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TITLE 

A. SELF-POWERED NEUTRON AND "Y-RAY FLUX DETECTOR 

INVENTOR 

Colin J. Allan 

ABSTRACT OF THE DISCLOSURE 

A self-powered neutron and 'Y-ray flux detector is provided 

having an emitter core wire and at least one band around the emitter 

core wire forming an emitter outer layer. The overall diameter of the 

emitter core wire and the band or bands is at least of the order of 

0.4 mm in diameter and the surface area of the emitter core wire 

covered by the band or bands is at least of the order of 10 to 90%. 

The band or bands are each at least of the order of 0.02 mm in thick-

ness and may be shaped substantially as a right circular cylinder or 

an open helix. If more than one is used they may be of different 

metals. 
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This invention relates to a self-powered neutron and Y-ray 

flux detector. 

Self-powered neutron and Y-ray flux detectors are used 

extensively in nuclear power reactors. In some applications, they are 

used as the primary detector in the reactor safety system, while in 

other applications, they are used as the primary detector in the reac-

tor control system. In such applications, it is highly desirable that 

the dynamic response of the detector match the dynamic behaviour of 

the nuclear fuel power. Although most of the thermal power in a 

10 nuclear fission reactor is due to the direct fission of the nuclear 

fuel, the so-called nuclear fission power, a significant fraction of 

the power is due to the B-ray and Y-ray energy released by radioactive 

fission fragments, the so-called delayed power. In natural uranium, 

heavy water reactors, of the CANDU type, for example, about 93% of the 

equilibrium thermal power generated in the nuclear fuel is due to 

direct fission of the fuel while about 7% is due to the decay of the 

fission fragments. The former component follows changes in neutron 

flux promptly while the latter component does not since the fission 

fragments decay with a wide range of time constants that vary from 

20 seconds to days. 

For use in nuclear reactor control-, and safety-systems, the 

ideal neutron and Y-ray flux detector would respond to changes in 

neutron flux in exactly the same manner that the nuclear fuel does. 

A self-powered neutron and Y-ray flux detector usually con-

sists of a co-axial mineral-insulated cable. The central electrode is 

called the emitter while the outer electrode is called the collector. 

The two electrodes are electrically insulated from one another by a 

mineral oxide insulation, usually MgO or AI2O3, although other 

oxides could be used. In many applications, the self-powered detector 

30 is used to measure the power, or flux, over a limited region of the 
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reactor core. In these applications, the detector is connected to a 

lead cable which may also be a co-axial mineral insulated cable. 

However, by an appropriate choice of geometry and materials, arid 

sometimes also by using lead cable compensation techniques, the 

self-powered signal generated in the lead cable can be made to be a 

small fraction of that generated in the detector. 

In a power reactor, the current generated in a self-powered 

detector can be attributed to three separate interactions, namely: 

- (n,3) interactions in which a p-active daughter nuclide is created 

10 by neutron capture In the detector, normally the emitter electrode; 

- (n, y , e) interactions in which the Y-rays produced by neutron cap-

ture in the detector liberate free electrons by Compton and photo-

electric processes and, hence, cause a net flow of current between the 

two electrodes; and 

- ( Y> e) interactions in which reactor Y~rays produced in the fuel 

and reactor hardware interact in the detector and produce a net flow 

of current between the two electrodes. 

Because the (n, g ) interaction is delayed, detectors in which such 

interactions are the dominant electrical current producing mechanism, 

20 such as detectors having emitters of vanadium or rhodium, are not 

suitable for use as the primary detector in. reactor control-, and 

safety-systems. Therefore, detectors in which the current is essen-

tially due only to (n, Y » e) and (Y, e) interactions are used in these 

applications. It should be noted that it is all but impossible to 

build a detector in which there are absolutely no (n,3 ) interactions 

but that by a careful choice of material it is possible to reduce the 

current fraction produced by such interactions to less than a few 

percent of the total signal. 

An Idealized detector, in which 100% of the signal is due to 

30 (n, Y> e) interactions, would respond effectively instantaneously to 
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changes in neutron flux, i.e. such a detector would be 100% prompt. 

Thus, its response would be too fast for an ideal detector since, as 

discussed above, the power in the fuel is only about 93% prompt. On 

the other hand, an idealized detector in which 100% of the signal is 

due to (Y, e) interactions would respond too slowly since about 1/3 of 

reactor Y~rays are delayed, so that only about 67% of the signal 

component in such a detector would be prompt. 

However, a detector in which 21% of the signal was due to 

(Y> e) interactions and 79% of the signal was due to (n, Y> e) 

10 interactions, would have a prompt fraction of 93%, i.e. it would have 

the same prompt fraction as the nuclear fuel power. Further, since 

the delayed detector response is due to delayed reactor Y~fays, it 

would match, to a good approximation, the delayed nuclear fuel power, 

since the delayed Y -rays arise from the decay of the fuel fission 

products which are also the source of the delayed thermal power in the 

nuclear fuel. 

Attempts have been made to control the dynamic response of a 

self-powered neutron and Y~ray flux detector, in a nuclear reactor, by 

controlling the relative response of the detector to the nuclear reac-

20 tor Y-rays and to the nuclear reactor neutron flux so as, for example, 

to closely match the dynamic response of the detector signal to the 

dynamic response of the total nuclear reactor fuel power. 

One method of controlling the relative response of the 

detector to the nuclear reactor Y~rays and to the nuclear reactor neu-

tron flux, as disclosed in Canadian Patent 1,085,066 dated 2 September 

1980, "Self-Powered Neutron and Gamma-Ray Flux Detector", C.J. Allan 

et al, is to use a relatively thick emitter cladding layer, say of the 

order of 0.05 mm in thickness, of say platinum, as a complete covering 

on an emitter core of, say, Inconel [trademark]. The relative 
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response of this type of detector is dependent upon the diameter of 

the emitter as well as on the choice of metals for the emitter. Thus 

a specific response dictates a particular geometry and this may intro-

duce a problem in that the geometry may not be compatible with one or 

more constraints on the size of the detector such as, for example, as 

may be imposed by the manufacturing procedure or by space limitations 

in the assembly used to contain the detectors. If, for example, a 

detector having an emitter comprising an Inconel core clad with plati-

num is required to have a dynamic response which matches the dynamic 

10 response of the fuel power in a heavy-water-moderated, natural-uranium 

reactor, then the detector emitter must have an overall diameter of 

about 2.9 ram. Such a detector will have an outside diameter of about 

5.0 mm and the. accommodation of such a large detector in existing 

heavy-water-moderated, natural-uranium reactors would introduce 

problems. 

Another method of controlling the relative response of the 

detector to the nuclear reactor Y-rays and to the nuclear reactor neu-

tron flux, as disclosed in United States Patent A,123,658, dated Octo-

ber 31, 1978, "Self-powered Neutron Detector", L.O. Johansson, is to 

20 use a very thin (less than 5 microns) cladding of, for example, plati-

num on a cobalt core. By controlling the thickness of the cladding 

layer the response to reactor Y-rays and hence, the dynamic response 

can be controlled. While the detectors proposed by Johansson are use-

ful, there is a manufacturing problem with them in that it is very 

difficult to control the thickness of the very thin cladding layers 

required. Hence, it is difficult to achieve adequate control of the 

dynamic response of the detector. 

Thus, there is a need for a self-powered neutron and Y-ray 

flux detector which has a dynamic response which closely matches the 

30 dynamic response of the fuel power which can readily be accommodated 

in, for example, existing heavy-water—moderated, natural-uraniunr-

reactor detector assemblies, and which presents no particular 
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manufacturing problems. 

According to the present invention there Is provided a self-

powered neutron and y-ray flux detector, comprising: 

a) an emitter core wire; 

b) an emitter outer layer around the emitter core wire and of differ-

ent metal thereto; 

c) a metal collector around the emitter core wire and the emitter 

outer layer; and 

d) dielectric insulation electrically insulating the emitter core 

10 wire and the emitter outer layer from the metal collector; 

and wherein the improvement comprises: 

e) the overall diameter of the emitter core wire and the emitter 

outer layer is at least of the order of 0.4 mm in diameter; 

f) the emitter outer layer covers only of the order of 10% to of the 

order of 90% of the emitter core wire surface area and comprises at 

least one band around the emitter core wire and is of a thickness in 

the range of the order 0.02 mm to of the order of 0.07 mm; and 

g) the metal of the emitter core wire, the metal of the emitter outer 

layer, the metal of the metal collector, the overall diameter of the 

20 emitter core wire and the emitter outer layer and the surface area of 

the emitter core wire that is covered by the emitter outer layer are 

selected so that the detector has a prompt fraction in the range of 

the order of 90% to of the order of 96% and has a dynamic response 

which substantially matches the dynamic response of the power in the 

fuel of the nuclear reactor in which the detector is to be used. 

In some embodiments of the present invention, 

a) the emitter core wire is of a material selected from the group 

consisting of nickel, iron, titanium, chromium, cobalt, and alloys 

based on at least one of these metals; and 

30 b) the emitter outer layer is of a material selected from the group 
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consisting of platinum, palladium, tantalum, osmium, molybdenum, 

cerium, tin, ruthenium, niobium, zirconium and alloys based on at 

least one of these metals. 

In other embodiments of the present invention the emitter 

outer layer comprises in the range of five to ten bands of equal width 

equally spaced longitudinally along the length of the emitter core 

wire. 

In other embodiments of the present invention, the emitter 

outer layer overlies of the order of 40 to 60% of the emitter core 

10 wire surface area. 

In other embodiments of the present invention, the emitter 

core wire is a nickel-base alloy nominally containing 76% nickel, 

15.8% chromium, and 7.20% iron, by weight, and the emitter outer layer 

is of platinum. 

In the embodiments of the present invention which are for 

use as a fuel power detector in a heavy-water-moderated, natural-

uranium reactor, the emitter core material is preferably of a nickel-

base alloy nominally containing 76% nickel, 15.8% chromium, and 7.20% 

iron, by weight, or of high purity iron, or of high purity nickel; the 

20 emitter outer layer is preferably of platinum, or of tin, or of molyb-

denum; and the overall diameter of the emitter core wire and the outer 

layer is preferably less than or of the order of 2 mm. 

In other embodiments of the present invention, the emitter 

core wire is of substantially pure nickel and the emitter outer layer 

is platinum. 

In some embodiments of the present invention, 

a) the emitter core wire is of a material selected from the group 

consisting of nickel, iron, titanium, chromium, cobalt, and alloys 

based on at least one of these metals; and 

30 b) the emitter outer layer comprises at least two bands of different 
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materials selected from the group consisting of platinum, palladium, 

tantalum, osmium, molybdenum, cerium, tin, ruthenium, niobium, zircon-

ium, and alloys based on at least one of these metals. 

Figure 1 is a broken, sectional side view of a self-powered 

neutron and y-ray flux detector, and 

Figure 2 is a broken, sectional side view of a different 

self-powered neutron and y-ray flux detector to that shown in figure 

1. 
In figure 1 there is shown a self-powered neutron and Y-ray 

10 flux detector comprising: 

a) an emitter core wire 1; 

b) an emitter outer layer, generally designated 2, around the emit-

ter core wire 1 and of different metal thereto; 

c) a metal collector 4 around the emitter core wire 1 and the emit-

ter outer layer 2; and 

d) dielectric insulation 6 electrically insulating the emitter core 

wire 1 and the emitter outer layer 2 from the metal collector 4; and 

wherein the improvement comprises: 

e) the overall diameter of the emitter core wire 1 and the emitter 

20 outer layer 2 is at least of the order of 0.4 mm in diameter, 

f) the emitter outer layer 2 covers only of the order of 10% to of 

the order of 90% of the emitter core wire surface area and comprises 

at least one band, in this embodiment typically five to ten, four of 

which are shown and designated 12 to 15, around the emitter core wire 

1 and are of a thickness in the range of the order of 0.02 mm to of 

the order of 0.07 mm; and 

g) the metal of the emitter core wire 1, the metal of the emitter 

outer layer 2, the metal of the metal collector 4, the overall 
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diameter of the emitter core wire I and the emitter outer layer 2 and 

the surface area of the emitter core wire 1 that is covered by the 

emitter outer layer 2 are selected so that the detector has a prompt 

fraction in the range of the order of 90% to of the order of 96% and a 

dynamic response which substantially matches the dynamic response of 

the power in the fuel of the nuclear reactor in which the detector is 

to be used. 

In one embodiment, the emitter core wire 1 is of Inconel and 

has platinum tube lengths forming the emitter bands, such as 12 to 15, 

drawn thereon from oversize tube lengths so that the emitter core wire 

1 and the emitter bands, such as 12 to 15, are In electrically conduc-

tive contact along their lengths. A means 8 for measuring the magni-

tude of an electrical current between the emitter core wire 1 and the 

collector 4 is connected to these electrodes by a coaxial extension 

cable 10. The dielectric insulation 6, in this embodiment, is a com-

pressed metal oxide powder, for example, magnesium oxide powder. The 

dielectric insulation is sealed by a closed end 20 of the collector 

electrode 4 and an electrically-insulating, epoxy-resln seal 22 at the 

end of the cable 10. 

The dynamic response of such a.detector depends on: 

(i) the fraction of the emitter core wire 1 that is covered, the 

higher the fraction the slower the response; 

(ii) the diameter of the emitter, in that the smaller the diameter of 

the emitter, the slower the response; 

(ill) and the atomic number of the metal of the bands, such as 12 to 

15, the lower the atomic number the faster the response. 

For a given emitter diameter, a given core wire 1 material, and a 

given material for the bands, such as 12 to 15, there will, in gener-

al, be an optimum value for the fraction of the surface area of the 

emitter core wire 1 to ba covered such that the dynamic response of 

the detector best matches the delayed power in the nuclear fuel. This 

fraction can be readily determined by experimentally measuring the 
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dynamic response of a detector, having a core wire 1 with no emitter 

outer layer 2 and by measuring the dynamic response of a detector 

having an emitter core wire 1 which is completely covered by an 

emitter outer layer 2. Thus, for example, if F^ is the prompt 

fraction of the detector having the first type of emitter, i.e. one 

with no emitter outer layer 2, and F 2 is the prompt fraction of the 

detector having the second type of emitter, i.e. one for which the 

emitter outer layer completely covers the emitter core wire 1, and if 

Ffuel i s t h e ^ r a c t i ° n tlie power that is prompt then a detector 

in which the emitter outer layer 2 covers a fraction X of the emitter 

core wire 1 would have a prompt fraction equal to the prompt fraction 

of the fuel power if 

F - F ^ I fuel 
F - F 1 1 2 

Experiments have shown that for a detector which is 3.0 mm in diame-

ter, having an emitter overall diameter, about 1.5 mm in diameter, 

with a collector 4 of nickel, an emitter core wire 1 of nickel, and an 

emitter outer layer 2 of platinum, F^ is about 1.02; and is about 

0.90. Thus to obtain a prompt fraction of 0.93, which is the fraction 

of the power in the fuel that is prompt in a natural-uranium, deute-

rium-moderated nuclear reactor of the CANDU type, a detector having a 

wire core 1 of nickel, of which approximately 75% is covered with an 

emitter outer layer 2 of platinum, is used. For use in a reactor 

safety system, it would be desirable if the detector response were 

slightly faster than the power in the fuel so that a somewhat smaller 

fraction of the emitter core wire 1 would preferably be covered. 

The dynamic response of a detector having a given type of 

emitter also depends on the material used for the collector 4. Thus, 

for example, it has been found that if the nickel collector 4 of the 

above detector is replaced by a collector 4 of Zircaloy, then Fj is 
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about 1.04; and F 2 is about 0.80, so that to achieve a prompt frac-

tion of about 0.93 with a Zlrcaloy-sheathed detector, preferably a 

detector in which only about 46% of the nickel emitter core wire 1 is 

covered with the platinum emitter outer layer 2 is used, assuming an 

overall emitter diameter of 1.5 mm. 

In practice, matching the prompt fraction of the detector to 

the prompt power in the fuel, using a single material for the emitter 

outer layer 2, will not necessarily result in a perfect match of all 

the delayed components, since it is not in general possible to fabri-

10 cate a detecting having a zero contribution from (n, 3) Interactions. 

For example, using the above emitter materials, namely nickel and 

platinum, small delayed currents will be attributable to the P-decay 

of 1 9 9 P t which has a half-life of 30.8 minutes and to the &-decay of 

6 5 N i which has a half-life of 2.57 hours. Nonetheless, a close over-

all match of the dynamic response of the detector to that of the fuel 

power will be possible. 

It is known from the previously mentioned Canadian Patent 

No. 1,085,066, that the y-vay sensitivity of an emitter comprising a 

core and a cladding, is saturated at a cladding thickness of about 

20 0.02 mm. By using one or more bands, such as 12 to 15, the band or 

bands can be made at least of the order of 0.02 mm In thickness so 

that the detector sensitivity is not subject to variations introduced 

during manufacture by variations in the thickne ss of the bands, such 

as 12 to 15. Furthermore, by varying the total percentage of the sur-

face area of the emitter core wire 1 that is covered by the bands, 

such as 12 to 15, a particular dynamic response can be achieved for a 

detector having a particular overall diameter and an emitter core wire 

1 and bands, such as 12 to 15, of particular metals. Thus, for a 

detector having a particular overall diameter and particular metals 

30 for the emitter core wire 1 and bands such as 12 to 15, the total 

percentage of the surface area of the emitter core wire 1 that is 
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covered can be selected for a practical overall diameter for the emit-

ter and for a desired dynamic response. Since the overall sensitivity 

of the detector decreases with smaller and smaller overall emitter 

diameters there is a practical lower limit to the overall emitter 

diameter that can be used, and this is of the order of 0.4 mm. 

As stated above, the percentage of the surface area of the 

emitter core wire 1 that is covered by the bands, such as 12 to 15, is 

the most Important factor affecting the dynamic response for given 

metals for the emitter core wire 1 and bands such as 12 to 15. How-

10 ever, the location of the band or bands, if only one or two bands 

cover the emitter core wire, will cause a second order effect to be 

introduced. Hence, to minimize the second order effect, it is prefer-

able to cover the emitter core wire 1 with a relatively large number 

of bands, preferably five to ten bands, of equal width and equally 

spaced along the length of the emitter core wire 1, in order to obtain 

the desired coverage. 

In figure 2, similar parts to those shown in figure 1 are 

designated by the same reference numerals and the previous description 

is relied upon to describe them. 

20 Referring to figure 2, it is possible to improve the match 

by using a first set of bands, such as 16 and 17, of a different 

material to that of a second set of bands, such as 18 and 19, for a 

given material for the emitter core wire 1. Thus for example, one 

could use a combination of Pt, for the first set of bands (16 and 17), 

and Mo, for the second set of bands (18 and 19), on an emitter core 

wire 1 of nickel. The prompt fraction would then be given by: 

FCom. " V 1 " XPt " XMo> + V n Ï + W m 

30 - 1 1 -
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where F„ is the prompt fraction of the compound detector; Com 
F is the prompt fraction obtained with a detector having a 

bare nickel emitter core wire 1, i.e. one with no bands 16 

to 19; 

Pt 

F ^ is the prompt fraction of a detector having a nickel emitter 

core wire 1 completely covered with a layer of Pt; 

is the prompt fraction of a detector having a nickel emitter 

core wire 1 completely covered with a layer of Mo; Xp t is the fraction of the nickel emitter core wire 1 that is 

covered with bands, such as 16 and 17, of Pt; and 

is the fraction of the nickel emitter core wire 1 that is 

covered with bands, such as 18 and 19, of Mo. 

Similarly, the delayed components will be a linear combination of the 

delayed responses obtained with the three arch-typical emitters. The 

optimum response would normally be determined by a trial and error 

calculation process by comparing the dynamic response obtained for a 

given set of values for Xpt and X^ with the dynamic behaviour of the 

fuel power. 

It should be noted that the bands 16 and 17 need not be of 

the same thickness as the bands 18 and 19. Similarly, the bands 16 

and 17 need not be of the same width as bands 18 and 19. 

There are a number of methods of manufacturing the emitter 

core wire with the band or bands according to the present invention, 

and this will largely be dictated by the metals used for the emitter 

core wire and the band or bands. 

If the emitter core wire is of a metal which is highly duc-

tile, such as substantially pure nickel, and the band or bands metal 
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is relatively hard compared to that of the emitter core wire, then one 

or more tubular lengths for the band material or materials, can be 

placed over an oversized emitter core wire and the assembly passed 

through a swaging die to press the band or bands into the surface of 

the emitter core wire while the latter is being reduced to the desired 

diameter. 

If, however, the emitter core wire is of a relatively hard 

metal compared to that of the band or bands, then, the band or bands, 

can be formed by first wrapping, for each band, a layer of the metal 

10 in the form of a wire, strip, or sheet along a lengthwise extending 

portion of the emitter core wire and then flattening each metal band 

onto the surface of the emitter core wire. In this instance, the band 

or bands may be at least partially proud of the emitter core wire 

surface. 

A third method of manufacturing the emitter core wire with 

the band or bands is, for each band, to wrap a closed or open helix of 

thin metal foil or wire around the emitter core wire and to fasten the 

ends of the helix to the core wire by, for example, welding, peening, 

or crimping and then to rely upon the swaging of the collector and di-

20 electric insulation to press and hold the band or bands in position. 

In nuclear reactors the power in the nuclear fuel is gener-

ally 93% prompt and so the detector is preferably 93 to 95% prompt 

because it is desirable to use a detector that responds slightly 

faster than the nuclear fuel. 

It will be clear from the previous description of the pres-

ent Invention that the same general technique can be used to obtain 

other dynamic response characteristics of a self-powered neutron and 

y-ray detector to, for example, cancel the delayed response due to 

reactor y-rays and so match substantially the response of the neutron 

30 flux. 
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CLAIMS : 

1. A self-powered neutron and y~ray flux detector, comprising: 

a) an emitter core wire; 

b) an emitter outer layer around the emitter core wire and 

of different metal thereto; 

c) a metal collector around the emitter core wire and the 

emitter outer layer; and 

d) dielectric insulation electrically insulating the emitter 

core wire and the emitter outer layer from the metal collector; 

and wherein the improvement comprises: 

e) the overall diameter of the emitter core wire and the 

emitter outer layer is at least of the order of 0.4 mm in diameter; 

f) the emitter outer layer covers only of the order of 10% 

to of the order of 90% of the emitter core wire surface area and 

comprises at least one band around the emitter core wire and is of a 

thickness in the range of the order of 0.02 mm to of the order of 0.07 

mm; and 

g) metal for the emitter core wire, metal for the emitter 

outer layer, metal for the metal collector, the overall diameter of 

the emitter core metal wire and the emitter outer layer and the sur-

face area of the emitter core wire that is covered by the emitter 

outer layer are selected so that the detector has a prompt fraction in 

the range of the order of 90% to of the order of 96% and a dynamic 

response which substantially matches the dynamic response of the power 

in the nuclear fuel of the nuclear reactor in which the detector is to 

be used. 

2. A self-powered neutron and y-ray flux detector according to 

claim 1 wherein: 

a) the emitter core wire is of a material selected from the 

group consisting of nickel, iron, titanium, chromium, cobalt, and 

alloys based on at least one of these metals; and 
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CLAIMS (eont.) 

2.(cont.) 

b) the emitter outer .layer is of a material selected from 

the group consisting of platinum, palladium, tantalum, osmium, molyb-

denum, cerium, tin, ruthenium, niobium, zirconium, and alloys based on 

at least one of these metals. 

3. A detector according to claim 1 wherein the emitter outer 

layer comprises in the range of five to ten bands of equal width and 

equally spaced longitudinally along the length of the emitter core 

metal wire. 

A. A detector according to claim 1 wherein the emitter outer 

layer overlies of the order of 40 to 60% of the emitter core wire 

surface area. 

5. A self-powered detector according to claim 1 wherein the 

emitter core wire is a nickel-base alloy nominally containing 76% 

nickel, 15.8% chromium, and 7.20% iron, and the emitter outer layer is 

platinum. 

6. A detector according to claim 5 for use as a fuel power 

detector in a heavy-water-moderated, natural-uranium reactor, wherein 

the emitter core wire is a nickel-base alloy nominally containing 76% 

nickel, 15.8% chromium, 7.20% iron, by weight, the emitter outer layer 

is of platinum, and the overall diamter of the emitter core wire and 

the outer layer is less than of the order of 2 mm. 

7. A detector according to claim 1 wherein the emitter core 

wire is of substantially pure nickel and the emitter outer layer is 

platinum. 

I S 
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CLAIMS (cont.) 

8. A detector according to claim 1 wherein: 

a) the emitter core wire is of a material selected from the 

group consisting of nickel, iron, titanium, chromium, cobalt, and 

alloys based on at least one of these metals; and 

b) the emitter outer layer comprises at least two bands of 

different materials selected from the group consisting of platinum, 

palladium, tantalum, osmium, molybdenum, cerium, tin, ruthenium, 

niobium, zirconium, and alloys based on at least one of these metals. 
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