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1 General Information

1.1 Summary

This study of magnetism and magnetizers has the goal of understanding the best way to magnetize a rebar that is buried at some depth in the ground, in order to facilitate locating it.

A moderately high-energy capacitor pulse circuit is needed (tens to hundreds of joules) unless a huge amount of copper is used in the coil.  Direct use of a battery does not seem practical, but charging capacitors needs only moderate battery capacity.  

Note that a magnetizer differs in principle from high energy can and quarter crushers in that magnetization depends on the strength of the field whereas the crushers depend on the rate of change of the field to induce currents in the target object. The magnetizer will generally have many more turns of wire in a large coil diameter.

The design process typically assumes a desired field strength, coil diameter, and voltage.  These dictate the size of wire needed. Wire size and coil diameter set a minimum capacitor size for a damped pulse, but a freewheeling diode would allow use of an underdamped pulse.  Often a larger capacitor will be used.  Usually many turns will be used in the coil to reduce the peak current and extend the pulse length.  Although counterintuitive, if source resistance is negligible and the capacitor large, the peak field strength is independent of the number of turns.

Tests, with a 17-inch diameter coil and pulse circuit that is expected to generate several times the earth’s magnetic field at a depth of up to two feet, demonstrated a significant improvement in magnetization of irons.

1.2 References

A handy calculation for magnetic field of a coil provided some of the results: https://tiggerntatie.github.io/emagnet/offaxis/iloopcalculator.htm
The FEMM finite-element modeling program is easy to use, and provides some guidance.  It is limited to a choice of planar or “axisymmetric” configuration, so interesting setups like an off-center rebar cannot be simulated; an off-center bar becomes a large-diameter pipe.

https://www.femm.info/wiki/HomePage
Magnetic Units of Measure

1.2.1 H Field

Amp-turns/meter is the SI unit for coercive force, i.e., magnetic potential gradient.

Oersted =1000/12.54 = 79.745 amp-turns/meter is an older unit.

1.2.2 B Field Flux Density

B = μ H        (Teslas, amp-turns/meter)

1 Tesla = 1 Weber /meter2 = 10,000 maxwells/cm2
Saturation flux for forms of iron is around 0.6 to 1.6 Tesla.

1 gauss = 100 μTesla   or 1 Tesla = 10,000 gauss

1 gamma = 1 nanoTesla

1.2.3 Field Total Flux

1 Weber = 1 Tesla-meter2 = 1 volt-second = 108 lines = 10 maxwells

1.2.4 Field Energy

The energy in the static magnetic field of a coil is E= ½ L I2    Joules. 

1 Joule/m3 = 0.126 kilo-gauss-oersted

1.3 Properties of Air and Earth Field

Air has a permeability close to that of vacuum, μ ≈ μ0 = 4π × 10−7 Henry/m.

Earth’s H field varies somewhat with location but is about 0.6 Oersted or less, 40-50 amp-turns/meter. In air, this produces a flux density B of between 40 and 60 μTesla (0.4 to 0.6 gauss).  

A magnetizer design should set a goal at least 1 to 2 orders of magnitude stronger H field to a buried rebar, thus inducing a flux density B in iron many times the earth’s field.

1.4 Properties of Iron and Steel

Most iron and steel have absolute permeability of μ ≥ 1.26×10−4 Henry/m, i.e., μr ≥100. Carbon steel may have μr  from 200 to 800 and annealed very pure iron and some alloys (including transformer silicon steel) may have μr as large as 5000.

Carbon steel with μr= 200 and aligned with the slanted earth’s field would have a flux density of 120 gauss, and if aligned vertically perhaps 85 gauss.

Carbon steel saturates at a flux density near 1.6 Tesla (16,000 gauss). Other forms of iron may saturate around 1.2 T.  The effective permeability falls dramatically as saturation is approached.

Most iron or steel materials need H = 2000 Amp-turns/meter (25 Oe) to develop the majority of possible permanent magnetization, and 3000  (37.5 Oe) to get near saturation. 

After the external field is removed, typically the remanent magnetization is half that achieved by the field.  Thus after saturation, carbon steel might retain up to 8000 gauss. (0.8 T).

On axis but somewhat away from the coil we may get a quarter to half of the center value. Thus after a pulse we should get significant remanent magnetization for a buried iron, perhaps several times that induced by the earth.

1.4.1 Time to Magnetize Iron and Steel

A posting on the internet said:

… the magnetic field takes time to penetrate the bulk iron structure. The rough estimate of the time to get the entire iron structure magnetized can be estimated from the skin depth formula. The frequency at which the skin depth equals the radius of the bar is the reciprocal of the time to penetrate the bulk. Because of the high permeability of the iron it can take milliseconds for the fields to reach the inside unless one uses intentionally excessive fields (e.g. ten times the needed H) to saturate the bulk even before full penetration.
By that rule a 5/8” diameter bar with skin depth= radius=8 mm at 15 Hz would take on the order of 60 msec to fully magnetize if below saturation. Saturated iron would have permeability near 1 and no longer seriously affect the field propagation into the center, speeding the process.

Experiments with tapping a permanent magnet against a rebar that was inside a 50-turn coil of wire found the induced coil voltage took 1 to 3 msec to peak and about 1 msec to decay. The voltage is proportional to the rate of change of flux inside the coil.  As the magnet gets closer, the flux increases faster. After contact, the flux is still increasing (voltage positive), but at a lower and lower rate. These times do not match the theory discussed above, but at least indicate that no longer pulse is needed.  

Industrial magnetizers often use a half-cycle of AC, thus a pulse width less than 8 msec near peak. Do they leave the material in the magnetizer for multiple half cycles? Do they use H high enough for saturation to reach the center before a weaker wave would propagate in?

1.5  Erasure of Permanent Field in Iron

An alternating magnetic field will cause the B-H curve to traverse back and forth and tend to erase any magnetization that had been induced in the iron, much like an eraser for tape recordings.  A rebar that is located under a large power line for many years may thus have any original magnetization removed, leaving only the earth field component and the AC ripple.

1.6 Wire Resistance

	AWG
	milliOhms per ft
	Ft per pound
	
	AWG
	milliOhms per ft
	Ft per pound

	30
	103
	3287
	
	16
	4.0
	128

	26
	40.8
	1300
	
	14
	2.52
	80.4

	22
	16.1
	514
	
	12
	1.59
	50.6

	20
	10.2
	323
	
	8
	0.63
	24.2

	18
	6.4
	203
	
	6
	0.40
	12.6


Table 1
1.7 LC Circuit Formulas

A solenoid coil of radius rcoil, length l, and radial winding thickness b has an inductance of approximately
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For a hoop coil with other dimensions negligible compared to the radius, a decent approximation is
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Thus for a 3-foot diameter hoop coil 
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The circuit’s resonant 
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 with the critical damping value being qr=1/2.

The charge on the capacitor is 
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Energy = 
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For example at 1000 μF and 100 volts the capacitor holds 5 joules = 5 watt-seconds, which is a dangerous shock hazard but not a lot of energy from a heating standpoint.

2 Circuit Considerations

2.1 Magnetism at Center of a Air Core Coil
A hula-hoop-size air core coil laid on the ground would cover lots of area and the field fall-off is gradual enough to allow useful penetration depth (see graph in section 2.2.  A smaller coil (section 5.3) may be useful. Generating a strong enough field requires a moderately high-energy discharge into the coil.

R0  is the resistance of the source battery or capacitor ESR, connecting wire, and switch

Rt = ohms per turn      and R = Rt N is the coil resistance

rcoil,m = radius in meters
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With a steady state voltage, or early part of a capacitor discharge (neglecting inductance),
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[image: image12.wmf]H field versus N turns
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We usually use enough turns 
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 of a given size wire to swamp out the source resistance.  More turns give diminishing improvement in H but reduces the current.

If we neglect R0, we can find the minimum size of wire from 
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 ohms per turn REGARDLESS OF N TURNS.  This usually comes out to be a larger size wire than we would like.

The current is likely to be larger than we want with a small number of turns. 
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We can reduce the current and extend the pulse time without much change in H by using more turns of the chosen wire size, if the new bulk and cost are acceptable, because the additional turns multiply the field proportionally to the multiplied resistance, thus nearly constant amp-turns. 
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More turns will make the pulse last longer due to draining the capacitor more slowly, and also the increased inductance L~N2 will slow the rise and fall times (see also the section on ringing).

2.2 Field Pattern of Air Core Coil
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At the center of the air-core coil the flux density would be
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At a distance Z along the axis of the loop (into the ground) the field falls off as 
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This shows that a coil laid on the ground should get moderate penetration into the ground for a distance on the order of the radius.  If a rebar is located in the vicinity it will pull in much more flux and distort the field so this equation is pessimistic.

Radially, the vertical component of the field in the absence of iron is different at different depths according to the following figure.
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If we assume some fixed V and wire size, there is an optimum radius of at least 0.7 times the depth we are interested in, but it is non-critical for a range of radii.  A larger coil gives better penetration and coverage area at depth, but the increased wire resistance per turn reduces the current and thus less field nearer the surface. For this project we want rcoil > 0.2 m or a diameter of at least 16”, and 24” would be good for coverage at depth.

For example, the following chart shows 200 volts, and #22 wire. For other electrical parameters only the amp-turns/meter scaling changes and the size relationship holds.
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When an iron is placed in the field, it increases the flux density. The simulation shows lines of constant density in a half-plane slice through a bar with a coil above it.
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2.3 Ringing and Damping

If the circuit rings, so the current momentarily reverses, we risk losing some magnetization that has been induced in the iron and possibly damaging the capacitor.  Thus we need to either be damped at or beyond critical damping factor, or else provide a free-wheeling diode across the coil.  If we are using high voltage, it may not be practical to find a diode with adequate voltage and current capability.

More turns do not change the damping so long as stray effects and R0 can be ignored.  The increased R=N Rt  and L = N2 Lt will extend the pulse.
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Using the time constants 
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If we want critical damping, qr = 0.5 or overdamping

Set 
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Using the inductance approximation for a hoop coil, 
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Since resistance per turn is proportional to the coil radius, a larger coil can use a smaller capacitor and the same wire size while remaining critically damped.

If we use a larger capacitor than this, as would be likely for moderate voltage, the pulse will be longer and overdamped as L becomes unimportant.

In terms of our principal specifications V and Hcenter, and solving out Rt, critical damping requires 
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Iron in the coil field will increase the inductance and make it less damped.

2.4 Switch Contacts

Most of the designs considered here have initial currents in the tens to a hundred amps, quickly reducing toward zero. If the contacts bounce, the inductance will tend to keep the current flowing across the momentary open to create excessive voltage and arc. Both the high current and possible arcing will be hard on switch contacts.  Using a freewheeling diode across the coil would tend to alleviate the arcing problem, as the switch would never see more than the capacitor voltage.

2.5 Charging

Calculations in section 3.1 below indicate that a 12-volt battery cannot drive a practical coil to sufficient field strength.  Many on-line sources offer a “DC to DC Step up Boost Converter” for $10 to $15 that will take a battery input and make higher voltage.

Some experiments were done with a stack of used 9V batteries that were on hand.

If AC power is available at the location of interest (near buildings or from a small inverter from a vehicle battery) a rectifier circuit can be used.

The charging circuit could be a simple resistor and diode with an AC plug, assuming everything was isolated from ground and not touched while plugged in for charging.  For better safety, two small transformers could be used to step down and back up to isolated line voltage. A full wave bridge would cut the charge time to about half.
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2.6 Safety Discharge Resistor

Designs using a high voltage capacitor should incorporate a safety discharge resistor to prevent the capacitor from building a dangerous voltage as stored charge resurfaces, and also as a means to discharge the capacitor if the coil becomes disconnected.

The most robust resistors would be wirewound, but may not be available with high enough resistance.  Bulk carbon resistors would be next best, and film resistors should be avoided because of the concentration of power in a thin layer, which requires time to dissipate heat.

Although the energy to be dissipated is moderate, a carbon resistor should not be stressed with excessive instantaneous power.  Perhaps a short pulse could be 10 times the steady-state rating but not 100 times? 

The chosen resistance should form an RC time constant on the order of seconds. For example, to discharge a 100 uf capacitor charged to 1000 volts with a time constant of 10 seconds needs 100 k ohms; the initial current would be 10 ma and the initial power would be 10 watts.  Section 3.6 gives another Rsafe example.

Also, at high voltages it is possible for arcing to occur between grains of the resistor rather than conduction being entirely through particle contact surfaces so a series string of resistors could be advantageous.

The switch contacts used for the safety resistor will not see large currents nor an inductive load.

3 Hoop-Coil Design Theoretical Examples

Some examples will show the range of parameters to consider.  Unless otherwise indicated, all hoop coil examples use a goal of 2000 amp-turns and a 36-inch diameter coil (18” radius, 0.457 meter), 9.4 ft circumference, L=2.25 N2 μH.  Thus the initial current will be 2000/N amps. 

At the center of the air-core coil Hcenter = 2188 A-t/m and the flux density would be 
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 Teslas = 27.5 gauss. This is on the order of 50 times the flux from the earth’s magnetic field (typically 0.5 gauss). It is approximately the field over much of the plane inside the coil except close to the wire (see section 2.2 above).  

Along the axis of the loop at a distance (into the ground) the field drops according to the formula and graph given in section 2.2.  At distance equal to the radius it is 9.7 gauss and corresponds to 770 amp-turns/meter in air, or more near any iron.

A simulation of a pipe at depth slightly more than the coil radius shows the flux pattern. This view is like a lemon slice that reveals the pattern in the whole lemon. The additional tall boxes in the figure were air for this run, but could be selected as steel to see the effect of additional “helper” irons as mentioned in section 4.
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3.1 Battery – Not practical

For 12-volt battery we need 
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< 6 milliohms per turn or 0.64 milliohms per foot, which is about #8 AWG, and we are not going to use a huge number of turns at that size. The current drain for a fat coil of N=10 turns (94 ft, 3.9 pounds of wire) would be 200 amps if the battery could supply that (low R0).

A higher voltage battery would likely have a seriously larger source resistance (lower short circuit current).  Such a battery should be used to charge a capacitor at a higher voltage.

3.2 Capacitor at 100V

If we use a 100-volt charge on a capacitor (a common component rating) we get 0.05 ohm per turn and 5.3 milliohms per foot, which is about #16 AWG. The minimum C for damping is 3050 μF. Such a capacitor may have that much ESR itself (aluminum electrolytic 50 to 100 milliohm), so we would need several turns to make R0 negligible. It would discharge any practical size of capacitor much too quickly with small N

If, for example, we have 5000 μF, the RC time constant is 0.25 N milliseconds.  N=20 may be practical for 900 μH (190 ft, 1.5 pounds of wire) which would reduce the effect of ESR and give maybe 90% of target H. The resonant frequency is 75 Hz and the half-cycle 6.7 msec may be long enough for the iron domains to align.  Damping is q=0.42 (neglecting capacitor ESR), just about right.  Initial current is 100 amps, which may exceed simple switch ratings and pit or weld contacts, even though brief.

With 5000 μF and 100 V we have 25 joules.  The charge is 0.5 Coulomb = 0.5 amp sec so a constant 100A would drain it in 5 msec (an order of magnitude check on frequency and damping values). Charging might take 20 seconds at initial current 50 mA (5 watts).

Capacitor and Rectified AC Line (173V)

Consider 3000 μF at 173 volts (peak of household AC). We need 88 milliohms per turn and 9.4 milliohms per foot; 18 AWG is a little lower R at 6.4 milliohms/ft or 60 milliohms per turn.  

N=20 may be practical but marginal, for 900 μH (190 ft, almost 1 lb of wire) and 1.2 ohms total. If this is 3x 1000 μF the parallel combination ESR should be less than 30 milliohms, R0 ~ 0.5 Rt and gives an initial current of 143 amps, or 2860 amp-turns.  The RC time constant is 3.6 msec. More turns might be desirable to more fully overcome Rt, reduce the current, and extend the pulse time. Damping is q=0.46, acceptable, but more C is desirable for pulse length.

3.3 Capacitor and #22 AWG

This wire has 16.1 milliohms per foot, or 0.15 ohms per turn.  To get 2000 A-t we need 300 volts.  The ESR of suitable capacitors needs to be investigated.

An alternative would be to wind parallel turns of #22, to get 0.075 ohm/turn.  Then 150 volts minimum would get our goal for amp-turns and 173 volts would be better.  This would take a lot of turns to slow down the capacitor discharge. N=40 (wire 80 times circumference = 754 ft, 1.5 pounds) would give a time constant of a few msec.  Is there a “shorted-turn” problem if the placement of parallel turns is not symmetric?

3.4 Capacitor at 1000V

At 1000 V we could stand 0.5 ohm per turn or 0.053 ohms per foot, so 26 AWG wire could be used, the size making it easier to use more turns.  At this initial voltage, there is risk of arcing if the start and finish winding are close together. Critical damping would occur at C=36 μF.  A 100 μF capacitor would give a time constant of about 50N microseconds. N=100 then would give an initial current of 20A and a 5 msec pulse, overdamped so the (expensive?) diode would not be needed unless for switch bounce.  More C is desirable for a longer pulse.

With 100 μF and 1000 V we have 50 joules, so heating should be considered.

3.5 Smaller Coil, #22 AWG

This example does not follow the parameters of the others. Readily at hand are three 1000-μF 200-volt capacitors and a spool of #22 wire (16.1 milliohms/ft).  If the charging circuit used rectified household AC with 173 volt peak the energy is 45 joules. The goal of 2000 a-t would require Rt = 86.5 milliohms per turn, so we could have a circumference of 5.37 ft or a diameter of 20 inches. R0=ESR would be expected to be somewhat less than Rt.

This coil would be large enough to conduct practical experiments, but would require 4 times as many attempts as the other example coils for searching a larger area and would only project about half as far into the ground as the other examples.

An RC discharge time constant of 10 msec would require a total resistance of 3.3 ohms, which would be 205 feet of wire or 38 turns minimum. L= 1805 μH and resonance 68 Hz. Damping qr=0.23, overdamped so no freewheeling diode is needed unless for switch bounce.  Initial current would be 53 amps. More turns, say 75 (334 ft, 0.65 pound), would be better.

The charge would be 0.52 coulombs = amp-seconds. To charge from 120V rms through 2700 ohms gives an initial current 45 ma that would initially dissipate 5.5 watts and fall to zero, so a 1-watt wirewound resistor might serve. Alternatively a 100-ohm resistor in a 24-volt portion of the isolation circuit or 68 ohms at 20V would give similar results.  The time constant is 8 sec but initially half duty cycle and reducing to a very small duty cycle as the capacitor voltage approaches the AC peak, so we might need most of a minute to approach full charge. A full wave bridge would cut the time to about half.

Rsafe should be a few K ohms and perhaps a 5-watt resistor.  If we use 2 K to dump a full charge (for example, if the coil became disconnected), the time constant is 6 seconds, the initial current is 87 ma, and the initial power is 15 watts.  With 6.8 K it is 20 seconds, 25 ma, and 4.4 watts.

See sections 5.3 and 5.4 for results with a similar coil.

3.6 Smaller Coil, #18 or #20 AWG

A 17-inch diameter (similar to the experimental coil below) (radius 0.216 meter) with #18 wire would have 4.45 ft per turn and 28.5 milliohms per turn.  At 200 volts, we would have 7021 amp-turns and 16,250 A-t/m in the plane of the coil. This would extend a large field to greater depth. The initial current would be 7021/N amps and we might consider 200 turns to get 35 amps. That would take 890 ft of wire, 4.4 pounds, which would cost in the range of $50.

Going to #20 wire would give results intermediate between 18 and 22, and would be more affordable than #18. Rt=45.4 milliohms/turn, 4400 A-t and 10,200 At/m. Using 112 turns (500 ft, 1.55 lb) gets 5.1 ohms and 39 amps. A slightly larger diameter could also be considered.

4 Iron Core Design Ideas

If we add an iron core to a small diameter coil, it is easier to develop high field strength in the vicinity of the core, but the field will not extend far radially.  If we saturate the iron, which would be easy to do, any additional field would be particularly limited in area by the small coil diameter.

Finite element simulations indicate that adding massive iron above the ground inside a large coil provides minimal improvement at depth.  A single added rod in the center of the coil, with the rod extending somewhat above the coil and as far as practical downward, is quite effective if it is radially close to a buried rebar, even if it is still somewhat above it. 

Driving iron rods into the ground all around the inside of a large coil (where field is strongest) will extend the field further into the ground.  Removing them before searching with the locator could find enhanced magnetism on a deep rebar or pipe.  As mentioned with the reference link, the FEMM simulation program is limited in the configurations that can be simulated, so it cannot study the improvement with a small number of additional rods.

Using a small diameter coil with a helper rod in its center and driven into the ground can extend the field downward in a small region.  If the expected location of a buried iron is known, driving the helper rod close by could help.

Simulation with an electrician’s spool of #12 wire as in section 5.1, 142 volts, 200 amps, 100,000 A-t are more than enough to saturate an iron rod in the center of the spool. If extending 0.2 meter (8”) into the ground, it could induce perhaps 400 gauss into a buried rod whose top was 0.4 meter (16”) down, or 200 gauss if it were 0.5 meter (20”) down. This is still more than double the flux induced by the earth field, so would produce a marginal improvement.  A thicker helper iron does somewhat increase the field at depth, but principally the depth is what is important.  An iron plate laid over the coil produces a small improvement.

5 Experiments

5.1 Preliminary Test Methods

Before winding a coil, preliminary experiments were done with a spool of electrician’s #12 wire and a 14 inch, #4 rebar (nominal ½” before serious rusting).   A capacitor bank of 12 x 820 = 9840 μF charged from a stack of used 9V batteries achieved 142 V.  This is 1.4 amp-seconds and 99 joules. It was discharged into the coil by touching wires together, which caused the wire to jump and sometimes produced a spark. A better switch should be used but the current may be excessive.

The rebar was demagnetized with a tape recorder eraser and the unmarked end was placed in the spool lying on a table with the marked end sticking up.  Thus the entire rebar may not be affected to the same degree.

Magnetic readings used a Samsung cell phone with a “Metal Detector” app that reads out the field in arbitrary units on a scale that goes at least to 3000. It may be grossly 2000 units per tesla. It does not appear to read out polarity, so a compass was used for that.  Readings vary somewhat with exact placement of the phone on edge at the end of the rebar. Readings were taken at each end of the rebar, with the measured end up, after each of multiple pulses without erasing. It was later learned that holding the phone flat gets the rod closer to the sensor and reads higher, so the values had been taken at some small additional fixed distance.

Very approximate values were 0.6 ohm of #12 wire plus 0.1 ohm of clip lead connecting things. This calculates to 377 ft of wire.  

The spool has 1” inner radius, 1.65” outer radius, and 4.6” long, for an average radius of 1.32”.  The average turn length is then 0.69 ft, indicating 546 turns and 1.1 milliohm per turn average.

The initial current ignoring inductance and R0 would be 202 amps and produces 110,000 amp-turns, which are spread over the 4.6 inch = 0.117 m length of the coil (nearly twice the mean diameter), with each turn adding in accordance with the above figure shifted according to its position.  This will probably result in less than ¼ of the H field at any point compared to a compact coil having the same amp-turns.

The RC time constant is 6.9 msec, but the inductance would be on the order of 7500 μH and makes it underdamped q=1.2, with a resonance of 18.5 Hz or half cycle of 27 msec. The peak current will be reduced because the capacitor is partly discharged before the inductor lets the current peak. 

Preliminary Test Results

Initial attempts gave varying results, so a freewheeling diode was added to deal with ringing and the results became consistent. Alternatively, a 1-ohm additional R0 might be tolerable to provide that damping with a loss in peak current.

	Pulse Cycle

142 V
	Marked end

out of coil
	Unmarked end

in coil

	Air no rebar
	76
	

	Erased rebar
	N 167
	N 150

	1 pulse
	S 1020
	N 1310

	2
	S 1010
	N 1290

	3
	S 1020
	N 1325


Table 2  Experimental Magnetic readings (arbitrary units)

The setup should produce a peak H field far over that needed in steady state to saturate the iron. Multiple pulses did not change significantly the strength, showing the pulse was long enough.

Further experiments at lower voltage showed that nearly the same values could be reached.  With only 7.6 V repeated a few times, readings of 567 x 1183 were reached. This shows that one end reached near saturation, but with the lower voltage (5920 amp-turns spread over 4.6 inches would give 1000 to 2000 amp-turns/meter) saturation had not propagated to the end of the rebar outside the coil.

From this we can conclude that 1175 of these units is the remanent magnetization after saturation, aided or bucked by the earth field.  This is 7.5 times the flux induced by the earth, ± the earth field. This is a disappointment, as estimates in section 1.5 suggested 20x.

5.2 Working Coil Results, Known Target

Using parts on hand, a 17” (0.432 meter) diameter coil of #22 AWG wire with 75 turns (334 ft of wire) was tested.  A bank of 12 x 820 = 9840 μF charged from a stack of used 9V batteries achieved 142 V. Charge is 1.4 coulombs = amp-seconds, and energy 99 joules = watt-seconds. 

The circumference is 4.45 ft, which at 16.1 milliohms/ft makes Rt = 72 milliohms/turn and the total R=5.37 ohms.  RC = 53 msec.  Inductance is about 5976 μH, L/R = 1.1 msec, and resonant frequency 20.7 Hz, half cycle 24 msec, and q = 0.14 overdamped. Inductance would increase with iron close to coil.

At 142 volts the initial current is 26 amps (slightly less with inductive rise), readily handled by an ordinary switch.  This would produce almost 1983 amp-turns, and H= 4600 amp-turns/meter at the center of the coil.  This is 59 gauss in air or over 100 times the earth field, and should saturate iron near the coil. 

At a depth of 1 foot (0.3048 meter) this should produce over 10 gauss (20x earth field). At a half-meter (20 inches) we calculate 270 a-t/m or 3.5 gauss (7x earth field). At two feet (0.61 m) we expect 2.1 gauss (4x earth field).  An iron bar should pull in more of the field than that and retain perhaps half of what it experiences.

An initial trial with one end of the 14” rebar (#4 size) at the center of the coil gave a scale reading of 930 arbitrary units, and after four pulses 968.  This is about 73% of the remanent magnetization achieved by saturation as measured in section 5.2.  This is not quite consistent with the preliminary test, but in the ballpark.

 The other end of the rebar (1.65 coil radii away) measured 531 units or 40% of maximum. This is more than predicted by the curve in section 2.1 because the iron pulls in more of the flux than would be in that position in air.

Experiments on a real lot corner that has a #5 rebar flush with the ground, coil on ground centered on rebar, at 167 volts, got (edge of phone) readings of 1982 units North. Some of the older batteries were getting tired after several attempts to reverse it, and with the coil 6 inches above ground it would mostly erase but not fully magnetize in the opposite direction.  At 3 inches and 145 volts it got 520 units S. This is mildly disappointing.

For comparison, after a speaker magnet touch the rebar read 931 units. 

5.3 Working Coil Results, Unknown Target

[image: image39.jpg]



The 17” diameter coil was tried at a location that was hoped to have a rebar, somewhat deeper than usual due to possible fill, and under a power line that makes enough hum in the magnetic locator to obscure small signals.  Using enough batteries to get 190-200V produces 35-40% more amp-turns than the prior experiments, 2790 A-t, 6430 A-t/m (see figure in section 2.2 at depths).

With 190 volts, a previously unfound vertical 10d nail was found at 6-inch depth.  After replacing the nail with a non-metallic rod no rebar was sensed below it, so the nail was put back.

[image: image40.jpg]



5.4 Small Radius Coil Results, Unknown Target

A brief experiment was done with the spool of electrician’s wire discussed in section 5.2 and the pulse circuit of the previous section.  Small iron rods were inserted through its center and pushed to a depth of over a foot.  No additional iron was detected after several pulses.
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