Investigating the Magnetic Field of a Toroidal Coil

Introduction

Figure 1 Cutaway diagram of the JET torus
(Courtesy of EFDA-JET)

The largest Tokamac type toroidal coil (a torus) forms part of the JET (Joint European
Torus) Project located at the UKAEA Culham Science Centre near Oxford. JET started
operations in fusion research back in 1983. The aim of JET and its successors is to
research how to produce power by nuclear fusion. On Earth the easiest way of doing
this is with deuterium and tritium, but fusion of the nuclei of these substances requires
them to be heated to at least 100 000 000<C. At such a temperature they form a plasma
of negatively charged electrons and positively charged nuclei, overall electrically neutral.
Because these particles are charged, magnetic fields can exert forces on them. The
magnetic field created by the tokamac is designed to confine these particles within a
metal containing vessel, keeping them from contact with the walls which would
otherwise melt.

The next stage of such research will be at the ITER (pronounced ‘fitter’) facility to be
constructed at Cadarache, near Aix-en-Provence in France. It is a project supported by
the Peoples’ Republic of China, the European Union, Switzerland, India, Japan, the
Republic of Korea, the Russian Federation and the USA. It also is of Tokamac design.

Your task

To investigate the magnetic field within a toroidal coil. How does it vary, if at all,
around the coil.

To investigate the effect of current on the magnetic field strength with the toroidal
coil. Is there any proportionality?
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The magnetic field sensor

The sensor is based on the Hall Effect, discovered by the American physicist Edwin Hall
(1855-1938) back in 1879. Hall predicted and found that a magnetic field could deflect
the charges forming an electric current in a conductor, initially a thin foil of gold. This
deflection of charges produced a tiny voltage across the foil which is directly proportional
to the magnetic field strength. Today's Hall Effect sensors, usually known as Hall
Probes, use a semiconductor material instead of gold, and this produces much larger
voltages.

The Magnetic Field sensor also incorporates an amplifier to adjust the voltage to a range
that the datalogger’s Digital to Analogue (A to D) converter will accept. The A to D
converter is the electronic device which converts these analogue voltages into digital
ones.

The current sensor

The Vernier current sensor can only measure currents up to £0.6A. In this activity you
will be dealing with currents as large as 4A and so they have to be measured with a
multimeter set on its 10A range. Its readings you will enter into LabQuest.

Setting up your investigations
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Figure 2 Arrangement of the toroidal coil, ammeter and power supply

If it has not already been set up for you, wrap the metal ‘Slinky’ spring around the plastic
cylinder to make a toroidal coil. Where the two ends would otherwise meet, place a
piece of cardboard. Anchor each end of the slinky to the cardboard with clothes pegs.
The metal ends of the slinky must not touch each other. See Figure 3 overleaf.
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Figure 3 Connections to metal ‘Slinky’ spring

Connect a lead from the d.c. power supply’s positive (red) socket to the red Input socket
of the smoothing unit and another lead from the black socket of the power supply to the
negative (black) Input socket of the smoothing unit. Now connect a lead from the red
Output socket of the smoothing unit to the 10A socket of the multimeter. Connect
another lead terminated at one end by a crocodile clip from the COM socket of the
multimeter to one end of the slinky. Finally connect another lead, also terminated at one
end by a crocodile clip, from the other end of the slinky back to the negative (black)
Output socket of the smoothing unit. Set the multimeter on its 10A d.c. range. Figure 2
on the previous page shows the complete setup.
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Figure 4 Positioning of Magnetic Field sensor (olde  r version)

The positioning of the Magnetic Field sensor will depend on the version that you have.
The older model with the non-adjustable sensor tip needs to have the tip with the white
dot on it placed centrally in the toroid pointing along/around it. The newer model needs
to have its adjustable tip positioned at right angles to its shaft and similarly placed
centrally in the toroid such that the tip with the white dot points along/around it. Both
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types of sensor will need to be raised up on the Lego support to bring them into the very
centre of the coil. Set the switch on the older sensor’s range box to LOW and on the
newer sensor’s shaft to 6.4mT. Plug the Magnetic Field sensor into Channel 1 on the
rear of LabQuest.

NOTE: ‘mT’ stands for ‘millitesla’, the Tesla being the unit in which magnetic field
strength is measured. Nikola Tesla (1856-1943) was a Croatian-born American
physicist and electrical engineer.

If mains power is available for the LabQuest, plug in its power adapter/charger.

Now switch LabQuest ON by pressing the silver ON/OFF button in its top left-hand
corner. You should then see displayed a screen similar to that of Figure 5.
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Figure 5 Opening screen of LabQuest
With the Magnetic Field sensor away from any strong magnetic fields (bar the Earth’s)
tap the stylus in the red CH1: Magnetic Field box and then tap Zero in the drop-down

menu that appears. This will zero (or near zero) the sensor and so it should now display
much like as in Figure 6.
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Figure 6 Magnetic Field sensor now displaying near zero

V1.0 Chris A Butlin Vernier LabQuest May 2008



Switch ON the d.c. power supply and adjust the current flowing through the toroidal coil
to around 1A. Note the value of the magnetic field. Move the sensor to another point
around the coil, positioning it in the same manner as before. Again note the value of the
magnetic field. Repeat for another two or three positions.

Q1 What do you notice about the magnetic field around the toroidal coil?

Switch OFF the power supply and swop over the crocodile clip leads so that the same
current will flow the opposite way around the toroidal coil to what it was previously.
Switch the power supply ON again. Again move the Magnetic Field sensor to different
positions around the toroidal coil, keeping its orientation exactly as before.

Q2 What do you notice about the magnetic field around the toroidal coil now? What
has changed?

Reduce the current to OA and then switch OFF the power supply.
Arrange the leads so that positive values of the magnetic field will be displayed . Now
position, in exactly the same manner as before, the Magnetic Field sensor within the

toroidal coil and tap the Mode box to display an initial Data Collection screen similar to
that shown in Figure 7.
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Figure 7 Initial Data Collection screen

Tap the down-arrow alongside Time Based and select Events with Entry from its drop-
down menu to display the Events with Entry screen of Figure 8 on the following page.

Events with Entry mode allows you to both collect data direct from sensors connected to

LabQuest and additionally enter data from other sources such as, in this case, a
multimeter set on its 10A current range.
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Figure 8 Data Collection box with initial Events wi  th Entry screen

Tap in the first Name box and use the on-screen keyboard to type in ‘Current’, then tap
in the box alongside Units and type in ‘A’ for ‘amperes’. It should appear as in Figure 9.
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Figure 9 Data Collection box with Events with Entry completed

Tap the OK button and you should see a screen display as in Figure 10.
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Figure 10 Meter screen display showing Events with Entry mode
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In this activity you will collect values of the magnetic field strength inside the toroidal coil
for values of current up to 4A.

If the magnetic field value displayed is far from zero, tap the red CH1: Magnetic Field
box and then tap Zero in the drop-down menu that appears to again zero it.

Switch ON the d.c. power supply. Tap the Start/stop collecting data  button to
display an empty graph of Magnetic Field Strength against Current as shown in Figure
11.

Figure 11 Empty graph of Magnetic Field Strength in toroid against Current flowing through toroid

Tap the Keep button to collect the value of the Magnetic Field Strength at this
point and to reveal the empty Events with Entry box of Figure 12 in which you will be
able to enter the Current flowing.

Figure 12 Empty Events with Entry box

Use the stylus with the on-screen keyboard to type in ‘0.0’ into the empty box alongside
Current (A) and then tap the OK button. You should now see the first plotted point on
the graph as shown in Figure 13 overleaf.
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Figure 13 Graph of Magnetic Field Strength against ~ Current with 0,0 plot only

Raise the Current to 0.5A. Tap the Keep button . Type ‘0.5’ into the box
alongside Current (A) again and then tap the OK button again.

Repeat this process for Currents of 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0A. Safety
warning: the toroidal coil may get hot. After the last entry tap the Start/stop

recording data button to reveal the completed graph which may look similar to
that shown in Figure 14.

Figure 14 Graph showing plots of Magnetic Field Str  ength in the toroid
against the Current flowing through it

Turn the current down to zero and then switch OFF the d.c. power supply.
You can now analyse your graph and see which Curve Fits match your display best. To

do this tap Analyse and then Curve Fit and then tap in the box alongside Magnetic
Field to reveal the Curve Fit Selection box shown in Figure 15 overleaf.
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Figure 15 Curve Fit Selection box

Tap on the down-arrow alongside Choose Fit and select a Best-fit curve/line from those
available.

Q3 Which Best-fit curve(s)/line(s) did you feel was/were most appropriate?

Q4 What does your graph suggest about the relationship between the Magnetic Field
Strength in the toroid and the Current flowing through it?

On this, or another occasion, you may be able to investigate the magnetic field inside
the metal slinky arranged as a long solenoid and see how different it is to that with this
toroidal coil.

Deleting data sets and finishing

To leave things set up for other users tap File and Quit and then Discard in response to
‘You have unsaved data. Do you wish to save or discard the data?’.

Unplug the magnetic field sensor from LabQuest and then press the silver ON/OFF
button to switch it OFF.
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