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1.ABSTRACT

One of the main tasks of the International Atomic Energy Agency (IAEA) is
nuclear safeguards, and following this objective the IAEA supports the
development and test of new methods in identifying reactor fuel elements.
It has been reported that in reactor fuel elements from one specific US
supplier small amounts (1 mg to 10 mg) of iron inclusions in the fuel
material

were

found.

This

could

be

used

for

the

fuel

element

identification by magnetic scanning. The present work is a report about
the design, construction and test of such a scanning device. The fuel
assembly is drawn with constant speed through a homogeneous magnetic field
to magnetize the iron inclusions. The resulting inhomogeneous magnetic
dipol field induces a voltage difference in two symmetrically arranged
pick-up coils which is proportional to the mass of the iron inclusions.
Using the lock-in technique this dipol field can be detected while a large
fraction of the non-correlated noise is suppressed. The homogeneous
magnetic

field

is produced

by

a Helmholtz-coil

with

inner

square

dimensions of 160 mm to accept the cross section of an 8 x 8-fuel assembly
passing through the coil and exposed to the magnetic field. The pick-up
coils are positioned in between the driver coils and surround an area of
y

160 x 160 mm2. It is evident that the signal depends not only on the mass
but also on the shape and the location

in the fuel assembly. Therefore

3 mg-steel wires on the surface of the fuel bundle were detected with this
system, while the lower limit in the center of the fuel assembly for
ferromagnetic spheres was 50 mg.

In single fuel rods ferromagnetic samples of 1 mg wers detected regardless
of geometric form or location. Any other magnetic material such as spacers
or springs disturb this method and reduce the sensitivity of the system.
Experiments with KWU fuel assemblies from the Zwentendorf Nuclear Power
Plant were negative. This means that the fuel assemblies do not contain
iron inclusions with a mass greater than 50 mg and probably no ferromagnetic material with a mass greater than 20 mg.
The capacity of the presented magnetic scanning system is not yet fully
developed and its sensitivity could be improved to about 10 mg of ferromagnetic inclusions in the assembly.
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2. EXPERIMENTAL ARRANGEMENT

In order to detect magnetic inclusions experimentally, single fuel rods
and later during this project a complete fuel assembly was pulled through
a homogeneous alternating magnetic field. The magnetic dipols (either from
iron inclusions or from attached iron samples) are forced to oszillate in
phase with the exciting field and produce their own inhomogenous magnetic
field.
This inhomogeneous field can be detected by a differential transformer,
which is composed of two identical coils (pick-up coils) with anticyclic
turns. Due to the homogenety and the symmetrical arrangement of the pickup coils two voltages are induced which are compensated to zero by
addition. An inhomogeneous magnetic field of a magnetic dipol however
induces different voltages in each coil which are not compensated to zero,
resulting in a voltage difference.
The induced voltage in these coils is expressed by

s

U = -N . |f

N ... number of turns

$ = / S dS

* ... magnetic flux
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3. PRINCIPLE OF OPERATION

The pick-up coils surround areas Al and A2 (top and bottom area of a
ficitive cylinder); both areas have the same size: Al = A2.
The coils are located in a homogeneous magnetic field Bf.3* and are coiled
antisymmetrical, both otherwise identical. If no magnetic dipols are
present inside the magnetic field, the voltages are equal but with
opposite sign Ul = -U2. Therefore by addition the total voltage U = 0.
If a magnetic dipol is present just below the first pick-up coil (see fig.
1) a voltage is induced lUli>iU2i, resulting in a total voltage U / 0.

3.1 Experimental arrangement of the pick-up coils

y

Fig. 1: Two pick-up coils in a homogeneous magnetic field
with a
magnetic dipol. Only one single turn is shown.
A1,A2 ... surrounded area of pick-up coils
Ul,-U2 ... induced voltage in the pick-up coils
zD u
... distance of the pick-up coil in z-direction
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4. DETECTION OF IRON INCLUSIONS IN SINGLE FUEL RODS /2/

Schematic display of the experiment

Schrittmotor

Pidt'Up-Spulen
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HP85B
COMPUTER
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IL

DISKETTE

Fig. 2: First experiment with field coil and pick-up system

The pick-up system is shown completely in fig.

2a. The magnetic field,

which is shown qualitatively in this figure is produced by a solenoid with
870 coils usual a 1.35 mm wire.

It is supplied by a Sine-generator and

amplifier with AC up to 1 A and a frequency of about 20 cycles. The
geometrical properties are shown in fig. 2a.
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Fig. 3: Characteristical magnetic "fingerprint" of a. single fuel rod

To detect a dipol signal either a vertical pick-up coil (= z-pick-up coil)
or a horizontal pick-up coil (x-pick-up coil) may be used.
Vertical coils are exposed to different magnetic fields depending on their
position and therefore different voltages are induced. This voltage
difference has to be compensated to zero by mechanical adjustments of the
coils until both pick-up coils produce the same but opposite voltage
(= mechanical zero compensation). After this compensation the fuel rod can
be moved by a stepping motor through the arrangement to determine the
dipol characteristic.
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Fig. 4: Area of an uranium pellets from fig. 3 with increased resolution
showing individual "magnetic fingerprints". A magnetic inclusion
in the fuel rod U03 is visible at about 18 cm from bottom.
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10

To test this arrangement a 60 cm long 8x8 test fuel assembly available at
ehe Atominstitute was dismounted and each of the 64 fuel rods> were moved
through the coils. For a 60 cm rod length aboat 1000 scans were carried
out.
Fig. 3 shows the mechanical construction of such a fuel rod and its
characteristic fingerprint U01 taken by the z-pick-up coil. The
fingerprints for the individual rods look more or less the sane miless the
resolution is increased to 1000 points for 20 cm length (fiy. 4) (U01,
U02, U03). In U03 a signal can be observed which may origin fijm o iron
inclusion.
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5. MAGNETIC TESTS WITH FUEL ASSEMBLES

In order to test Boiling Water Reactor (BWR) assemblies it is necessary to
construct the solenoid with a quadratic center area of 160x160 mm2.
Further requirements are a homogeneous magnetic field inside the coil, a
high inductivity with low internal resistance using a current up to 10 A
at voltages up to 1000 V. About 10 kW of heat has to be dissipated
continuously. Inside the coils space must be provided for the pick-up coil
and for a smooth surface to guide the assembly.
The homogeneous field is produced by a symmetrical Helmholtz arrangement
which are two identical coils one above onother in a distance of one half
of the coil diameter (Helmholtz condition). Inside this area the pick-up
coil are installed.
Other conditions are fulfilled by a high coil number (high inductivity)
and large wire diameter (low resistance). The coil design was obtained by
a computer program /!/, For a vertical field homogeneity within 1% over
100 mm, it was found that the Helmholtz coils should have a trapezoidal
cross section. The coil body was manufactured by anodized aluminium with a
radial slit to suppress eddy currents. The construction is shown in fig.5.
The parameters of the driving coil are: Square central hole a = 160 mm,
coil heights b = 100 mm, distance between the ceils variable 310 turns
with a 4 mm wire.
With a current of 4 A the magnetic field in the coil centre is 400 GauB
effective. To improve the heat transfer and the electrical isolation each
coil is embedded in silicon and covered with a thin teflon foil. The
distance of the driver coils was 90 mm to allow enough space for the pickup coil. As the Helmholtz condition is not exactly fulfilled a deviation
of the ideal field is observed. The calculated field fits however very
well to the experimentally determined field /7/.
The square pick-up coil are composed of 4000 coils each with a 0.1 mm
copper wire. They are installed in the space in between the driver coils
and can be adjusted. The pick-up coil distance may vary between 20 to 80
mm.
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STANDARD REFERENCE MATERIAL 1010a
(ANSI and ISO TEST CHART No 2l

12

Fig. 6 shows the electrical diagram of the experiment. A condensor and a
filter should avoid electrical noise from the grid.
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Fig. 5: Helmholtz-coil pair with trapezoidal coils to produce a
homogeneous magnetic field.
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6. EXPERIMENTS IN ZWENTENDORF (5.-7.11.1984Ï

The coil assembly was placed on top of a whole in the fresh fuel storage
where a fuel can be pulled along vertically over their whole length. Due
to

magnetic

disturbances

it

was

difficult

to

determine

the

zero

equilibrium. Finally the optimal position was 40 am distance of the pickup coil with a residual voltage of 2.5 mV.
Seven different fuel assemblies were scanned with a speed of 80 cm/min.
All of them show the same characteristic (fig. 7) and no iron inclusions
were detected (GKT 14).
The large induction peaks origin from the fuel spacers. To determine the
lower detection limit for iron inclusions small samples of iron were
attached to the fuel rods (GKT 21).

GKT.14

GKT.21

-S.S4

-26.46

-G7.22S
-0.158S

0.8S67

1.8320

2.3173

3.3426

Heßbereich (m)

Fig. 7: Fuel element AA428G

0.0000

0.0563

0.1166

0.1749

Heßbereich (m)

Fig. 8: An area in between two

measured in down direction.

spacers have been investi-

The peaks show the enor-

gated thoroughly.

mous influences of the
spacers.

0.2332
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Figures 9 and 10 both show one wire sample.
65.150

-0.837

-66.825
-0.SS37

0.1860

0.S2S6

0.8652

1.204S

Fig. 9: A 5 mg wire can be detected easily (fig. 10).
GKT. 32

0.1210

0.1S33

0.18SS

'

0.2173

.

0.2592

flBST.uqn 1.SPRŒR I N cmFig. 10: Area where the 5 mg wire was localized in the assembly GKT 32
with increased scale.
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Figure 11 shows the total magnetic fingerprint with attached wire samples
of 5 and 10 mg. All measurements were only performed with the X-channel of
the lock-in amplifier.

GKT.02

-37.35
-0.1732

0.7032

I.S7SS

2.4SS9

3.3322

Meßbereich (m)
Fig. 11: The 10 mg and 5 mg samples are attached on the outer surface of
the fuel assembly in mid heights (pos. 2 in fig. 5).
Finally a measurement both of the 'W-channel and 90° phase shifted "Y"
channel was carried out, proving that the magnetic dipols are mainly
detected in the X-channel while the spacers as chosed loops are mainly
detected in the Y-channel (fig. 12).
100

tfWkttl J
Smg

Fig. 12: Total plot GKT 02 taken in both
channels, the fuel assembly spacers
exceed the range in the Y channel.
Samples of 10 mg and 5 mg are only
detected in the X-channel (see fig.
on the left)

[ Punirte ]

The 5 mg sample of
GKT 02 with increased
scale.
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The experiments in Zwentendorf revealed that wire samples with a mass » 3
mg can be detected if they are placed in axial direction on the outside of
the fuel assembly. Placed in the assembly center the minimum mass to be
detected increases to about 10 mg.
If the same sample is placed perpendicular to the fuel assembly axis no
detection was possible. From this it is obvious that both the location and
its position determine the minimum mass to be detectable. The main
instabilities and disturbances origin from the spacers, from the drift of
zero setting of the pick-up system and from the grid. The influence of the
spacers can be reduced by reducing the distance of the pick-up coils while
increasing the number of coils (fig. 13).

0.0000

o.sooi

1.0002

1.5003

2.0004

RBST.UOn l.SPRCER IN W>
Fig. 13: Comparison of GKT 16 with GET 14 shows the influence of spacer
signals on different pick-up coils distances
GKT '6: Short distance of pick-up coils, leading to a zero signal
between the spacers
GKT 14: Larger distance of pick-up coils, showing the influence
of one spacers to the other overlapping.
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7. MEW EXPERIMENTAL SET-OP

Fig. 14 and fig. 15 show the improved experimental set-up using still the
160 mm square Helmholtz arrangement, but the pick-up system is installed
inbetween the main coils.

Fig. 14: Experimental setup, 2nd generation.

7.1 Improvements
1) A new power supply 848 TCM was used to supply the driver coils, with
a supply of 1000 VA and a voltage of up to 260 V (IEC-bus programable).
2) A stable frequency generator was used where the frequency can be adjusted in 0.1 units between 45 cycles to 999.9 cycles. This unit can
be connected to a HP85B computer by a IEC-bus with this controlled AC
power supply the current and therefore the magnetic field can be increased thus increasing the induced signal. In addition the input
signal voltage stabilized by the power supply, therefore any
fluctuations from the grid are compensated.
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Advantages to vary the frequency are in its proportionality to the
inductivity signal while keeping the current-constant and on improved zero
setting (see fig. 16).

7.1.1 Zero setting by frequency variation

induced signal
266.9 T
238.6
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153.2
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frequency of the magnetic field
Fig. 16: Dependence of the pick-up system on the frequency of the driver
field using the "R" channel of the lock-in amplifier.

Without changing the pick-up coils mechanically or electronically zero
setting is possible through computer calculation.

7.1.2 Electronic zero setting
As the distance of the pick-up coils was 95 mm zero setting was necessary
by electronic means. Therefore the lower pick-up coils consisted of 1000
coils of 0.1 mm wire, the upper coil consisted of 980 coils plus
additional 40 coils for compensation as shown in fig. 17.
As the two pick-up coils are coiled antisymmetrically and are connected in
series the 40 compensation coils can be added by a precision potentiometer
resulting in a variable pick-up coil with 980 to 1020 coils. By this all
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deviations from the manufacturing process can be compensated. Together
with the above mentioned computer program the zero compensation can be
carried out better than the previous mechanical compensation.

precision potentiometer
Q 40 windings anticlockwise additional
upper pick-up-corl
Q

lower pick-up-coil

980 windings anticlockwise

1000 windings clockwise

signal
Fig. 17: Scheme of the compensation circuit

7.2 Reference signal
The reference signal for the lock-in amplifier can be obtained
a) through inductive coupling resulting in a 90° phase shift where the X
and the Y channel are interchanged
b) through a voltage divider where the inductivity signal is detected in
phase with the voltage
c) through a resistance in the current circuit where the inductivity
signal is detected in phase with the current.
In the experiments the option b) was selected. The upper driver coil was
damped by a 3.9 kn parallel resistance to obtain an eqval magnetic field
as the lower driver coil.
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IL
T51

C

Fig. 18: Acryl-construction for the z-pick-up coils (5 mm slots) and
x-pick-up coils (cylindrical holes)
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7.3 Pick-up system
The pick-up coils were constructed to fit in between the driver coil with
a fixed distance. Fig. 18 shows the plexiglas construction of the coils
consisting of 3 pieces of the coils.

7.4 Magnetic field
The distance of the driver coils was c = 80 mm. The resulting magnetic
field is shown in fig. 19 along the z-axis at central axis (1), at the
center of the surface (2) and in the corner (3).

BZ EFF (GRUSS)
no

55

i
13

26

33

MESSBEREICH <CN)
Fig. 19: Magnetic field across the z-axis I = 4 A, f = 85.7 Hz
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8. EXPERIMENTS IK ZHENTEHDORF 25/26 NOVEMBER 1985

The coils were mounted above fuel assembly inspection device a square hole
in the floor of the fresh fuel storage which is used to manipulate the
fuel assembly 2irkaloy box covering BWR fuel.

The zero setting was

obtained at a frequency of 85.5 cycles and a current of 4 A with a
residual voltage of 278 |iV.

Only two fuel assemblies were scanned: AA428G with a fuel assembly box and
AA111G without the fuel assembly box. Fig. 20 shows the results KKW28.X
and KKW28.Y for the element AA111G. Both the X and the Y channel were used
this time.

KKU2P.X

KKU28.Y

-71.25

-2S6.7S

0.0000

0.6003

1.S01B

2.<J027

3.1036

O.0000

0.8003

1.6018

2.4027

3.2036

riESSBEREICH Cfi)

MESSBEREICH (ID
Abb. 20: KKW28.X and Y f u e l element AA111G.

As no special magnetic fingerprints were observed it was concluded that no
magnetic inclusions greater than about 55 mg are present in the two fuel
assemblies AA111G and AA428G.
To determine the lower detection limit various sphere shaped samples were
attached to the fuel assemblies.

8.1 Limits of resolution, sensitivity
The

subsequent

fingers

show the

resolution

limit

for

spheres with

decreasing mass and diameter. As the dipol signal is only detected in the

r\ k U

ft
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90° phase shifted Y-channel of the lock-in amplifier, only the Y-results
are of importance. The X-channel does not reveal any further information
(see KKW 9 ) .

u

u cnio

KKU9.X

KKU3. Y

-o.to

-0.3S

-t.es

-0.60
0.0000

0.030S

0.1810

0.2715

0.3E2J

0.0000

MESSBEREICH

0.0305

0.1810

0.2715

0.3621

Í1ESSBEREICH CM)

Fig. 21: KKW9.X and Y two spheres 1.588 mm diameter, 32.8 mg

The samples were attached on the assembly surface in between two spacers
and only this area was scanned (distance

50 cm). The fuel assembly M428G

was moved through the detection device with a speed of 80 cm/min. The area
between 0.2? to 0.5449 m only shows the aero signal of 750 nV (with a
drift of 20 nV) being an improvement in the signal to noise ratio of 16 dB
compared to previously 5 dB.

KKU13.Y

-0.2G00

-0.6332
0.0000

0.1362

0.Z7ZS

0.4087

0.5443

fiESSBEREICH <fO
Fig. 22: KKW13.Y: Sphere of 2 mm diameter, mass 32.6 mg attached in
between two spacers, measurement in the 500 nV range
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In KKW14.Y also a sphere with 16.3 mg was easily detected in the 500 jiV
range.
If the total fuel assembly is magnetically scanned the measurement has to
take place in the 500 mV range because of the enormous spacer influence.

KKU14.Y

-0.043S

-0.0677
0.0000

0.090S

0.1810

0.271S

0.3S21

tiESSBEREICH CÍ1)
Fig. 23: KKW14.Y: Sphere with diameter 1.588 mm, mass 16.4 mg attached
between two spacers, measurement in the 500 fiV range.

The diagrams in fig. 24 show the detection limit for the arrangement for
BWR fuel elements.
While the diagrams in fig.24 demonstrate positive results, the small 1.5
mm (13.8 mg) sphere in fig.25 shows no identification any more.
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Fig. 24: Detection l i m i t ;
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KKU13.Y

-0.125

-O.S0D
0.0000

0.13S2

0.2725

0.4037

0.5443

MESSBEREICH (fi)
Fig. 25: KKW18.Y: Sphere with diameter 1.5 mm, mass 13.8 mg, is not
detected

This means that samples with a mass smaller than about 25 mg and spherical
shape are equivalent is not detected in the 500 mV range being the
detection limit with the present experimental set-up.

8.2 Scanning of fuel assemblies
The described measurements were performed with the assembly AA111G without
box and without protective plastic cover. Keeping the parameters of pickup coils and of the lock-in amplifier constant the influence of sample
size and sample location was tested. Fig. 26 and fig. 27 show various
details of these results.
Spheres placed in the center of a fuel assembly represent the worst case.
As these samples can still be detected a minimum detection limit of 55 mg
is obtained.
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auf dem ersten Abstandshalter und
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zwischen 2. und 3. Spacer befestigt.
KKU27.X

U

<t1U>

KKU27.Y

72.000

1.125

-6S.7S0

-2S3.0

0.0090

0.3648

0.72S6

1.0344

1.4S32

0.0000

MESSBEREICH <n)

0.364B

0.723S

1.0344

HESSBEREICH CH)

KKW27 : Leermessung des gleichen Bereiches,
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Abb. 26:
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8.3 X-pick-up coils
As the dipol field also consists of a Bx-component being half of the B z component it can be detected with a vertical pick-up coil arrangement.
This arrangement can be seen from fig. 19. fig. 28 top shows the total
results of the ctssembly AA111G in the X- and Y-channel for the x-pick-up
coils (KKW29.X, KKW29.Y). Fig. 28 bottom shows the z-pick-up signal
(KKW28.X, KKW28.Y). It is interesting to note that the x-pick-up coils
result in small signal and an additional peak in the center of the spacer.
The signal strength is smaller due to the smaller inductivity of these
coils and due to the contribution of the ß field of the magnetic dipol in
the x-direction. The induction peak results from the higher resolution of
the pick-up coils.
From figs. 29 and 30 it is evident that samples can be easily detected on
the assembly surface with the x-pick-up coils but not in the assembly
center.
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Fig. 28: Fuel element AA111G z-pick-up system (top) compared with
x-pick-up system
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Fig. 29: Sample Hl: m = 55.22 mg inbetween spacer 1 and 2
sample »2: m = 55.22 mg on spacer 3 .
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9. SUMMARY

The experiments with fresh fuel assemblies from the Zwentendorf nuclear
power plant indicated that a magnetic fingerprint can be taken using the
experimental set-up developed within this project. Obviously the seven
spacers with a distance of 52 cm each produce important disturbances and
reduce the sensitivity.
For ferromagnetic samples the lower detection limit in the assembly center
was about 55 mg, the detection limit on the assembly surface was 1 to 10
mg. However, none of the investigated fuel assemblies showed any magnetic
inclusions.
Comparing the two experiments in Zwentendorf and analyzing the results led
to the conclusion that by some additional modification of the measuring
device such as
- increasing the number of coils in the pick-up systems from 1000 to 5000
coils
- reducing the distance of the pick-up coils
- using both the x- and the y-pick-up coils
the detection limit can be lowered to a mass of about 10 mg located
anywhere in the fuel assembly.

ACKNOWLEDGEMENT

The authors are very indebted to the staff of the Zwentendorf Nuclear
Power Plant for making these experiments possible and for their kind
assistance throughout the measurements.

35

u

U (IIU)

KKU12

71.088

243

kKK

0

243

V
0.25S0

0.6351

0.000

V
1.5342

GKT . 1 5

Vk^

\

V

2.1732

2.8123

0.S489

1.8283

2.4G89

3.1083

nESSBEREICH <n>

fiESSEEREICH <H5
NEU£ MESSUNG <BEiñri428G)
Piel*.-up - £pu.U»¡<iíic*> ; "looo u>>'«cluH3e«

1.1B69

ñLTE MESSUNG <BE«fia428G>
(

KKW12

GKT15

0.25G0

0.8951

1.5342

2.1732

HESSBEREICH (PI)
Fig. 31: Results from measurements (fuel element AA428G)
1st generation: GKT 15
2nd generation: KKW12.X

2.8123

36
LITERATUR

/l/ Heinz Tömböl: Diplomarbeit «Magnetoinduktive Identifikation nuklearer
Reaktorbrennelementbündel"
/ 2 / G.Badurek, J.Hammer, M.Molla-Djafari, H.Tömböl: AIAU 84303, July 1984,
"Fuel Assembly Identification by Magnetic Scanning", Atominstitut Wien
/ 3 / G.Badurek, H.Bock, S.Fiarman, J.Hammer, H.Molla-Djafari, H.Tömböl:
"Magnetic Scanning of BWR Fuel Assemblies from the Zwentendorf Nuclear
Power Plant», Atominstitut Wien AIAU 85302
/ 4 / H.Molla-Djafari: AIAU Bericht
/ 5 / G.Badurek, H.Bb'ck, S.Fiarman, J.Hammer, H.Molla-Djafari, H.Tömböl:
Osterr.Phys.Gesellschaft, Jahrestagung 1985, 23.-27.Sept.1985, Technische Universität, "P 2.44; Magnetoinduktive Identifikation von
Reaktorbrennelementen11
/6/ £3 & G Brookdeal Electronics, Princeton Applied Research "Models 5205
& 5206 Lock-in Amplifiers Operating and Service Manual"
/ 7 / Private Mitteilungen von Hamid Molla-Djafari aus dem Entwurf zur
Dissertation, TU Wien
/ 8 / Hans J.Stetter: "Numerik für Informatiker computergerechte numerische
Verfahren" Oldenburg-Verlag 1976
/9/ H.W.Weber, O.Hittmair: "Supraleitung" V ^ i a g Karl Thiemig, München
1979

AIAU-Berichte
Eigentümer, Herausgeber, Verleger und Druck:
Atominstitut der österreichischen Universitäten
Nach dem Pressegesetz verantwortlich: Prof. Dr. G. EDER,
alle Schüttelstraße 115, 1020 Wien, Tel. (0222) 72 51 36
Für diesen Bericht behalten wir uns alle Rechte vor.

J

7

ATOMINSTITUT
DER ÖSTERREICHISCHEN UNIVERSITÄTEN

SCHOTTELSTRASSE 115
A-1O2O WIEN
AUSTRIA

THEORETICAL ASPECTS OF MAGNETIC
SCANNING OF NUCLEAR FUEL ELEMENTS*
H.Molla-Pjafari, G.Badurek, J.Hammer, R.Grössinger

AIAU 86306
September 1986

»Project supported by the IAEA under research contract number 3629/Rl/RB

INIS Subj.Cat.: F41
INIS Keywords: FUEL ASSEMBLIES (M)
BWR TYPE REACTORS
MAGNETIC COILS
MAGNETIC PROPERTIES
MAGNETIC DIPOLES
MAGNETIC TESTING (Ql)
FUEL SCANNING (Q2)
PICK-UP SYSTEM
HELMHOLTZ SOLENOID

ABSTRACT

The features and limitations of a magnetic scanning technique for reactor
fuel assembly identification are treated theoretically. Analytical
calculations of the induced voltage signal for spherically shaped magnetic
inclusions are compared with the results of test experiments. Possible
improvement schemes are discussed to overcome the difficulties which arise
due to the eddy-current generation within the spacers of real reactor fuel
elements.

1. INTRODUCTION

According to a communication of american suppliers of nuclear power plants
small iron inclusions were found in fuel assemblies for Boiling Water
Reactors (BWR) of one specific US supplier. This inclusions were statistically distributed throughout the whole fuel rod, their masses ranging from
about 1 to 10 mg. They are caused by corrosion of an iron filter which
was used during production of the fuel .
Since with very high probability no two fuel elements exist whose iron
impurities have exactly the same shape and mass and are located at
identical positions, these iron inclusions are characteristic for each
individual fuel element. Thereby it becomes possible to identify each fuel
element by its characteristic "fingerprint" one obtains by means of
detection of the spatial distribution of the iron inclusions.
The problem defined by the IAEA was to develop a magnetic-inductive method
for non-destructive identification of nuclear fuel elements, which should
allow to registrate any forbidden manipulation on any of these elements.
The principle of this method can be summarized as follows: The fuel rod
assembly is continuously moved through a coil system which consists of two
quadratic solenoids connected in series (Helmholtz-arrangement). The
oscillating field produced by this coils magnetizes the iron inclusions.
The inner cross section of this driving coils is 160 x 160 mm 2 to allow
for a convenient movement of the fuel assembly.
Within the gap between the two magnetizing coils a pair of quadratic
pick-up coils of 170 x 170 mm 2 inner cross section is mounted, which are
connected in series but wound into mutually opposite directions. Due to
this symmetric arrangement the voltages induced by the oscillating driving
field in each of the two pick-up coils have different polarity and thus
nearly cancel each other. By electronic means the residual voltage
difference, which is inevitably due to not absolutely perfect symmetry,
can be adjusted to be virtually zero.
If during the movement of the fuel rods any ¿ron inclusion (magnetic
dipole) enters the field region the symmetry of the induction voltages is

disturbed. The resulting voltage difference is recorded and represents the
signal one needs to characterize the spatial distribution of the magnetic
inclusions. Since the field of 3 magnetic dipole varies with 1/r3 (r ...
distance from the dipole), the absolute value of the induced signal
voltage is a critical function of the mutual distance of the two pick-up
coils. There one has to take into account also that the opposite winding
directions of the two coils tend to reduce the effective induction signal
on reducing the separation of the coils. Necessarily, there is always a
compromise between signal-to-noise ratio and spatial resolution of the
pick-up system.
Aim of the present work is to yield the theoretical background to solve
this problem and to simulate the whole measurement procedure by analytical
and/or numerical calculations. Furthermore all features of the measuring
arrangement are investigated thoroughly with respect to possible technical
improvements. The work contains a series of recommendations to modify the
present prototype setup and/or to optimize a future measuring system which
allows a reliable detection of iron particles in the specified mass
region.

2. THEORETICAL BACKGROUND

Both to determine which inductive method to detect small magnetic
inclusions gives best performance and to interpret the experimental
results correctly, it was necessary to treat the whole problem
theoretically. In addition the whole measuring procedure was simulated
nummerically. In the following the theoretical background and the
simulation of the measuring procedure are summarized.
Among other factors the induction signal depends both qualitatively and
quantitatively on the geometrical shape of the iron impurities and their
magnetization curve. Because of that small steel spheres were used in our
simulations. Thereby the samples had a well-defined geometrical shape and
their demagnetizing factor is precisely known. The spheres had a diameter
of 0.8 - 2 mm, their weight was 2.1 - 32.7 mg. During all merly
quantitative investigations the biggest sphere (jf = 2 mm, M = 32.7mg)

AZXA
fuel box

driving coil

magnetic dipole

pick-up coil

fuel rod

Fig. 1: Principal sketch of the magnetic inclusion detection system.
was used since it allowed to achieve a conveniently large pick-up signal.
The magnetic behaviour of a homogeneously magnetized shere for not too
small distances corresponds to that of a magnetic dipole. Therefore the
dipole approximation could be used during the investigation of the
magnetic properties of the iron spheres.

2.1 Calculation of the B-f ield of a Homogeneously Magnetized Small Sphere
(Magnetic Dipole) in an Inhomogeneous External AC Magnetic Field.
If a steel sphere is exposed to a magnetic field the atomic magnetic
dipoles tend to aligne along the field direction. Thereby the magnetized
spere itself produces an inhomogeneous B-field (ED) whose size and
direction in any arbitrairly chosen point (x,y,z) with the position vector
$ shall be calculated.

Dipole.
Fig. 2: The coordinate system for the field calculation of a magnetic
dipole.
The time dependence of the magnetic moment B of the sample is the same as
that of the external driving field BT. Because of the inhomogeneity of BT
all components of S are unequal zero and the problem has to be treated in
full generality.
We assume that the dipole is located at the origin of the coordinate
system (Fig. 2). The vector potential of a magnetic dipole is

. âtoxf*

)

(2.1)

4ir

or explicitely

m ( t ) Z - mz(t)Y
(X a

+ Ya + :
ra

(t)Z

+ Ya +

z>&

(t)X

A(x,y,z,t) = —
4TÏ

(X 3

-

m (t)Y \
7
where u 0 = 4nxlO" —

x

\

(2.2)

(t)X

(X a + Y3 +
i s t h e vacuuJ

" permeability

to
The field of the sample is then
BD = r o t Ä

(2.3)

or /I/:

/-i
/ dy
BD =

VyV? 1 )^ 3r Ul*y\¿F* az (xVy^V 4 02

A

47T

32

V-

Ï2.4)

+—

I ^ _ _

.

2.2 Approximate Determination of the Magnetization of the Steel Spheres

Due to the external ac driving field both the magnetic field HT(t), the
induction BT(t) and the magnetization fl(t) are in general periodic bu+ .ot
necessarily sinusoidal. In our case they can be considered as sinusoidal
because of the smallness of the magnetic inclusions in comparison with the
dimensious of the pick-up system (L««Lg; L/Lo ... inductivity of the
coils with/without sample) /1,2/.
To obtain the field dependence of the steel spheres their hysteresis loops
were recorded experimentally at the Institute for Experimental Physics of
the Technical university Vienna. Since the measuring apparatus was
designed for very large H-fields, the measured susceptibility is only an
approximation for our low field (HT = 80 Oe) case.
The coercitivity at two different field strengths was *ound to be
H c = 482 Oe at H = 27000 Oe
H c = 241 Oe at H = 13500 Oe

(2.5)

The measurement was dynamic, i.e. the pulse duration of the field was 5 ms
(sinusoidal half-wave) corresponding to a frequency of 100 He. The fact
that H o doubles its value with increasing external field strength
indicates that eddy-currents occur in the sample. If the amplitude of the

27 HlkOe]

Fig. 3: Measured hysteresis loop of the spheres.
external field is increased dH/dt is increased as well and hence causes
larger eddy-currents. To overcome the field of these currents a larger
external field is necessary, which is equivalent to the increase of the
coercitivity.
Since H c is very small compared to the field strength necessary to achieve
magnetic saturation, it could be neglected. Experimentally a saturation
magnetization
= 202 emU/G (= Gcm3/g)

(2.6)

p - 7,8 g/cm3 ... density
was found. The field dependence of the magnetization was approximately
linear up to a field strength of 6 kOe. Therefore the mass-susceptibility

10
X p = Xv/ p (Xv ••• dimensionless volume susceptibility) is given by the
slope of the hysteresis curve M(H) in this region:
202 G cm 3
6000 Gg

(cgs) r>~

0.0336

cm 3
,
g

(2.7)

respectively in Si-units
^ 3 = 0.42X10"3 ?-

(2.8)

Actually this value is somewhat too large because of two reasons:
1) at 6 JcOe the mangetization is still not in full saturation
2) at smaller fields the initial hysteresis curve is less inclined than at
larger fields and the susceptibility in general is a function of the
field strength as indicated in Fig. 4.

X
Kmax

H ( Oe )
Fig. 4: Schematic field dependence of the susceptibility.
This can be illustrated by estimating the mass-susceptibility of a
spherical sample in the region of lower fields
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If now the condition D » l/xv is fulfilled we obtain because of
pD = p li = 32.89

(2.10)

cnr
the estimate of the mass-susceptibility
1

cur

— = 0.0303
,
pD
g

(2.11)

respectively in Si-units
X¿ = Xp(cgs) Í1- = 0.38X10"3 £kg
10

(2.12)

The condition D » l/xv requires, however, that the susceptibility is
quite large or, equivalently, that H is relatively small. Since the
spheres are of softmagnetic material both conditions are fulfilled.
If one compares the value of x¿ with that of x p one recognizes that the
measured slope in Fig. 3 is determined essentially by the demagnetizating
factor. Therefore in our simulation the approximation (2.12) was used. The
measured voltage signals were about 20% smaller than the calculated ones.
The main reason for this behaviour was that the real x(H) was not known
and approximation (2.12) was used instead. There are, however, other
factors which contribute to this deviation too (see chapter 3 ) .

2.3 Magnetization and Magnetic Moment of a Sphere
The magnetization of a sphere, which is located within the driving coil at
a point r D = (x D ,y D ,z D ), is proportional to the external driving field at
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this point

(2.13)
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we obtain
Xv_*
(2.15)

(BT0

... maximal driving field)

The magnetic moment of the sphere is defined as

%D(t) = ¡]l BD(t,dV = VÏÎD(t)

(2.16)

sphere
volume
Insertion of ñ D (t) from Eq. (2.15) yields
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2.4 Reference Signal

Several different reference signals were used as indicated in the
schematic circuit diagramm of Fig. 10 (cases: a,b,c). The most adequate
reference signal was obtained in case c: since the driving field varies in
time according to the variation of the coil current, the voltage drop
across an ohmic resistance connected in series with the driving coils
could be used as reference signal. This voltage signal is in phase with
the coil current.
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2.5 Phase Shifts
Several reasons for a phase shift between the reference and the pick-up
signals were found (see also section 9 ) . However, for the theoretical
calculations and simulations only that phase shift y s is of importance
and shall be investigated in more detail, which can be attributed to the
sample-induced change of the inductivity of the driving coils. All other
phase shift contributions can be accounted for by proper correction
procedures.

2.6 Sample-induced Change of Inductivity of the Driving Solenoid
If an iron sphere is placed within a coil it acts like a core of that coil
and increases the inductivity. If the coil is fed by a constant-voltage
supply this inductivity change causes a decrease of the coil current. With
a constant-current supply, on the other hand, the voltage across the coil
will increase.
In both cases an additional phase difference between coil current and coil
voltage results.
For a constant-voltage source one obtains the relations
U = U o siniut

(2.19)
o)L0

1 =

(2.20)

y sin(a)t " arc tg T ~
R

(without sample)
for an empty coil, and
Un
-5-5

5"s i n ( U ) t ~ a r c *?

u)(xeffL0
5
)

(2.21)

<t> (with sample)

^effL0

(2.22)
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inductivity of the empty coil

L

inductivity of the coil with sample
permeability of the sample relative to the vacuum permeability
relative filling factor

for a coil containing a magnetic sample.

The additional phase shift is then given as

(2.23)

Since the voltage drop across the driving coil would imply the phase shift
ind

wnen

used as reference signal, the coil current is used as reference

signal (case c in Fig. 10). In spite of that, the phase of the pick-up
signal will be shifted by an angle ±^ s with respect to the reference
signal U r e f ( c ) . This phase shift can be explained as follows:

If the sample approaches e.g. the lower driving coil the inductivity of
this coil increases and reaches its maximum just at the moment when the
sample crosses the symmetry plane of this coil. But the inductivity of the
other driving coil, which is still relatively far away from the sample,
remains nearly uninfluenced. Because of this asymmetry of the two
inductivities the initial zero adjustment is disturbed and an additional
voltage is induced within the two pick-up coils. This voltage is caused by
the driving field and not by the fiftld of the sample itself. This
additional induction voltage causes an extra phase difference * s between
the pick-up coils and the reference signal. It is the larger the closer
the sample is located near the windings of the driving coil.

It is a function of the material, the mass, the shape and the position of
the sample and hence difficult to calculate quantitatively. Bv1; it is easy
to measure this effect experimentally. It manifests itself in two
additional peaks in the measuring curves (induction signal vs sample
position) at about the center of each of the driving coils (see section
4.4).
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2.7 Calculation of the Magnetic Flux through the Pick-Up Coils
The sample sphere which is magnetized
by the driving field T5i(t) produces an
oscillating dipole field SÖ(t) which in
turn due to its inhomogeneity induces a
non-zero voltage in the pick-up coils.
In Fig. 5 the pick-up coil system is
represented by the top and bottom surface of the quadratic prism. Since any
magnetic induction field is a pure rotor
field, the relation
Z-, Z

LL

Fig. 5: The top and bottom surfaces of this prism represent the two pick-up
div BD = 0

(2.24)

coils.

holds. According to Gauß's law the magnetic flux through the six prism
surfaces can be calculated:

JJJ div BD dV = JJ BD ndF = 0
prism
volume

(2.25)

prism
surface

n ... unit vector orthogonal to the area element dF = ñdF
For the shell-, the top- and the bottom-flux it follows therefore

*shell + «"top + «"bottom

(2.26)

To begin with, we calculate the magnetic flux passing through the lower
lying pick-up coil which is caused by the z-component of the dipole field
of the sample. Since this coil is located at a z-coordinate z^ we denote
this flux by * 2 l (t).
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• 8l (t) = ¡I BDB(t)dP.

(2.27)

pick-up
coil area

According to Eq. (2.4) we obtain for the z-component of the dipole field

BD ( t ) =
z
4TT\

;nw (t) X Z.

3m y (t) Y Z,

(X2+Y2+Z2)%
(2.28)
(t)(-X a -Y a +2Z 2 ) \
(X2+Y2+Za)%

/

There the sample has been placed at the origin of the coordinate system by
a proper coordinate transformation. Therefore the components of its
magnetic moment depend on time only. The variables x, y and z1 are related
to the position of the lower pick-up coil. The flux <t>zj then is given as

3m (t Z
[
x > 1 \\ ( X 4TT

_ -Me
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dX
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dY +

1
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Y
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(2.29)

1
+ 2Z2

m

s

dY

) /2

x,^

The calculation of these integrals is a formidable task and we will
• 2sent here only the solutions /I/. The components of the magnetic moment
of the sample dipole are given by Eq. (2.18). By the parameters x lf x 2 ,
y

l' Y2an<* z i both the location and the area of the lower pick-up coil are

clearly defined. For the flux <t>zi(t) the result is given by expression
(2.30) (see next page).
For simplification we denote the individual terms within the first two
square brackets by ?i and F2, respectively, and the expression within the
wavy parenthesis by F3. (2.30) then reads as

F 2 m y (t) - F 3 m z (t)]

(2.31)

S411.SSJ.D

une iiiuuction voltages i s
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or, inserting Eq. (2.18)

MassX ¿
[ F l BT 0x

4n

+ F BT

2 0y * F 3 BT 0z]

V

sintot

(2.32)

/
*0zl

To calculate the magnetic flux through the other coil one has to replace
simply Zj by z 2 in Eq. (2.30) and to multiply this equation with a factor
- 1 . The total flux through the pick-up coil pair then for an arbitrarily
chosen position of the sample given by

(2.33)

2.8 Calculation of the Induced Voltage Signals

According to Faraday's law of induction the voltage induced in a coil of N
turns which is penetrated by a flux • is given as
d*(t)
U = -N

(2.34)

dt

If during a typical measurement the sample is slowly moved through the
pick-up coils along a measuring line (e.g. the z-axis) the inhomogeneous
dipole field BD(t) of the sample causes a flux change in both pick-up
coils with the frequency u> of the driving field BT(t). According to (2.34)
a total signal

(2.35)

is induced, where

=

N

cos

(2.36)

d* z2 (t)
-

N

(2.37)

are the voltages in the lower and the upper coil, respectively. This
voltages correspond to the N-fold signals of single turn coils. Since in
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reality each turn has a slightly different z-position they have to be
considered (as good) approximations of the real induction signals.
The phase shift <j>s, which depends on the actual position of the sample has
been treated already in section 2.6. It is important to notice that a
phase step of 180° occurs in the symmetry plane (x-y plane) of the coil
system because of the mutually opposite winding directions of the two
pick-up coils. As mentioned, it is extremely difficult to treat this phase
shift <j)S theoretically in a quantitative manner. But it can be measured
directly by forming the Arctg-function between the signal ü„ and U x one
obtains by the application of a so-called lock-in signal amplifier.
As shown in Fig. 6 the pick-up signal is in phase with U z l if the sample
is located below the x-y plane, whereas it is in phase with U z 2 if it is
located above the x-y plane.

flílPL.

RriPL.

y

0

3D

160

270

360

0

SP

160

270

Fig. 6: Phase relations between U z l , U z 2 , U s and U r e f in two different
points lying symmetric with respect ot the x-y plane
a) below x-y plane
b) above x-y plane
Below the x-y plane we obtain
Us(t) = Ntui*^ - ^ 2 ) cos (ü.t - * s )
with $§]_ > * ° 2 , whereas above that plane we have

(2.38)

3S0
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- <D§2) cos [cut - (« s + 180°)]

o s (t)

(2.39)

with

*zl

<

°

Using the trigonometric relation
cos(oc ± p) = cosa cosß ? sina sinß

(2.40)

the measured signal (e.g. that of 2.38) can be separated into two
components which have a mutual phase difference of 90°:

Ustt)

cos

*s

The lock-in amplifier actually records the effective values of these
signals

Uf ff = -J (4.°! - *0 2 ) eos«s + ^. (0°! - *§ 2 ) sin *s'
90° phase shifted
with respect to U r e f

in phase with U r e f

which are denoted as U x and U v signals, respectively.

(2-42)
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3. SIMULATION OF THE MEASURING PROCESS

The simulation of the measuring process was essentially performed by means
of two FORTRAN programs. The first program "SPULE" simulates the driving
coil and calculates for arbitrarily chosable coil current the driving
field BT at the sample locations by application of the Biot-Savart law of
electrodynamics. On the basis of this field values the second program
"PICKUP" calculates the voltage signals that are induced in the pick-up
coils by the sample field. This is achieved by performing all the
calculations described in the preceding chapter. Both programs are
described and documented in /I/.
Figs. 7a, 7b and 7c show the components of the driving magnetic field at
different "measuring planes". Fig. 8 shows the calculated x- and zcomponents of the driving field along a "measuring line" for various fuel
rod position. In Fig. 9 the induction voltage calculated by the program
"PICKUP" is plotted for a 32 mg sample sphere as function of the sample
position within the plane of the lower pick-up coil.

i \)[rnV)

U=0.8
Fig. 9: Induced dipole induction signal as a function of the position
of the sample within the plane defined by the lower pick-up coil.
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4. EXPERIMENTAL ANALYSIS OF THE MEASURING ARRANGEMENT

4.1 Technical Details
With few exceptions steel sample spheres of 2 mm diameter and 22.7 mg
weight were used for the measurements. The following tables I and II
display the specifications of the different components of the measuring
apparatus.

Table I: Specifications of the driving coil unit
Number of coils

2, Helmholtz geometry

Electric connection

series, in the same direction

Length

2 x 50 mm

Number of turns

2 x 310

Number of winding layers

2 x 22

Wire diameter

4 mm (Cu, enameled)

Center distance of the coils

190 mm

Inner dimensions

170 x 170 mm2

Ohmic resistance

2 x 0.4 a

Inductivity

2 X 28 BlH

Table II: Specifications of the pick-up coils
Number of coils
Electric connection

series, in opposite directions

Length

2 x 5 mm

Number of turns

2 X 1000

Number of winding layers

2x 20

Wire diameter

0.1 mm (Cu, enameled)

Center distance of the coils

95 mm

Inner dimensions

180 x 180 mm2

Ohmic resistance

2 x 980 a

Inductivity

2 X 540 mH
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Power Supply
Constant voltage source (Power supply 848 TCM, 1000 W)
Signal Amplifer
2-phase sensitive lock-in amplifier (Princeton Applied Research Model
M5206)
Measurement Control
Hewlett-Packard Computer HP85-B via HB-IB interface bus
Reference Signal
derived from driving coil current (U°-ef in Fig. 10)
During the individual measuring cycles driving coil currents, voltages and
frequencies were chosen in the ranges:
voltage
current
frequency

100 - 240 V
2- 4A
70 - 130 Hz

The scheme of the measuring arrangement is shown in Fig. 10. The lock-in
amplifier /3/ allows two modes of operation, the x-y or the R-e mode,
which are in principle completely equivalent. In the first mode two output
voltage signals U x and U y are produced, one of which being in phase with
the reference signal whereas the other is shifted by 90° with respect to
the reference. An internal phase shift option allows to define either U x
or alternatively U y as the in-phase signal. In the R-e mode of operation
one obtains directly the amplitude U R of the measured induction signal and
its phase angle e with respect to the reference voltage. We have chosen
the x-y mode for our measurements since it allows for an easy a posteriori
correction of variations of the signal background during a measuring
cycle. Proper thermal shielding allowed to keep the background signal,
which after careful balancing of the two pick-up coils is only of the
order of 0.1 mV, within reasonable stability limits. Even after several
hours of operation it did not essentially exceed the 1 mV range. A
detailed description of the corresponding calibration and test
measurements is found in Ref. /I/.

driver coil

Power supply
848 TCM
WOO W

pick-up-coil and
' compensation windings

cleldronical adjust

I

HP85B
COMPUTER

tk7

-r Sft

__^

!

LOCK-IN
AMPLIFIER
M5206
oo

Fig. 10: Schematic diagram of the measuring arrangement
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4.2 Influence of the Fuel Rod Cladding and the Fuel Element Box on the
Driving and Dipole Field
Both the cladding tubes of individual fuel rods and the container box of a
whole fuel rod bundle are usually made of zircalloy (Zr, Al, Nb) because
of its favourable properties (e.g. low neutron absorption cross section).
For our test purposes several of empty zircalloy tubes were available. A
series of measurements with and without this tubes was performed in order
to check wether the driving field or the sample dipole field is shielded
due to generation of eddy-currents. No significant shielding effect could
be detected. Fig. 11 shows the results of Ux-measurements for three
different fuel rod positions with and without zircalloy tubes. From these
measurements we conclude that the fuel element box also should have no
influence on the actually induced signal. But a definite proof of this
assumption was not possible since during our measurements at the Zwentendorf nuclear power plant no disassembly of the fuel elements was allowed.

4.3 Electromagnetic Shielding of the Measurement System
It turned out that a proper shielding of the coil system played an
essential role for a correct measurement of the induction voltage. In our
case the region between the two pick-up coils could be shielded electromagnetically by means of thin copper plates. Fig. 12 shows the result of a
typical measurement with and without shielding.
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Fig. 12; Measured induction signal with (left) and without (right)
shielding of the pick-up coil system.
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Fig. 11: Measured U induction voltages for a 32.7 mg sample sphere without ( l e f t )
and with (right) zircalloy tube for three different positions within the
driving coil (see Fig. 14).

31
One recognizes that without shielding the signal is disturbed by stray
fields of neighbouring equipment. In a final setup, built according to
industrial quality standards, the whole coil system therefore has to be
shielded carefully.

4.4 Shape of the Measured Signal as a Function of the Position of the
"Measurement Line" (Fuel Rod Position)
We have found that the shape of the measured signal curve is different for
measurements at positions near the corners of the driving coil compared
with those at the center of the coil (for definition of positions see
Fig. 14). These two additional peaks appear at z-coordinates which
correspond to the field maxima of the two driving coils. The reason of
this phenmenon, which is illustrated by Fig. 13, is the change of
inductivity of the driving coils during the passage of the magnetic
sample. It has been discussed already in section 2.6. The corresponding
error signal is of the order of 50 (iV and hence clearly visible in the
measuring curves. In the center region of the driving coils, where the
field is much more homogeneous , this voltage contribution is much less
pronounced (~1Q nV). Figs. 15a,b show the measured induction voltages for
a 32 mg sample sphere on several different trajectories.
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Fig. 13: Results of a measurement in one corner of the driving coils
(no fuel rod position) with a 32 mg sample in the x-y mode
of operation.
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In our simulations these additional peaks cannot occur since a
quantitative calculation of the underlying effect is hardly possible and
hence has been omitted completely in the simulation program. For central
fuel rod positions, however, where these peaks are negligible the measured
and theoretically calculated induction signals have approximately similar
shape, as will be seen in the next section.
It should be noticed that in principle the expioition of this effect would
allow a 2-dimensional scan of iron inclusions of sufficiently large mass.

5. COMPARISON BETWEEN THEORY AND EXPERIMENT

5.1 Driving Field

;

Since experimentally only the z-component could be measured along vertical
trajectories only the component BT Z along the coil axis (z-axis) shall be
used for a comparison of measured and calculated values (Fig. 16). It is
seen that they differ by about 5-10%. The reason for this difference is
the fact that it is actually not possible to build the coil as accurate as
it can be designed theoretically. Worst case deviations near the corners
of the coil were found to be about 20%.

Z IM <CM)
Fig. 16: Comparison of measured (crosses) and calculated (full line)
z-components of the driving field along the coil axis.
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5.2 Induction Voltage
In Fig. 17 both the measurad and the calculated induction voltage is
plotted versus the position of a sample sphere of 2 mm diameter and 32.7mg
mass along the axis of the driving coil. As expected, the external values
of the measured curve are about 20% less pronounced than the calculated
ones. This difference is partly due to the approximation (2.18) for the
magnetization of the sample and partly to the deviation of the calculated
driving field from the actually measured one.
But apart from this deviations of the absolute values of both signals
their shape is very similar, and hence conclusions drawn from simulation
results are likely to withstand an experimental proof.
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Fig. 17: Comparison between measured (open circles) and calculated (full
lines) pick-up signals.
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6. DEPENDENCE OF INDUCTION VOLTAGE FROM SAMPLE POSITION

Since the strength of the inhomogeneous magnetic field of the sample
decreases with 1/r3 (r ... distance from sample) the amplitude of the
induced voltage signal depends strongly on the actual position of the
sample within the pick-up coils. In Fig. 18 the induction voltage is
plotted for 9 different "measuring planes", whose numbers simultaneously
indicate their distance from the coil center (z = 0) in centimeters.
The dependence of the induction signal from the z-coordinate of the sample
is well seen from a comparison of the "voltage surface" at the coil center
(z = 0) and those at z = ±5 cm. Whereas at the center plane the induction
voltages in both pick-up coils completely cancel each other, maximal
voltage imbalance and a hence maximal induction signal occurs if the
sample is located within the plane of either pick-up coil (z = ±5 cm). The
maximum of the induced signal increases if the distance between the two
pick-up coils is increased (see section 8, Fig. 22). The radial position
dependence of the induction signal is also seen from Fig. 18. It is the
larger the closer the sample is located to the corners of the coil pair.
This means in practice that the sensitivity to detect any magnetic
impurity is highest for fuel rods located at the edge of the fuel
element.

7. WORST CASE SENSITIVITY LIMIT

The most unfavourable fuel rod positions are 28, 29, 36 and 37 (see Fig.
14). To determine the sensitivity limit for the worst case we have
measured the induction voltage along position 28 for a series of sample
spheres with decreasing diameter. The smallest sphere which could be still
satisfactorily be detected had a diameter of 0.8 mm and a mass of about
2 mg (see Fig. 19).
In reality the iron inclusions have not necessarily spherical shape. Their
actual shape and hence their demagnetizing factor are not known, but it is
likely that they are elongated subjects with sharp corners. Therefore it
can be expected that they are easier to detect than spherical samples of

37
Z in C m

Max=-O.Í3

Max=-0.8

Max =-0.71
tA\n=-l32
Max =-0.52
Min = 0
X Max = 0
Min= 0.52
M3x= 1.32
Wlin= 0.71
Max= 2.8

Min= 0.8
Max=J2.J

Min= 0.83
Max= 2.83

Fig. 18: Dependence of the induction signal from the sample position at several
measuring planes within the coil system.
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equal mass in case they are oriented parallel to the driving field. To
verify this increase of detection sensitivity a series of measurements
neither small iron splinters was performed. Fig..20 shows in fact that a
small splinter of 0.6 ¡am length and only 0.28 mg gives a sufficiently
large induction signal for its unambigous detection.

Z in (cm)
F i g . 8 : Calculated x- and z-components of the d r i v i n g f i e l d along a "measuring l i n e " f o r
various fuel rod positions ( d r i v i n g current: 4 A).
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8. MAGNETIC SCANNING OF THE ZWENTEHDORF BWR-REACTOR FUEL ASSEMBLIES

Two series of experiments have been performed to check wether the fuel
elements of the Zwentendorf BWR reactor contain magnetic inclusions which
can be detected with our prototype scanning device. Both experiments and
their results are described in detail in a separate report /4/. Although
the purpose of the present work is to give a theoretical interpretation of
all experimental investigations the reader is referred to the report cited
above. Here we just mention that the most essential difference between the
experimental setups of the two series of measurements has been the
application of different pick-up coil geometries:
i) during the first run of experiments two pick-up coils of 4000 turns
each and a variable separation of 20 - 80 mm were used
ii) the pick-up coils of the second series consisted of 1000 turns only
and because of mechanical stability reasons their axial distance of
9.5 cm could not be varied.

y

It turned out that no magnetic impurities could be found in the
Zwentendorf fuel assemblies. However, the achievable sensitivity limit at
the central rods was as bad as 55 mg. The reason was that a very large
induction signal was generated by the spacers between the fuel pellets. In
the last section of this report we will discuss the possibility to
overcome this severe sensitivity restriction.
The reduction of the number of turns of the pick-up coils turns out to be
definitely of disadvantage. Although the associated decrease of the sample
induction signal is compensated by the increase of the coil separation
distance, this increased separation causes an enormous amplification of
the spacer signal (actually by a factor 3.4). Unfortunately one is forced
then to reduce the gain of the lock-in amplifier to avoid saturation of
its outputs. Fig. 21 shows the induced spacer signal (at the first series
of experiments in Zwentendorf) with two different pick-up coil separation
distances. If one compares this figure with the theoretically calculated
induction signals of a spherical sample for various pick-up coil
geometries (Fig. 22), one sees that for future applications of the
magnetic scanning technique of nuclear fuel assemblies the pick-up coil
pair should have as much turns as possible at a simultaneously markedly
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Fig.21:
Measured spacer induction signal at two
different pick-up coil distances.
a) 4000 turns, 2 cm distance
b) 4000 turns, 4 cm distance
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Curves 2-6: Calculated induction signal of a
32 mg sample sphere in a
2x4000 turn pick-up coil pair at
several coil separation distances (PSA).
Curve 1 : Same as above but with 2x1000
turns and 9.5 cm distance.
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reduced separation of the individual coils. For example a pick-up coil
pair of 2 mm distance and 2 x 4000 turns could have improved the
sensitiva-y limit for the worst case rod position at the center of the
fuel assembly from 55 mg to about 17 mg. Taking into account the
demagnetization factor of 1/3 for spherical samples the conclusion can be
drawn, that elongated magnetic impurities of only about 7 mg mass should
then be detectable even in the rods at the center of the fuel assembly.

9. PHASE RELATION BETWEEN DIPOLE-, SPACER- AND REFERENCE SIGNAL

An essential improvement of the magnetic scanning technique seems to be
possible if the disturbing influence of the fuel spacer can be minimized
or even suppressed. To see wether and how this could be achieved, we
consider the phase relation between the reference voltage and the
induction signals of both the magnetic impurities and the fuel spacers.
Since the spacer signal is originated by eddy-current loops, in the ideal
case it should have a relative phase shift of 90° with respect to the
voltage that is induced by a magnetic dipole. This means that the spacer
signal is in antiphase (e = 180°) with the reference voltage which in turn
is proportional to the current of the driving coils, whereas the sample
dipole signal is shifted by 90° relative to the reference signal.
The actually measured phase angles are shown in Fig. 23. ht the maxima of
the induction signal, where the sample-induced phase shift s (see section
2.6) is negligible, the phase angles of the dipole- and the spacer-signal
are ©<jipOie ** 78° and © £ p a c e r ^ 165°, respectively. The largest values of
Jys (at the symmetry plane of each driving coil) were found as
ii ± 14° and ^ a x (spacer) U¿ ± 20°.
Using the built-in phase rotation option of the lock-in amplifier it would
have been of advantage during the experiments at Zwentendorf to shift the
reference signal by an extra a n g l e ^ = -15°, as indicated in Fig. 24.

43

Fig. 23: Measured phase relation between dipole-, spacer and reference
signal.

UR (Spacer)

Fig. 24; Sample dipole-, spacer- and reference signal after phase
correction.

driving coil (see Fig. 14).
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Then the maximum of the spacer signal is registrated in the x-channel only
whereas 95% of the sample signal maximum is directed to the y-channel.
This would allow to increase the gain of the lock-in amplifier and hence
the detection sensitivity by a factor of 5. Since an output overload
occurs then only in the x-channel which is out of relevance, as it is
dominated by the not interesting spacer signal.
But there is another possibility to increase the sensitivity of the
magnetic scanning technique still further. If the function "MODES" of the
lock-in amplifier is changed from the usual "HIGH STAB" mode of operation
to "HIGH RES" /3/ it is possible to overcome the limitations which
otherwise occur because of output overload. In that particular mode of
operation the outputs of the lock-in amplifier are able to recover very
fast from any overload condition. This allows to reduce the measuring
range of the amplifier by several orders of magnitude and to have to see
the small dipole signal contributions at the leading and trailing flanks
of the much larger spacer signals. It has to be mentioned, however, that
the actual application of this measuring procedure requires ultimate
stability of the whole setup, extremely careful zero adjustment and, last
but not least, a lot of experience.
To check its feasibility we have constructed a spacer consisting of an

y

aluminium foil. Due to its small diameter its properties are actually
quite unfavourable compared to those of a real fuel spacer. Nevertheless
it was possible to detect a 16 mg iron sphere under worst case conditions
at the center of a fuel element. During this experiment two spheres with
32.7 mg and 16 mg mass were mounted at a distance of 27 cm above and below
the aluminium "spacer". The smallest measuring range of the lock-in
amplifier was 50 mV without overload. Fig. 25 shows that the dipole
signals of these sample spheres were not detectable.
In the high resolution mode of the lock-in amplifier it was possible to
reduce the measuring range by a factor of 500 to 100 jiV. As seen from
Fig. 26 both spheres appear with very large signal amplitudes far above
any electronic noise.
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