Plan #1 to build a Tesla coil

IT JUST SITS there spitting fire, like a fugitive from a mad scientist's laboratory. The current it's discharging-in a wicked,
noisy 2-in. brush is of such a high frequency you can't measure it, but maybe it runs up to 40,000 volts! Feeling just a bit suicidal,
you move a coin toward this geyser of fire. The greedy tentacles snatch toward it, but there's no shock. Even if you poked a finger
into the brush, the current would just splash over your skin.

Ever since Nikola Tesla invented a high-voltage, high frequency coil, science experimenters have been intrigued with their
own variations on his coil. In Tesla's time, high-frequency current was obtained with an induction coil as a primary source of
power. Leyden jars served as capacitors, with a spark gap and the inductance of a second coil combining to form an oscillatory
discharge of high frequency. With today's vacuum tubes and mica capacitors, we can make a much more efficient and safer coil.

Tesla coil

Spectacular fireworks include a ring of fire scribed by a wire pivoting on a phonograph needle attached to a terminal. A finer wire, attached
directly to a coil, produces trumpet pinwheels, shown in the smaller photo. This article tells how you can create these fireworks

MATERIALS LIST
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811-A tube

Ceramic 4-pin socket with oval mounting flange

9/16 ceramic plate cap

2500 or 3000 ohm, 25 watt Ohmite power rheostat with knob

3000 ohm, 20 or 25 watt fixed resistor

6.3 v. 6 amp. filament transformer. Thordarson 21F11 or equivalent.

1000 v., 150 ma. plate transformer. With enlarged enclosure, stand and Stancor PC8414 power transformer (1200 v., 200 ma.), can be

ubstituted, using primary and these taps only

S.P.S.T. bat handle toggle switches with solder lugs, 6 amp. 125 v.

Finger knob panel type fuse mount for 3AG fuses

Box (5) 3AG fuses, slow-blow type, 2-4 amp.

5-way binding post

Line cord with plug attached

Johnson 135-45 insulator. Use top half only with 2%%” 8-32 machine screw

Mica transmitting capacitor .0005 mfd. 3000 v. Type CM65

Mica capacitors .004 mfd. 2500 v. Type CM60.

Note: Values can be from .0002 to .001 mfd. for the CM65 and .002 to .005 for the two CM60s

1 Cinch-Jones barrier terminal strip Type 5-140
1 Cinch-Jones barrier terminal strip Type 2-140
About 14 Ib. #32 Formvar magnet wire
About 1/4 Ib. #18 Formvar magnet wire
About 1/8lb. #26 Formvar magnet wire

1
1

1/8" Lucite tubing 4 1/2” O.D., 3 1/2" long
Plastic conical vase (Carlisle Mfg. Co.) or equivalent.

10 ft. #33 or 34 Nichrome wire
10 ft. #18 or 20 plastic insulated stranded hook-up wire

4

5/8" rubber knob feet

Note: All above materials can be bought as a kit from Linwood Products Company, Box 186, Wollaston, Mass., for $39.50 (postpaid in U.S.)

ADDITIONAL NON-ELECTRICAL PARTS
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3/4" plywood 12" X 13 3/4"

%" plywood 5" X 7 %"

3/8” plywood 4” X 4” (cone disk)

Pine or other stock 1" X 6” X 6” (tubing disk)

Aluminum or other sheet metal 1/16” X 5/8” X 2 72" (rheostat bracket)
Aluminum or other sheet metal .025" X 72" X 1” (tubing brackets)
Aluminum or other sheet metal .025” X %" X 4 %2” (capacitor clamp)
Perforated aluminum or sheet metal 13 5/8” X 19 %" (enclosure)

Neat housing presents a coil on a platform with all the wiring running underneath to the transformer section behind the perforated metal cover.
Note the switches on the right side of the housing

Our small model operates at a resonant frequency of about 850 kilocycles, depending somewhat on the tap selected on the

lower outer coil, and the value of the capacitance used across it.

The coin stunt isn't the only fun you can have with a Tesla coil. There are other spectaculars. Wrap the center of a length of

Nichrome wire around the terminal with the ends formed out straight, like feelers. The ends become red-hot and bright lavender
sparks quiver along the wire as each half begins to rotate. Two fiery trumpets blaze forth in the darkened room. Just why the wire
ends rotate is not known.

Another bit of fireworks results when you balance a wire rotor (detailed in the bottom panel on page 5) on the point of a

phonograph needle erected on the terminal. Jet propulsion from the corona discharges at each end sets the rotor spinning. The
result is a startling ring of fire.

No less intriguing are three other demonstrations. Holding a fluorescent tube near the coil activates the phosphors on the inside,

causing a mysterious glow. Various types of neon lamps will also light when introduced into the coil's field. Since this field is
strongest near the coil, as you draw the lamp away it dims, then goes out.



Sample experiments include (left) lighting a fluorescent tube by simply moving it into the high-frequency current field surrounding the coil; (center)
lighting a 115-volt light bulb without plugging it into a power line-by means of energy radiated to a sheet-metal plate; (right) passing the current from
the coil's own brush discharge through a metal rod taped on a plastic strip to form a duplicate brush at the other end.

Illustrating Tesla's dream

One experiment graphically illustrates Tesla's dream of lighting entire buildings from a distance without wires. As shown, you
erect a sheet of aluminurn on an insulating stand, to serve as a collector for currents radiating from the coil. Attach one clip lead
to the plate and to one side of a small 11 5-volt lamp; another clip lead connects the other side of the lamp to ground. When the
coil is switched on, the plate picks up energy and lights the lamp. The closer the plate is moved to the coil, the brighter the lamp
glows. If you disconnect the lamp, you can draw sparks from the plate to your fingers, indicating that the plate is charged by
radiation from the coil.

Another experiment (not shown) demonstrates that this peculiar form of current seems to pass through material that's
considered a good insulator. A piece of 1/4-in. plastic, held in a spark gap connected from the top terminal and the ground post,
seems to offer no resistance-you can watch the discharge continue to jump the gap. You can also conduct this experiment with
other insulation materials of various thicknesses.

Start construction with the tall, tapered core coil. The winding form is a plastic flower vase with a stake base. Be sure it's
plastic. Remove the spike by pulling it out of its socket and drill a center hole through the socket bottom for a machine screw long
enough to pass through the top insulator. At the large end make up a plywood disk with tapering edges, to exactly fit the opening.
Drill 3 equally spaced holes through the edge of the vase for small nails, driven into the plywood edge. Fastening is temporary;
the disk must be removed for interior connections.

Bore a center hole in the disk to pass whatever spindle you've devised for the winding process. This type of jig is pictured
(lefthand photo on page 4) in operation. A simpler setup would be to pass plain rod through the form, cradling each end on a
notched upright. Bend the spindle's projecting end to form a crank.

Apply a thin, even coat of varnish to the vase and let it dry enough to get tacky. Coil up about 2 in. of wire and tape it out of
the way at the upper end of the vase-form. Wind the turns on in a single even layer with no overlap or space between. The tacky
varnish prevents the turns from slipping out of place on the smooth plastic. When you're within 5 1/8-in. of the edge, anchor the
end of the wire with tape. The height of the winding should be about 5 2-in.; that's roughly 550 turns-but it's not critical enough
to warrant an actual count. At the top of the coil, bore a small hole just beyond the point where the turns end, to pass a piece of
small-diameter spaghetti tubing. Slip this over the hole to the inside. Clean the end of the wire by holding it over a match a
moment, then burnish with sandpaper before clamping it under the head of the insulator screw. Coat the head with quick-dry
varnish or shellac to eliminate possible corona discharges here. Apply two or more even coats of varnish to the winding, letting
each dry thoroughly.

The two outer coils are wound on the Lucite tubing without any sort of jig. The start of the lower coil has a permanent
terminal; a second terminal provides a short lead that can connect to any of the taps. Two terminals are also provided for the ends
of the upper coil, at the opposite side of the tube. For connections to these terminals, slip on pieces of spaghetti tubing where the
wires cross the lower coil, and make sure the leads don't contact it, as shorting might result.

This disk is cut to 5 3/4-in. dia. as shown in the exploded view, then positioned temporarily on the platform so you can drill
holes (to pass the 5 leads) through both thicknesses at once. Center the core coil on the base disk and drive two flathead screws up
through it, countersinking them flush. Now drop the outer coil unit down over the core coil (after cutting a notch in the tubing to
clear the inner terminal).

In the photo, page 2, the 1000-v. transformer is at the left and the filament transformer is at the right. The tube socket has been
mounted with spacers so it will clear the bottom connections. The rheostat for the grid control is bracketed to the side. Use plastic
insulated stranded wire with clamp-on terminal lugs at all screw terminals.

The milliammeter you use to adjust the plate current (right hand photo, page 4) should have a scale of 0-300 or more. To hook
it into the circuit, remove the center tap of the filament transformer from the ground and connect it to one side of the meter with a
clip lead; another lead connects the other side of the meter to the ground terminal. If, when you turn on the power, the meter reads
down scale, reverse the leads. To avoid shock, be sure all power is off before you touch any wires or connections around the coil.



The strong brush discharge shown in several photos indicates a good combination of capacitor value and the best tap on the
low outer coil. You can experiment with various capacitor values and taps while adjusting the grid resistance to keep it within the
150-ma. limit for the plate current. When the best combination has been found, solder the lead to the tap selected. You'll have to
scrape the varnish off each tap with a sharp knife and sandpaper before making any connection.

A simple hand jig speeds winding of the core coil on a plastic-vase form. The crank is a threaded rod secured. through the base disk with nuts on

After you finish the assembly, read the plate current by connecting a D.C. milliammeter between the center tap of the filament transformer and
ground. Adjust the rheostat to 150 ma. maximum for any combination of capacitors and taps

When operating the coil, be sure to turn on the filament switch first and let the tube warm up 15-20 seconds before you flip the
plate switch.

Note that a ground post has been provided at the opposite side from the switches. You can ground the coil with a clip lead to a
water pipe or radiator. This post may also be required in some experiments requiring both the ground and high-voltage sides of
the circuit.
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Some notes on design

and other things:

and always bear in mind that the
information here is not necessarily
correct, and | only assume it to be
correct to my best belief.

1) Current limiting

is only necessary for other transformers than neon sign transformers or
transformers that do not have internal current limiting. A PFC capacitor on the
mains side can act as "current limiting" to some extent. Otherwise, use resistive
or additional inductive ballast (a MOT in series with shorted secondary winding).

2) Power factor correction - PFC

Power factor correction (PFC) shifts the VA rating of the transformer closer to
actual input and/or output watts, and reduces input current needed. Reduced
current is a benefit as all your switches, relais’, fuse boxes and so on can be
smaller - without PFC they would have to stand twice or more the current.
Additionally, I"2*R losses in the wire resistances would be at least four times as
high.



So, you might want to minimize current draw...

For example a 400VA cos(phi)=0.55 transformer takes in about 0.55*400VA ~=
200W with and without a PFC, but without a PFC it will draw about 2A from a
200VAC line. With an exactly matching PFC the input current is just ~ 1A. The
capacitors are non polar capacitors, and it seems like they are mostly oil filled
wax-paper capacitors used with mains voltage motors.

Method: First calculate transformer input impedance according to the values
written on the transformer. For example 2.2A @ 220V gives Z = 220V/2.2A =
100 Ohm. Then calculate the PFC with C = 1/(wZ).

At 50Hz, this would be 1/(2*pi* 50 Hz * 100 Ohm) = 1/(pi*10) * 10"-3 F ~= 31
uF. You could also ask neon sign manufacturers if they have PFC caps for your
particular transformer.

Note: A fellow coiler pointed out that the above calculated 100% PFC may
generally not give the optimum value for spark-gap coils, as the gap break rate
and other things change the power factor. For a nice match it might be easier to
try out different capacitances, or calculate by simulation.

3) Grounding:

The only things that should/must be grounded to the mains grounding is the
stuff on the mains side that you are going to touch (switches, dials, variac and
SO on).

The HV secondary side of the transformer must not be grounded at all, even if it
is a center-tapped NST. Connecting together RF ground and any part of the HV
primary, like done in some schematics, is absolutely lethal.

If you connected together the RF ground and some part of the HV primary
circuit, you're a definite goner (=dead) should you come into contact with the
secondary streamers (which can be lethal in any case, see 6 Skin effect).

The primary circuits capacitor energy would then flow partly (but partly is
already enough) through your body towards the ground. Your pitiful
500..1000kOhm low-voltage body resistance is next to no obstacle for the high
voltages - at 8kV, there could be potentially ~10 amps flowing through you,
whereas even 5mA is enough to kill.

The Tesla coil secondary RF ground must be an own ground separate from
mains ground. Reasons:

1 this separate ground will sink RF current and voltage, which - if you used
mains ground - would fry all equipment in your house, even the surge
protectors.

1 also, the mains ground wire is way too thin, and would have a
considerable impedance at the high frequencies present. High impedance
IS not nice, as the TC base wouldn't be properly grounded then, and the
wire would have a voltage drop from some 10s of kV on the base to 0V
somewhere along the wire - i.e. the thin wire could still have a few kV
some meters away from the coil base (corona, electrocution, damaged
equipment etc).

1 the other thing that is bad about a high impedance ground is that the zero



voltage node will shift down along the wire to the place where the solid
ground is. This will cause a phase shift also in the TC secondary, meaning
you could get breakouts from any part along the coil, not just the top.

4) HV capacitor:

this has to be a HV pulse capacitor, able to give 100s of amps of current into a
virtual short circuit and able to withstanding the forces resulting from this.

Additionally the capacitor should have minimal losses at radio frequency band -
otherwise it will heat up and pop. Glass for example has huge losses at RF.
That's why beer bottle (also called salt water) capacitors are not recommended.

Cap values generally range from 1nF to 50nF.

The current trend is moving away from "self rolled" capacitors and beer bottle
caps. Now one generally makes big HV pulse capacitors from an array built of
generally available, "low" voltage and low cost capacitors. Non-electrolytic flash
unit capacitors (Panasonic for one) seem to be good. Small radio frequency
rated pulse capacitors are the definite ones to use.

You wire them up as an array: make a string of capacitors in series in such a
manner that the summed up total voltage rating of the string is larger than the
input voltage (t.ex. 20kVDC strings used in a HV cap for a 8kVAC NST). Then,
connect so many strings in parallel (ends together) that you end up with the
desired capacitance.

Example: you want a 10nF cap and have a 8kVAC NST. NST will give SQRT(2)
*8kVAC=12kV peak, and you need a bit larger than that, say 20kV strength. If
you bought some pieces of 10 nF caps, rated 1kVDC, you'll first connect 20 in
series. That is, hook them up in a string. The wires should be kept as short as
possible. The total capacitance of one string is then Cstrmg =10 nanoFarad / 20

= 0.5 nanoFarad, and the total voltage rating V =20*V
= 20kVDC, as wanted.

max,string max, one capacitor

Now, to get the full desired capacitance of 10nF, you have to hook a number of
those strings up in parallel. One string was 0.5 nanoFarad, so you would need
10nF/0.5nF = 20 strings in parallel.

In total, you will need 20 strings times 20 caps/string = 400 caps. That is pretty
many, so you need to find a place that sells these small pulse caps cheap, for <
$1 per piece.

But, the final MMC tank capacitor will be at least half cheaper than commercial
HV pulse capacitors, and nevertheless performance wise very close to those
commercial ones.

You should always have at least 5 strings in parallel (increase string length if
necessary), because each string has to deliver huge currents. If you have
multiple strings in series, each string will have to contribute less current and it
will last longer than if you have just one string (which would blast in an instant.).

Together with the primary coil, the resonant frequency of this L-C circuit should



be in the range 100kHz to 1MHz. Lower freq (~= less heat losses) is better for
high power output and bigger diameter coils.

Resonant charging: the HV cap can be charged efficiently to higher voltages (if
it endures them), by charging it in resonance to the transformer, at line
frequency. The drawback is that this will increase stress on the transformer.
And, the extra voltage is not "free", so it needs several AC frequency cycles
before the capacitor reaches the (over-)voltage and makes the spark gap fire.
Anyway, see 7) Resonance.

Please remember(!): 1) a HV capacitor will be lethal if you touch it. 2) HV caps
can sometimes regain (lethal) charge if they stand around unused for a while
and are not shorted out by connecting a wire between terminals. 3) a HV
capacitor charged up using a 100kW transformer at 15kV is exactly as lethal as
when it was charged with a tiny 50mW handheld flyback or ignition coil at 15kV
(same amount of energy stored in all cases).

5) Filters:

all filters are missing in the schematic. You should install mains RF filters and, if
possible, high voltage radio frequency RC-style low pass filters between spark
gap and transformer.

Choke filters are not recommended. They can cause additional voltage spikes.
And insulation is also a problem if the chokes are too tight wound and too small
- high voltage will jump over the choke then.

6) Skin effect:

Streamers are not harmless! Don't trust what you read about skin effect on
some other sites!

High frequency current tends to flow closer to the surface of conductors, i.e. at
very high frequencies a huge round 1m”"2 area conductor will have current flow
only on the surface - you could make the center hollow as the metal inside it
conducts no current at all and only adds weight to the conductor.

Skin depth = depth at which current density is 1/e ~= 37% of maximum. There
IS current flow at deeper than skin depth, even at four or five times skin depth,
but it decreases fast.

You can calculate the skin depth with:

depth =1/ SQRT ( pi * freq * permeability * material
conductivity )

Where:

material conductivity = 1 / material resistivity

permeability = 4*pi*10”"-7 * conductor relative permeability freq =
frequency of signal fed through the conductor

Use Sl units! That's metric... Not webers, or inches, or anything more
complicated.



Demo: with copper conductor and 800kHz. Copper has relative
permeab. (to vacuum) of ~1, so permeability is vacuum permeability.
Resistivity is 1.72*10"-6 ohm meter. Skin depth is thus 0.233
millimeters.

So, for good performance and only small losses in the HV primary circuit you
don't need thick wire but a large surface area, like flat strips from alu foil, copper
foil, etc for the NST filter->spark gap->cap->primary connectors.

The other thing is that skin effect applies not only to metals, but also includes
blood vessels!

The streamers from the secondary are dangerous to even lethal, because the
RF frequency lies outside the nerve cells detection ability which means that you
don't notice that there are 100W of power travelling along your tissue and blood
vessels, cooking you from inside out. Never do a stunt and touch or get close to
the streamers! Instead, use long plastic rods with an end metal terminal that is
connected to ground. With this, you can safely draw arcs off the coil.

7) Resonance:

the goal in a TC is to make both the primary high voltage side L-C-circuit and
the secondary coll L'Cself-capacitance - circuit resonant at the same frequency. In

this way you get maximum power transfer from the primary tank cap to the
secondary self capacitance. The secondary is series resonant, meaning low
impedance and with high voltage accross components.

The resonant frequency can be calculated with
freq(res) = 1 /[ 2pi * square_root(L*C) ].

In theory, the energy after the transfer from the tank capacitor to the secondary
Cself remains about the same (W = 1/2 * C * U"2), but because the Cself is
1000 times smaller than the tank capacitor, the voltage accross the secondary is
much higher.

Long streamers are generated by high voltage and high power, but also by
growth of new streamers from the ends of previous ionized streamer channels -
making it desireable to have the spark gap fire very fast.

The tank capacitor can be charged to higher voltage (resulting in more energy
stored, according to power of 72), taken the cap can stand the voltage. Raising
the voltage is easiest done with resonant charging, where the impedance of the
tank capacitor at line frequency matches the output impedance of the
transformer.

For a 400VA 8kV 50mA transformer (Z=U/I=160 kOhm) at a mains frequency of
50 Hz such a tank cap would be near C=1/(wZ) = 1/(2*pi*50 Hz * 160 kOhm) =
20 nF. Note that resonant charging drops the transformer impedance, i.e. also
the impedance seen from / reflected to the mains side.



The TC secondary acts similar like a 1/4 wave length resonator with standing
waves. You'll have a constant zero voltage node at the grounded coil base and
the first (low-high oscillating) maximum at the coil top. The secondary is roughly
an inductance, so voltage leads 90 degrees to current, meaning at the coil base
you have a (low-high oscillating) current maximum and at the top a constant
current minimum.

There are of course also other wave modes, with more voltage maximums along
the coil. If you put a large round plate through those parts of the coil, you'll get a
multi-breakout-point coil, with streamers not just from the top capacitor. The
problem is that you then have to eliminate strikes from the lowest inserted plate
to the primary coil (if not, you would get constant white ground strikes...).

You can also build a 1/2 wave length resonator or twin coil - ground the middle
of the coil, move the primary inductance to the coil middle, and add discharge
terminals to both ends of the coil. Both ends will then have opposite voltage at
any time. You can also split the coil and the primary inductance in two halves
and move them apart.

7) Strike rail:

This one is absolutely necessary.

[Well, not really..., if you consider that the energy from a strike is less than was
pumped into it, meaning that the voltage over the primary cap can not rise
above supply voltage when a streamer hit occurs. OTOH | personally don't trust
this to protect the cap, NST, and other equipment, so | always have a strike rail.]
The rail protects your primary circuit and transformer from direct hits from the
secondary. The strike rail is an open (not closed!) loop of thick, non-insulated
tubing or thread that is placed 1-2" above the outer ends of your primary coil.
The rail is grounded to RF ground. It will intercept any streamers should they try
to strike your primary coil and try to fry you at the control board, all mains
equipment, the tank cap and everything else.

8) Notes on tuning:

tuning goes best with a sine wave signal generator (some mV or V) and a scope
or spectrum analyzer connected to a small antenna. First determine the
secondary resonant freq by feeding a sine signal to the secondary (with topload
on), varying the frequency, and checking at which frequency you'll get the
biggest spike on your spectrum analyzer or the highest amplitude on your
scope. Then put the secondary in place, short out the spark gap and unconnect
the transformer, and feed the same sine signal to the primary HV circuit. Adjust
the tapping of the primary coil and possibly the height of your secondary until
you see two maximum big spikes to the left and right of the secondary self
resonant freq on your spectrum analyzer, but no peak at that self res.freq. Once
that's done, your coil is optimally tuned.






