Magnetic forces on moving charges – More than just a nice theory!

Back in 1820, Hans Christian Oersted discovered that as well as producing a magnetic field, an electric current experiences a force when placed in a magnetic field.  That force is given by the expression F = IlB.  We now regard a current as the flow of electric charges, so does the force act on the current, or on the moving charges?

The answer can be found by looking for a magnetic force on charges moving in a vacuum.  A high voltage across a vacuum tube results in a flow of charged particles.  A fluorescent material that shows the presence of the charges will confirm that indeed, the moving charges respond to the magnetic field.  Perhaps we could add that this sort of experiment really goes to point out that an electric current need not be confined to a piece of wire.  Any movement of charge constitutes an electric current.

The magnetic force which acts on a ‘wire’ is then really acting on the moving electrons in it.  The force on the electrons is transferred to the wire as a whole via the forces between the electrons and the atoms of the wire.  How can we find the force on each individual electron moving in the wire?  More generally, what force acts on any charge which is moving in a magnetic field?

To answer this question we can first guess at the likely answer and then try to confirm it.  (Despite what many text books say about ‘the scientific method’, inspired guessing often plays a very important part in any real scientific discovery!)

It is a pretty good bet that the size of the charge will effect the amount of magnetic force on it.  After all, two equal charges would presumably experience the same force and if we were to tie them together we would expect the total force to be double.  So we can guess that F % q.  The magnetic force on a wire depends on the strength of the magnetic field, B, the force acting on each ‘amp-metre’ of current.  It would seem reasonable then to imagine that the force on a moving charge will also depend on the strength of the field.  So F % qB.  The other factor that must be involved is the velocity of the charge, after all if v = 0 there will be zero force as it is not a moving charge!  (Remember that the magnetic force does not act on an electrostatic charge.)  Furthermore, if the charges in a current were to suddenly double their normal speed, that would double the current (current is the rate of flow of charge).  As the force on a wire is directly proportional to the current, we can therefore expect that doubling the speed of a charge should double the magnetic force on it.  So F % v, or putting it all together, F % qvB.  Remember, this is a guess.  Let’s see if it holds up mathematically.

A current I is the rate of charge transfer, I = )Q/t.  If we picture the current as being made up of lots of little charges, q, moving along at speed, v, we can relate the charge transfer )Q to q, v and n, where  n is the number of little charges in a one metre length.
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Because all our charges are moving along at a speed of v m/s they will travel v metre every 1 second.  In every metre of current there are n charges, so our little observer (, counting the charges going by, will see nv charges go past every second.  This means a total charge of )Q = nvq passes each second.  So the current, I = )Q/t, is given by I = nvq.

Now the force, Fq, on each little charge, q, is equal to the total force on the wire (F = IlB) divided by the number of charges over which this force is spread, that is, nl, the number per metre times the length.  So Fq = IlB/nl = IB/n.  We have just seen that, in terms of moving charges, the current, I, is given by I = nvq.  If we put that into this last expression we find Fq = nvqB/n = vqB, or, as it is normally written:

The force on a charge q moving at a speed v in a field B is given by F  =  qvB

Just as with the force on a current, the force on the moving charge will be at right angles to both the field and the velocity and will be given by our ‘right hand palm rule’.  (This assumes the charge is positive.  If the charge is negative, the negative sign in the equation will indicate that the force is in the opposite direction.)

As was suggested at the beginning, this relationship is really more fundamental than F = IlB.  A current is only one situation where we find a magnetic force on moving charges.  We can find many instances of magnetic forces on moving charges that are not confined to wires.

The electrons that paint the picture on our TV screens are controlled by the magnetic field produced by the ‘yoke’ around the neck of the TV tube.  The yoke is a special coil of wire through which rapidly varying currents are sent by the electronic circuits in the TV set.  These currents produce a changing magnetic field which directs the electrons onto different parts of the screen.

A more spectacular display of these forces is actually crucial to life on Earth.  High energy charged particles from the Sun would bombard the Earth if it were not for the fact that they are deflected or become trapped by the Earth’s magnetic field.  As they encounter the field the qvB force tends to push them into spiral paths around the field lines.  If the particles move along the field lines there is no force on them (v and B are parallel), but if they are moving with a perpendicular component there is a force which pushes them back toward the line.  This results in the particles spiralling down the field lines so to speak.  Because the field lines tend to originate at the poles, the particles are deflected from their path directly toward the Earth and end up moving toward the poles.  Because of the extra travel through the atmosphere they give up most of their energy to the air molecules which, in turn, release it as the beautiful auroral displays (sometimes called the ‘northern or southern lights’) seen by those living at high latitudes.
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The Hall effect can distinguish between positive and negative charge carriers.  Both negative charges moving up and positive charges moving down will be pushed to the right making that side negative or positive respectively.

You may have wondered how we can possibly come up with the figures we do for the number of electrons that carry the current in metal conductors, or the speed at which they are moving.  The answer is the ‘Hall effect’.

In 1879 Edwin Hall (at Johns Hopkin University) showed that if a metal carrying a current was put in a magnetic field, a voltage developed between the sides of the metal.  He explained this by saying that the moving electrons were being pushed to one side by the qvB force, thus making that side negative relative to the other side.

Interestingly, if it was positive charges that were moving in the metal, the polarity of the ‘Hall voltage’ would be the other way around.  This is easy to see because the positive charges would be moving in the opposite direction and so the magnetic force on them would end up being in the same direction as the force on the electrons.  This would result in the side we said was negative, being positive instead.  The actual Hall voltage we find in such experiments is good confirmation of our picture of electrons as the mobile charge carriers among a lattice of fixed positive charges.

But that is not all!  It is not hard to imagine that the magnitude of the Hall effect is going to depend on the speed and number of the moving charges through the metal.  The same current (I) can be carried either by lots of slow moving charges or by a smaller number of fast moving ones.  (Remember I = nvq above?)  The Hall effect actually enables us to determine which of these senarios is correct by a simple and extremely elegant experiment.  We simply place a metal carrying a current in a magnetic field and measure the Hall voltage.  Now move the metal in the direction the current is flowing (which is opposite to the direction the electrons are moving).  When we move the metal at a speed which is equal to the speed of the electrons, the Hall voltage disappears because the electrons are no longer moving in the magnetic field.  Isn’t that great? (  A simple measurement of a slow, easily measured speed gives us not only the average speed of the electrons in a current carrying wire, but (by using I = nvq) it also tells us how many electrons (n) are carrying the current.

The Hall effect is used for many purposes in physics and in technology.  One of the most important is the measurement of the strength of a magnetic field.  Simply put a current carrying conductor in the field and measure the Hall voltage.  As the Hall voltage is proportional to the strength of the field it is easy to calibrate the device to give a direct readout of the strength of the field.  Solid state Hall effect devices (that is ones made in silicon and connected directly to transistors and other electronic logic) are widely used to detect fluctuations in magnetic fields - which can be due to anything from a can of beans in the wrong place on a moving belt to an enemy submarine under the water.
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