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(54) Magnetic signature surveillance 
of nuclear fuel 

(57) Typical nuclear fuel material con-
tains tramp ferromagnetic particles of 

random size and distribution. Also, 
selected amounts of paramagnetic or 
ferromagnetic material can be added at 
random or at known positions in the 
fuel material. The fuel material in its 
non-magnetic container is scanned 
along its length by magnetic suscepti-
bility detecting apparatus whereby sus-
ceptibility changes along its length are 
obtained and provide a unique signal 
waveform ofthe container (10) of fuel 
material as a signature thereof. The 
output signature is stored at (21) (23). At 
subsequent times in its life the contain-
er is again scanned and respective 

'signatures obtained which are com-
pared with the initially obtained signa-
ture, any differences indicating altera-
tion or tampering with the fuel material. 
If the fuel material includes a para-
magnetic additive by taking two mea-
surements along the container the 
effects thereof can be cancelled out. 
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SPECIFICATION 

Magnetic signature surveillance of nuclear fuel 

5 This invention relates to a method for surveillance of 
the nuclear fuel in fuel elements and fuel bundles to 
detect any diversion of the nuclear material there-
from. 

Typically nuclear fuel, such as uranium or pluto-
10 nium oxide, is in the form of pellets or powder 

contained in a suitable container such as an elon-
gated cladding tube sealed by end plugs to form a 

v fuel element as shown, for example, in U.S. Patent 
No. 3,378,458. 

15 As typically used in a nuclear reactor core, a 
. number of fuel elements are supported in spaced 

array between upper and lower tie plates to form a 
separately replaceable fuel assembly or bundle as 
shown, for example, in U.S. Patent No. 3,689,358. A 

20 sufficient number of such fuel bundles are arranged 
in a matrix, approximately a right circular cylinder, to 
form the nuclear reactor core capable of self-
sustained fission reaction. Periodically the core is 
refueled by replacement of some ofthe fuel bundles 

25 to restore the necessary reactivity. Thus the fuel 
bundle is the normal unit of fuel material transfer 
and use throughout the fuel cycle. That is, the fuel 
elements are assembled into bundles at the fuel 
fabrication factory. The bundles are shipped to the 

30 reactor and placed in the core. Eventually the 
bundles are removed from the core and stored as 
such or are shipped to a reprocessing plant. 

This invention is based upon the known fact that 
nuclear fuel contains varying amounts (typically in 

35 the order of several hundred parts per million) of 
tramp ferromagnetic articles, particularly particulate 
iron, primarily from oxidative corrosion and abra-
sion ofthe fuel processing equipment. 

This invention is based further on the recognition 
40 that the ferromagnetic particle distribution (that is, 

the sizes ofthe particles, the amount or number of 
particles and the location ofthe particles) is random. 
Hence the ferromagnetic particle distribution is 
unique for each fuel element and for each bundle of 

45 fuel elements. These randomly distributed ferro-
magnetic particles cause changes in magnetic sus-
ceptibility proportional to the changes in the ferro-
magnetic particle content as the fuel element or fuel 
bundle is passed through a constant or direct current 

50 magnetic field. 
If desired, known amounts of ferro or paramagne-

tic material could be added at random or at known 
positions in the fuel material. This added magnetic 
material could be used to augmentthe tramp 

55 magnetic material and, especially if placed in known 
positions could be used to provide, for example, 
type identification of the fuel material. 

Thus in accordance with the invention the fuel 
element or fuel bundle is passed through a sensing 

60 coil in a constant magnetic field and the signals 
produced by the sensing coil, due to changes in 
magnetic susceptibility caused by the changing 
ferromagnetic particle content, are recorded to pro-
vide a unique signature ofthe particularfuel element 

65 or fuel bundle. At any subsequent time the particular 

fuel element orfuel bundle similarly can be scanned 
again whereby the subsequent signature thus 
obtained can be compared to the originally recorded 
signature to determine whether or not any fuel 

70 material in such fuel element or fuel bundle has been 
removed or otherwise tampered with. 

If the fuel material contains an additive, such as a 
burnable neutron absorber, with high paramagnetic 
susceptibility and in varying amounts along the 

75 length of the fuel element or fuel bundle, the 
contribution of such paramagnetic material to the 
signature signal can be determined and separated 
from the contribution ofthe ferromagnetic material. 
The fuel element or fuel bundle is passed through 

80 two different constant magnetic fields of different 
strengths and the differential susceptibility changes 
in the two different magnetic fields is determined. 
For some applications it may be desirable to obtain 
and record the signature signals of both the ferro-

85 magnetic and paramagnetic material. 
The fuel surveillance method ofthe invention 

provides the outstanding advantage of requiring no 
changes in the fuel element orfuel bundle design or 
composition. 

90 The present invention will be further described, by 
way of example only, with reference to the accom-
panying drawings, in which: 

Figure Ms a schematic illustration including a 
magnet and associated circuitry in accordance with a 

95 first embodiment of apparatus for practice ofthe 
method ofthe invention; 

Figure 2 illustrates a typical initial signature wave-
form of a fuel element; 

Figure 3 is a schematic illustration of a super-
100 conductive magnet; and; 

Figure 4 is a schematic illustration of a pair of 
magnets and associated circuitry in accordance with 
a second embodiment of apparatus for practice of 
the method of the invention. —-

105 Apparatus has been disclosed previously, in U.S. 
Patent Application Serial No. 931,670 filed 7 August 
1978, which is incorporated by reference herein, for 
determining the paramagnetic additive content and 
the ferromagnetic impurity content of nuclear fuel 

110 rods. Similar apparatus can be employed in the 
practice ofthe method of this invention to provide 
the desired magnetic signature signals due to the 
randomly distributed tramp ferromagnetic particles 
in nuclearfuel elements or bundles of fuel elements. 

115 Shown in Figure 1 is apparatus for providing the 
magnetic signature of a body or container 10 of 
nuclear fuel. The container 10 may be a single fuel 
element formed of a sealed cladding tube of non-
magnetic material containing the nuclearfuel mate-

120 rial. Orthe container 10 may be a bundle of fuel 
elements held in spaced array by suitable tie or end 
plates and intermediate spacers. (Ordinarily the 
spacers are formed of nonmagnetic material, 
however, if any components thereof, such as 

125 springs, are formed of magnetic material, such 
components will cause susceptibility change signals 
which simply become a part of the fuel bundle 
signature.) 

To scan the container 10 to provide its magnetic 
130 signature signal, the container 10 is moved through 
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a sensing coil 16 positioned in the opening or bore 
12 of an annular magnet 14 which produces a 
constant or direct current magneticfield. The con-
tainer 10 can be driven and guided through the 

5 sensing coil 16 by any suitable devices such as 
wheels or rollers 13, one or more of which are driven 
by a motor 15. 

As the container 10 moves therethrough, the coil 
16 produces a voltage V which is proportional to the 

10 product ofthe change in susceptibility dX times N 
(the number of turns of coil 16) times H (the field 
strength ofthe magnet 14 in the region of coil 16). 
The voltage developed by sensing coil 16 is applied 
over a lead 18 to an amplifier 20 and thence to a 

15 well-known indicating and recording device such as 
a strip or chart recorder 21 to thus record the 
waveform ofthe voltage with respect to time of 
movement ofthe container 10 through the sensing 
coil 16 as a signature ofthe material in the container. 

20 A representative waveform 17 as the magnetic 
signature of a single fuel element is illustrated in 
Figure 2. 

The signal from amplifier 20 also (or alternatively) 
may be applied through an analogue-to-digital con-

25 verter 22 to a suitable digital signal storage device 23 
(for example, a magnetictape storage device). In 
addition to the signature signal, ordinarily it will be 
desirable to enter therewith in the recorder 21 and 
storage device 23 an identification signal ID corres-

30 ponding to a serial number or other unique identifi-
cation symbol of the container 10. 

Also, it may be desirable to index the signature 
waveform 17 with respect to one or more points 
along the length ofthe container 10. For this purpose 

35 one or more container position sensors 24 may be 
positioned along the path ofthe container, the 
sensor 24 being ofthe well-known photo-electric or 
other suitable type. 

As an alternative, or in addition to the sensing coil 
40 16, a split sensing coil 16' maybe provided and 

positioned such that the longitudinal axis of its 
winding is transverse to the longitudinal axis ofthe 
container 10. The sensing coil 16rthus provides an 
alternative or additional susceptibility change signa-

45 ture signal which is applied to an amplifier 20' and 
thence to the chart recorder 21 and analogue-to-
digital converter 22. 

It is contemplated that the first scan of the 
container 10, to provide its initial or first signature, 

50 will be made at the fuel manufacturing factory. It is 
further contemplated that similar signature produc-
ing apparatus will be provided at the nuclear reactor 
plants and at fuel storage and reprocessing facilities 
by which the container 10 will be scanned at 

55 appropriate subsequent times such as upon receipt 
at the reactor site, upon removal from the reactor 
core and upon receipt at storage or reprocessing 
facilities. The subsequent signatures thus obtained 
then will be compared to the initial signature to 

60 reveal any alteration or tampering with the material 
in the container 10. 

Signature waveforms produced by strip or chart 
recorder 21 can be compared visually. Signature 
waveforms stored in digital form in storage device 

65 23 can be converted to suitable visual form for 

comparison (as by digital-to-analogue conversion 
and recording on a strip chart). 

Alternatively the signature waveforms stored in 
storage device 23 can be compared automatically by 

70 the provision of a comparison-correlation device 26. 
The two waveform signals to be compared are called 
from storage in storage device 23 and simultaneous-
ly applied to the comparison-correlation device 26. 
Deviation of one signal from the other may be 

75 registered by a deviation indicator 27. 
The prolonged exposure ofthe fuel material in 

container 10 to the high temperature and high 
radiation of a nuclear reactor core may cause a t 
decrease in the magnetic susceptibility of the tramp 

80 ferromagnetic particles in the fuel material. There-
fore, when the container 10 is scanned after being * 
removed from the reactor core, the amplitudes ofthe 
susceptibility change signal caused by the ferro-
magnetic particles may be lower, thereby giving a 

85 signature waveform of lower amplitude peaks, 
However, if there has been ho alteration or tamper-
ing with the fuel material, the general shape ofthe 
signature waveform (the relative amplitudes, shapes 
and positions ofthe peaks and valleys ofthe signal) 

90 will not have changed. Thus the comparison-
correlation device 26 should be ofthe type which 
compares the shapes and positions ofthe wave-
forms and not their amplitudes. A suitable device for 
use as such a comparison-correlation device 26 is a 

95 suitably programmed Digital Equipment Corp. PDF 
11-34 computer. 

For high sensitivity the sensing coil 16 of the 
scanning apparatus of Figure 1 should comprise a 
large number of turns (e.g. 1000) consistent with 

100 available space and minimization of resistance ofthe 
winding. 

The magnet 14 may be an ordinary electromagnet 
or a permanent magnet which can provide field 
strengths up to about 10 KOe. For higher field 

105 strengths a superconductive solenoid or electro-
magnetic can be used. A superconductive magnet 
14' is illustrated in Figure 3. Such magnets have 
been described, for example, by V. L. Newhouse in 
"Applied Superconductivity", John Wiley & Sons, 

110 Inc., New York, 1964. Typically the superconducting 
magnet 14' comprises a coil 28 formed of a super-
conductive material such as niobium-titanium con-4 

nected as a persistent current loop and maintained 
at a superconductive temperature by liquid helium 

115 contained in a compartmented, vacuum insulated 
container or Dewar 29 cooled by a refrigeration unit 
31. Such superconductive magnetics are available, 
for example,from Intermagnetics General Corpora-
tion, Guilderland, New York. 

120 If the fuel material in container 10 contains a 

strongly paramagnetic additive such as gadolinium, 
a burnable neutron absorber or poison, it may be 
desirableto separate the contribution ofthe additive 
to the susceptibility change signals from that ofthe 

125 ferromagnetic material as the container is scanned. 
As discussed in the aforementioned copending U.S. 
Patent Application Serial No. 931,670 (7 August 
1968), such burnable absorber is usually distributed 
in varying amounts from zone to zone along the 

130 length ofthe container. Its magnetic response can be 
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used as additional information with regard to identi-
fication if desired. 

Apparatus for scanning a fuel material container 
10' containing a paramagnetic additive to provide a 

5 signature waveform due to ferromagnetic particles 
therein is illustrated in Figure 4. 

In this embodiment a pair of magnets 32 and 33 
are arranged in spaced relation with their bores 34 
and 36 in axial alignment. The magnets 32 and 33 

10 may be of the type described above as shown in 
Figure 1 or 3 but with different field strengths. 

Positioned within the bores of magnets 32 and 33 
v are respective sensing coils 37 and 38 which may be 

similar to the coil 16 of Figure 1. A container 10' to be 
15 scanned (containing nuclear fuel, a paramagnetic 

. additive and ferromagnetic particles) is moved at a 
constant velocity through the sensing coils 37 and 38 
whereby changes in susceptibility of the material 
produce respective output signals VT and V2 on 

20 respective leads 41 and 42. 
The signal Vi on lead 41 is applied to a delay 43. 

The delay 43 delays the signal Vi from coil 37 so that 
it appears at the output of the delay coincident in 
time with the signal V2 from the same increment of 

25 container 10'. The delay 43 is preferably adjustable 
so that its delay time can be correlated with the 
velocity of the container 10' through the sensing 
coils 37 and 38. (A suitable such delay is available, 
for example, from Reticon Corporation, Sunnyvale, 

30 California as shown in their brochure No. 57324.) 
The delayed signal V1f at the output of delay 43, is 

applied through a gain-controlled amplifier 44 to one 
input of a differential amplifier 46 while the signal V2 

is applied through a gain-controlled amplifier 47 to 
35 the other input of differential amplifier 46. 

The gain-controlled amplifiers modify the levels of 
the signals V-, and V2 in accordance with predeter-
mined constants K3 and K4 of the system whereby 
(as more fully described hereinafter), the contribu-

40 tion of the paramagnetic additive to the signal is 
subtracted so that the difference signal I at the 
output of differential amplifier 46 is proportional to 
the ferromagnetic content of the fuel material. 

The strengths of-both magnets 32 and 33 should 
45 be high to maximize sensitivity. On the other hand, 

their strengths are desirably significantly different to 
" provide a practical level of the difference signal I. A 

ratio of strengths of about two is found practical. For 
example, the magnet 32 may have a field strength of 

50 about 60 KOe and the magnet 33 a field strength of 
about 30 KOe. 

The difference signal I, which is directly propor-
tional to ferromagnetic material content is related to 
the constants K3 and K4 and voltage V1 and V2 as 

55 follows: 

(1) I = K3V, - K4V2 

K3 and K4 are constants of the system which, 
60 suitably determined, result in elimination of the 

contribution to the signal I of the paramagnetic 
additive. 

For a given system and sytem operating condi-
tions, K3 and K4 most readily are determined empir-

65 ically, for example, in the following manner: At least 

two test containers 10' are needed, each of which 
contains an accurately known change in the ferro-
magnetic content along its length. (Or a single 
element could be used having known ferromagnetic 

70 content change at two suitably separated locations 
along its length.) For accuracy of determination of K3 

and K4 the ferromagnetic content changes in the two 
test segments should be significantly different. 

The first test container is passed through the coils 
75 37 and 38, at the predetermined container velocity of 

the system, and a first set of voltages V-i and V2, on 
leads 41 and 42, resulting from the change in 
ferromagnetic content in the container is measured. 
The second test container is then passed through the 

80 coils 37 and 38 and a second set of the resulting 
voltages V, and V2 is similarly measured. These two 
sets of numerical values for the signals V, and V2 

and the corresponding known numerical vaues of 
the known ferromagnetic content are inserted in the 

85 relationship (1) above. This provides two equations 
from which numerical values for K3 and K4 can be 
determined. The gain-controlled amplifiers 44 and 
47 then can be adjusted to represent the numerical 
values of K3 and K4. Accuracy in the determination of 

90 K3 and ICtcan be improved by using additional test 
containers of known ferromagnetic content change. 

The ferromagnetic content signal I may be applied 
to recorder 21 and/or storage device 23 for display 
and recording of the container signature waveform 

95 for subsequent use as discussed hereinbefore in 
connection with the arrangement of Figure 1. 

As in the embodiment of Figure 1, alternative or 
addition sensing coils 37' and 38', positioned with 
their longitudinal axes transverse to the longitudinal 

100 axis of the container 10', may be provided in the 
embodiment of Figure 4. Signal from the sensing 
coil 37' is applied through a delay 43' and a gain 
controlled amplifier 44'to differential amplifier 46'. 
The signal V2from sensing coil 38' is similarly 

105 applied to differential amplifier 46' through a gain 
controlled amplifier 47'. The outputsignal from 
differential amplifier 46' is applied to the analogue-
to-digital.converter 22 and chart recorder 21 to 
record the signature waveform produced from the 

110 sensing coils 37' and 38'. The constants K3 and K£ 
can be determined in the manner described hereinb-
efore with respect to the constants K3 and K4. 

CLAIMS: 
115 1. A method for surveillance of nuclear fuel 

material in an elongated fuel material containing 
container, wherein said fuel material includes distri-
buted ferromagnetic particles, comprising the steps 
of: 

120 (1) providing apparatus for scanning said contain-
er to produce susceptibility change signals indicative 
of changes in magnetic susceptibility of said mate-
rial along the length of said container due to said 
ferromagnetic particles; 

125 (2) performing a first scan along the length of said 
container at a given time in its life to produce a first 
susceptibility change signal as a first signature of 
said fuel material containing container; 

(3) recording said first signature; 
130 (4) performing a second scan along the length of 
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said container at a subsequent time in its life to 
produce a second susceptibility change signal as a 
second signature of said fuel material containing 
container; and 

5 (5) comparing said second signature to said first 
signature whereby similarity of the signatures indi-
cates absence of tampering. 

2. A method for surveillance of nuclear fuel 
material in an elongated fuel material container, 

10 wherein said fuel material includes distributed ferro-
magnetic particles and a paramagnetic additive 
varying in amount along the length ofthe container, 
comprising the steps of: 

(1) providing apparatus for scanning said contain-
15 erto produce susceptibility change signals indicative 

of changes in magnetic susceptibility of said mate-
rial along the length of said container and including 
means for subtracting the contribution of said 
paramagnetic additive to said susceptibility change 

20 signals; 
(2) performing a first scan along the length of said 

container at a given time in its life to produce a first 
susceptibility change signal dueto said ferromagne-
tic particles as a first signature of said fuel material 

25 containing container; 
(3) recording said first signature; 
(4) performing a second scan along the length of 

said container at a subsequent time in its life to 
produce a second susceptibility change signal due to 

30 the ferromagnetic particles in the fuel material 
therein as a second signature of said fuel material 
containing container; and 

(5) comparing said second signature to said first 
signature whereby similarity ofthe signatures indi-

35 cates absence of tampering. 
3. A method for surveillance of nuclearfuel 

material in an elongated non-magnetic fuel material 
containing container, wherein said fuel material 
includes distributed ferromagnetic particles, com-

40 prising the steps of: 
(1) establishing a direct current magneticfield 

having a strength of at least 1000 Gauss; 
(2) disposing inductive means in said magnetic 

field for producing.signals indicative of changes in 
45 direct current susceptibility of material moved adja-

cent thereto; 
(3) performing a scan along the length of said 

container at a given time in its life by moving said 
container adjacent said inductive means at a given 

50 velocity whereby said inductive means produces a 
signal varying in amplitude with time in accordance 
with the distribution of said ferromagnetic particles 
in said fuel material; 

(4) recording said signal as a first signature of said 
55 fuel material containing container; 

(5) providing a second signature of said fuel 
material containing container at a subsequenttime 
in its life by repetition of steps (1) - (3); and 

(6) comparing said second signature to said first 
60 signature whereby similarity ofthe signatures is 

indicative ofthe absence of tampering with said fuel 
material. 

4. The method of claims 1-3 wherein said fuel 
material containing container is a fuel bundle or a 

65 fuel element. 

5. The method of claims 3 or 4 wherein said 
inductive means comprises a sensing coil and said 
container is moved through said sensing coil. 

6. The method of claim 5 wherein the signal 
70 produced by said sensing coil is amplified and 

recorded with respect to time of movement of said 
container through said coil. 

7. The method of claims 3-6 wherein said 
magneticfield has a strength in the range of 1000 to 

75 100,000 Gauss. 
8. The method of claim 7 wherein said magnetic 

field is established by a superconductive magnet. 
9. The method ofclaims3-8 wherein said veloc- e 

ity is from about 1 to about 100 feet per minute. 
80 10. The method of claims 3-9 wherein said fuel 

material is selected from oxides of uranium, pluto- , 
nium, thorium or mixtures thereof. 

11. A method for surveillance of nuclearfuel 
material in an elongated, non-magnetic fuel material 

85 containing container, wherein said fuel material 
includes distributed ferromagnetic particles and a 
paramagnetic additive varying in amount along the 
length of the container, comprising the steps of; 

(1) establishing first and second direct current 
90 magnetic fields of different field strengths greater 

than about 1000 Gauss; 
(2) disposing in each magneticfield respective first 

and second inductive meansfor producing signals 
indicative of changes in susceptibility of material 

95 moved adjacent thereto; 
(3) performing a scan along the length of said 

container at a given time in its life by moving said 
container adjacent said first and second inductive 
means in sequence whereby each of said inductive 

100 means produces a signal varying in amplitude with 
time in accordance with changes in magnetic sus-
ceptibility of said material; 

(4) processing the signals from said first and 
second inductive means to subtract the contribution 

105 of said paramagnetic additive to said signals and to 
provide a resulting signal varying in amplitude with 
time in accordance with the distribution of said 
ferromagnetic particles in said material as a first 
signature of said fuel material containing container;5 

110 (5) recording said first signature of said fuel 
material containing container; 

(6) providing a second signature of said fuel 11 

material containing container at a subsequent time 
in its life by repeating steps (1) - (4); and 

115 (7) comparing said second signature to said first 
sig natu re whereby si mi larity of the sig natu res is 
indicative ofthe absence of tampering with said fuel 
material. 

12. The method of claim 11 wherein said fuel 
120 material containing container is a fuel bundle. 

13. The method of claims 11 or 12 wherein said 
processing includes adjusting the magnitude ofthe 
signals from said first and second inductive means 
in accordance with respective constants K3 and K4 

125 and determining the sum ofthe magnitudes ofthe 
adjusted first and second signals from the same 
successive incremental portions of said container to 
provide said resulting signal. 

14. The method of claim 13wherein K3and K4 
130 are constants of the scanning system determined by 
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scanning at least two containers containing material 
having known different ferrogmagnetic content. 

15. A method for surveillance of a paramagnetic 
material in an elongated material containing contain-

5 er wherein said material includes ferromagnetic 
particles distributed therein, comprising the steps 
of: 

(1) providing apparatus for scanning said contain-
erto produce susceptibility change signals indicative 

10 of changes in magnetic susceptibility of said mate-
rial along the length of said container due to the 
distribution of said ferromagnetic particles; 

(2) performing a first scan along the length of said 
container at a given time in its life to produce a first 

15 susceptibility change signal as a signature of said 
- fuel material containing container; 

(3) recording said first signature; and 
(4) performing at least one subsequent scan along 

the length of said container at subsequent times in 
20 its life to produce susceptibility change signals as 

subsequent signatures of said fuel material contain-
ing container whereby significant differences in a 
subsequent signature from said first signature are 
indicative of tampering with said material. 

25 16. A method for surveillance of a body of 
non-ferromagnetic material which includes ferro-
magnetic particles distributed therein, comprising 
the steps of: 

(1) providing apparatus for scanning said body to 
30 produce susceptibility change signals indicative of 

changes in magnetic susceptibility of said material 
along the length of said body due to the distribution 
of said ferromagnetic particles; 

(2) performing a first scan along the length of said 
35 body at a given time in its life to produce a first 

susceptibility change signal as a signature of said 
body; 

(3) recording said first signature; 
(4) performing at least one subsequent scan along 

40 the length of said body at subsequent times in its life 
to produce susceptibility change signal as subse-
quent signatures of said body whereby significant 
differences in a subsequent signature from said first 
signature are indicative of tampering with said 

45 material. 
17. A method for surveillance of material as 

claimed in any one of claims 1 to 3,11,15 or 16, 
substantially as hereinbefore described, with refer-
ence to and as illustrated in the accompanying 

50 drawings. 
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