mm, 5 mm, 6 mm, 8 mm, and 11 mm, were radially bored in

the fuel rod. As perturbing material we have used plexiglass

irrespective of the medium detected. The plexiglass tube of

corresponding diameter was made for each hole* The detector
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foils were arranged by the same principle as above, but the

spacers were made of plexiglass. Thus in all cases the same

kind of perturbation was investigated as a function of dif-

ferent hole dimensions.
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3. EXPERIMENTAL RESULTS

After irradiation in the elementary cell, the

detector foils were left to cool for about one hour in order

to avoid the measurement of short-lived activities of

dysprosium and aluminium. The activities measured on dif-

ferent GM-counters were corrected for radioactive decay and

dead time. The measuring intervals were chosen so as to

obtain a standard deviation between 0.1 and 0+3%.

3.1. Results of the standard method

In these experiments the distribution was measured

inside the fuel rod for lattice pitches of 8 cm, 9.87 cm,

15.65 cm, 16 cm.

In these measurements of special importance is the

deep factor which is defined as the ratio between the thermal

densities on the surface and in the centre of the fuel

element. Since this ratio is obtained by measuring the

thermal neutron density on the surface of the fuel, i.e. in

the region where the thermal neutron distribution has the

highest gradient, the errors in deep factor can be signi-

ficant. Therefore, special attention was paid to the posi-

tioning of the foils which was accomplished by symmetrical

positioning of the surface foils. The space between them

was exactly the same aš the thickness of the fuel. It was

also important always to measure the outer sides of the

surface foils to avoid eventual self-shielding effects* The

experimental results of these measurements are summarized

in Table 0.12 which clearly shows the difference between the

deep factors for different lattice pitches.
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From the thermal neutron distributions measured

inside the fuel rod, represented by graph 0.10 according to

the equation:

J q(r)24trdr

the mean densities for each lattice pitch were calculated.

The results are shown in Table 0.16. The same values are

used for the fuel density disadvantage factors determination,

These results and the comparative results of other

experimentalists and theoreticians are shown in graphs 1.18

and 1.19 respectively. The errors of the deep factors amount

to 1%, while those of the disadvantage factor amount mostly

up to 2%. As can be seen from the results, both the deep and

the disadvantage factors can be approximated by a straight

line as a function of the lattice pitch.

3.2. Results of the cell perturbation method

This method was used to investigate the perturbing

effect on thermal neutron distribution in the fuel rod as °

function of the diameter of the perturbing hole. The

experiments included measurements of the distribution in the

fuel element along the radial holes of 0 = 3 mm, 6 mm, 8 mm,

and 11 mm in diameter for lattice pitches of 8 cm, 9.87 cm,

11.31 cm, 14 cm. and 16 cm. Exceptionally, for under mode-

rated and supermoderated lattices, i.e. for 1 = 8 cm and

1 = 16 cm, perturbation induced by the hole 0* = 5 mm in'

di&. was also measured.

Table 1.03.1 shows the results of the thermal

neutron distribution for the lattice pitch of 1 = 8 cm for
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different perturbing hole diameters. As can be easily seen

the distributions differ to a considerable extent. In the

case of the largest hole diameters in our experiments these

differences amount to 30% of the extrapolated distributions.

For the sake of comparison in the fuel region the

extrapolated distributions were obtained in two wayss

- by direct determination of the extrapolated di-

stribution,

- by indirect determination of this distribution

taking the extrapolated inverse diffusion length of the

medium or the extrapolated^ - value.

The first way consists in representing all the

measured activities of equidistanced foils for a given

lattice, as the function of the hole diameter. The linear

or parabolic form of function was chosen,

A = A + A_d + A„d^ (1)
o 1 2

where the coefficients were found by the least squares

method, d is the diameter of the radial hole in the fuel.

From the above equation it follows that in the case of zero

perturbation, A is equal to the extrapolated"! value of the

distribution for the given position of the foil.

On the basis of the experimental results curves

were plotted as a function of the diameter of the perturbing

hole for different distances. Graphs 1.04.1 through 1.04.6

represent extrapolations for the thermal neutron distri-

butions for different lattice pitches.

The extrapolated values as a function of distances

thus determined present the unperturbed neutron density
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distribution inside the fuel. The distribution can be pre-

sented in the form of Bessel's function.

q = AI^ (l^ r) (2)

where reciprocal diffusion lengthlftcan be found by the

least squares fit. It was shown that*^t has different values

for different lattice pitches as well as for different magni-

tudes of perturbations*

The values obtained forl^L are shown in Table
^ ex

1,15; graph 1.15 is a plot o f ^ as a function of dif-

ferent lattice pitches.

The second, i.e* the indirect way of determining

the extrapolated distribution in the fuel consists in that

each experimental distribution, for various perturbations?

is directly approximated by the least squares to the Bessel

function /eq.(2)/. Thus the corresponding reciprocal values

of the diffusion lengths of the given media are determined.

Graphs 1,02,1 through 1.02.6 represent these di-

stributions normalized to the centre of the fuel, while the

same distributions normalized to the cell boundary are shown

in graphs 1.03.1 through 1.03.6. In both cases the set of

curves for different hole diameters are given for all the

lattice pitches measured.

The above^t -values for perturbed neutron distri-

bution for each lattice pitch separately were presented as

the function of the hole diameter using the polynomial (eq.l

expression and extrapolated^ value determined by the least

squares method). The extrapolated*^ can be considered as

reciprocal values of the diffusion lengths of unperturbed



media for different lattice pitches.

Table 1+14 summarizes the above results. Graph

1.05 showsif^ as a function of the hole diameter, 0\ for

different lattice pitches, while graph 1.14 shows o^ as a

function of the lattice pitch for different hole diameters.

Since the analytical form of the thermal neutron

flux distribution in the fuel rod is adopted to follow

Bessel's function I (*^r), the mean densities for each

lattice pitch are determined by
R

2 / I (̂
— 0 O

q it

where R is the radius of the fuel rod. The results of in-

tegration are shown in Table 1.16* Graph 1.16 is a plot of

the mean fluxes as a function of the lattice pitch for both

the extrapolated distribution and all the perturbations

measured.

According to the definition, the fuel disadvantage

factors were calculated using the expression.

Table 1.19 and Graph 1.19 shows the numerical values for

different lattice pitches. Using the extrapolated*^ value°

For comparison on the same diagram the theoretical results

obtained by Honeck and J.Pop-Jordanov, and the experimental

results of Biehl, Cohen and Kaplan, are also given.

It is well known that,owing its two negative

resonances, dysprosium will underestimate the thermal

neutron density in the fuel and overestimate it in the
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moderating region, which will give, as the final yield, a

more pronounced thermal neutron activation distribution.

Although this effect is less than 2% for all lattice

pitches, the correction was made for this deviation using

K-7 THERMOS code. Epithermal activations were subtracted

by assuming — flux above 0.405 eV and by using the re-

sonances integral for Dy as 388 b.
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4. DISCUSSION OF ERRORS

Errors which may occur in measuring the neutron

density distribution in elementary cells are the following^

- statistical errors,

- positioning errors,

- contamination of detector foils by fission

products,

- errors due to perturbation on the neutron density

caused by the foils and the foil.holder.

4.1. Statistical error

As was mentioned the detector foils were cali-

brated with a standard error of - 0,1%. In all neutron di-

stribution measurements, taking into account the repeated

measurements too, the points were determined with a standard

error of 0,1 - 0.2%, except in the case of measurements with

uranium spacers where these deviations were higher.

4.2. Positioning error

Considerable errors in the results may be caused

by the errors in the positioning the foils. In our case this

error was particularly analysed* In our experiments the

positioning error was r - 0*01 cm.

If we assume that the error caused by foil posi-

tioning equals zero in the centre of the fuel, it will pro-

portionally increases with flux variation being proportional

to the flux gradient, the positioning error may easily

introduce uncertainty of 0.45% in the neutron density at the
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surface of the rod. This error may be considerably reduced

by symmetrical measurement as mentioned before* Thus, this

error is practically reduced to the statistical error of

these points.

4.3' Errors due to the contamination of detector

foils by fission products

This error may be considerable in all measurements

in which the detector foil may contact the fuel. In the

experiments in which uranium spacers were used the detector

foils were separated from uranium by fission products catcher

foils made of aluminium. The fission product activity on such

a catcher foil was measured once and found to be 2% of the

dysprosium activity. It is obvious that the percentage of

this activity may be much higher if a detector with a small

activation cross section is used.

4.4. Errors due to perturbation of the neutron density

caused by the foils and the foil holder

As was pointed out the subject of the present work

involves experimental determination of the perturbing effects

of the experimental facility. Table 1.21 compares the expe-

rimental results of the deep factor, F, and the mean fluxes,

Q, obtained by sandwich and cell perturbation technique as

a function of the lattice pitch* As may be seen these errors

vary from 1% to 3.4%, i.e. for dense and tight lattices,

respectively* Considering that work was done with a tube

with very thin walls, the obtained difference is considerable.

The perturbing effects of the foils only have not
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been considered since dilute dysprosium foils were used. It

is pointed out that these effects are integrally included

in the extrapolation method.
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5. CONCLUSION

From graph 1.18, which summarizes the experimental

results of different authors and the theoretical results of

Honeck, it may be seen that the deep factor, F , as a

function of the lattice pitch cannot be represented by a

linear function for results obtained by the cell perturbation

method. In all the five experimental points there is an evi-

dently pronounced tendency to deviation (unfortunately, we

were not able to measure large pitches because of the reactor

system limitation). It is, interesting to point out that a

similar tendency to deviating is also noticed in the expe-

rimental results of Biehl and Woods.

It is also evident from graph 1,18 that the expe-

rimental results for the deep factor obtained by the cell

perturbation method for small lattice pitches are not in

accord with Honeck's theoretical results. However, for the

lattice pitch 1 = 16 cm, this deviation lies within the

experimental error*

A similar conclusion may also be drawn from graph

1.19, which represents the disadvantage factor of the fuel

as a function of the lattice pitch. However, inconsistency

of the experimental results with Honeck's calculations is

more pronounced^ this indicates a difference in the thermal

neutron flux distribution in the fuel rod. The calculations

show that the self-shielding in the fuel is greater than

that experimentally found. Better agreement was obtained for

large pitches with Pop-Jordanov's calculations.

It is important to point out the excellent agre-

ement of the extrapolated values forlHL interpreted in



- 19 -

two ways. On the upper curve in graph 1.14 which represents

? as a function of the lattice pitch, these values are
ex

represented by circles and triangles. It is obvioug that the
difference is negligible.

Graph 1.21 represents Horowitz's measurements of

^ as a function of the reciprocal value of the fuel dia-

meter, supplemented by the present measurements. It may be

seen that*̂ *u for 14-16 cm is exactly on the line.

However, with decreasing lattice pitch the dif-

ference increases, first slowly then faster. Thus, for the

lattice pitch of 8 cm the difference is 5%.

In the present measurements we used plexiglass as

the perturbant. It would be useful to make several parallel

measurements with other perturbants such as aluminium and'

copper, or the void in the foil holder tube* Such measurements

are to be carried out in the near future*

We would like to express our most cordial graditude

to B.Mitrović for her assistance in the measurements and to

the driving staff for their help in experiments. Thanks

also due to Dr. N.Raišić, head of the Department, for

useful discussions.
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7. DESIGNATED OF THE GRAPHS AND TABLES

In the present work the tables and graphs are

designated by^nnmbers as follows:

0.00.0 - lattice pitch

— - characteristics of the graph or table

<—— - type of perturbation

If the first numeral is Arabic, it indicates the graph

number; if it is Roman, it indicates the Table number.

Type of perturbation

0 - with uranium spacers

1 - plexiglass

2 - Al

3 - Cu

4 - Cd

Characteristics of the graph-table

00 - distributions in the cell for different 0 normalized
to the centre of the fuel

01 - distributions in the cell for different ^ normalized
to the end of the cell

02 - distributions of the fuel for different %f normalized
to the centre of the fuel

03 - distributions of the fuel for different J% normalized

to the surface of the cell

04 - extrapolation

05 - as a function of 0 for different lattice pitches

06 - mean fluxes as a function of 0 in the fuel
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07 - mean fluxes as a function of %% in the moderator

08 - disadvantage factor as a function of 0

09 --others

10 - extrapolated distributions in the cell normalized to
the centre of the fuel

11 - extrapolated distributions in the cell normalized to
the surface of the cell

12 - extrapolated distributions in the fuel normalized to
the centre of the fuel

13 - extrapolated distributions in the fuel normalized to

the surface of the cell

14 - as a function of the lattice pitch for different ^

15 - extrapolated values as a function of the lattice pitch

16 - mean fluxes as a function of the lattice pitch in the
fuel

17 - mean fluxes as a function of the lattice pitch in the

moderator

18 - deep factor as a function of the lattice pitch

19 - disadvantage factor of the fuel as a function of the
lattice pitch

20 - disadvantage factor of the moderator as a function of
.the lattice pitch

21 - other

Lattice pitch

0 - 7.00 cm

1 - 8.00 cm

2 - 9.87 cm

3 -11.31 cm

4 -14.00 cm

5 -15.65 cm

6 -16.00 cm

7 -17.89 cm

8 -19.74 cm

9 - separate rod

10 - other



Tab.0.12

R/l 8 cm 9*9 cm 15.6 cm 16.0 cm Single Rod

0 cm

0,25 cm

0,50 "

0.75 "

1 "

1.125 "

1.25 "

1.0000 1.0000 1.0000 1.0000 1.0000

1.0196 1.0121 1.0138 1.0188 1.0157

1*0458 1.0796 1.0549 1.0484 1.0449

1.1189 1.1171 1.1252 1.1229 1.1289

1.2210 1.2266 1.2193 1.2199 I.2339

1.2796 1*2800 1.2859 1.2841 1.2977

1.3795 1.3809 1.3824 1.3855 1.4142

Tab.0+16 Experiments

1

Q

DF

1

8.

1

1

8

00 cm

.172

.166

9.87 cm

1.174

1.1712

P-3 Calcul.

,00 cm 9.87

14.

1.

1.

cm

0 cm

1744.

1743

14.

15.

1.

1.

0 cm

7 cm

1748

1767

15

16

1

1

.7

.0 cm

.1751

.1782

cm 16

1

1

.0

Single
Rod

.1783

.2000

cm

Q 1.1960 1.1938 1.1920 1*1916 1,1915

DF 1.1861 1.1843 1.1826 I.I823 1.1822



Tab.I.

R

0.00

0.25

0.50

0.75

1,00

1.25

02.1

d=3 mm

1.000

1.015

1.055

1.124

1.214

1.341

d=5 mm

1.000

1.009

1.045

1.108

1.189

1.303

d=6 mm

1.000

1.010

1.042

1.101

1.183

1.300

d=8 mm

1.000

1.009

1.040

1.089

1.162

1.254

d=ll mm

1.000

1.006

1.030

1.071

1.127

1.200

Extrapol.

1.000

1.012

1.055

1.128

1.236

1.385

Tab.1.03

q(R,

R

0.000

0.250

0,500

0.750

1.000

1.250

.1

%)

%3

0.548

0.556

0.578

0.616

0.665

0.734

^ 5

0.578

0.584

0.605

0.641

0.688

0.754

%f 6

0.596

0.602

0.621

0.656

0.705

0.775

0 8

0.630

0.636

0.655

0.686

0.732

0.790

0 11

0.691

0,695

0.712

0.740

0.779

0.829

Extrapol.

0.509

0.515

0.537

0.574

0.629

0.705



Tab.1.14.

j% 8 0 11 Extrapol.

8.00 0.902 0.851 O.843 0.785 0.700 0.951

9.87 O.929 - 0.874 0.815 0.727 0.970

11,31 0.940 - 0.882 O.832 0.751 0.986

14.00 0.946 - 0.893 O.848 0.778 0.990

16.00 0.953 - 0.900 O.858 0,791 0.999

Tab.I.15

1 8.00 9.87 11.31 14.00 16.00

0.948 0.961 0.982 0.996 1.002
ex

Tab.I.16 & 1.19

1 8.00 9.87 11.31 14.00 16.00

Qex

DF

1

1

.186

.166

1

1

.196

.174

1

1

.200

.177

1

1

.206

.182

1

1

.209

.185
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