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The high pd produces a strong electric field which pulls electrons from

the gas atoms, ionising the (low pressure) gas atoms.

The positive ions are accelerated towards the cathode C and strike its

surface, releasing electrons from the cathode surface.

These electrons are accelerated towards the anodes A and B and pass

through them as a narrow beam, forming the cathode ray.
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Path is straight when electric force = magnetic

force: eE = Bev, so v = E/B.

Since v is greater, E must be increased (in proportion to v) so that the

electric force eE increases to equal the larger magnetic force Bev.

Again v = E/B for an undeflected path, so for a

greater v the magnetic flux density B must be decreased (B = E/v), so

that the magnetic force Bev falls back to equal the unchanged electric

force eE.

The specific charge of the cathode ray particles was much greater

(about 2000 times greater) than the specific charge of the hydrogen

ion, the largest known at the time.

Assuming the charges are similar in size, the cathode ray particles must

have a much smaller mass than the hydrogen ion, so they are much

smaller than an atom (and they are negatively charged).
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Electromagnetic radiation emitted by a black body (a perfect absorber

and emitter).

It has a continuous spectrum with a peak wavelength (intensity

distribution) that depends only on the temperature of the emitter.

classical theory prediction
(intensity → ∞ as λ → 0)

curves agree at long λ
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At long wavelengths, classical theory predicts an intensity similar to the

experimental results (the curves agree).

But rather than a peak, classical theory predicts that the intensity

keeps increasing as wavelength decreases, becoming infinite at very short

wavelengths (the ultraviolet catastrophe), as shown by the dashed line

on Figure 2.

Planck suggested that electromagnetic radiation is emitted in quanta

(discrete amounts of energy), not continuously.

The energy of each quantum is related to a single frequency by E = hf,

where h is the Planck constant.
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Observations: (1) No photoelectrons are emitted if the frequency of the

incident light is below a threshold frequency for that metal, however

intense the light is. (2) Above the threshold frequency, photoelectric

emission is instantaneous: electrons are emitted as soon as the light is

incident on the surface, even for very weak light. Also, the

photoelectrons have a range of kinetic energies from zero to a maximum,

which depends on the metal and the frequency (not the intensity), and

the number of photoelectrons emitted per second is proportional to the

intensity.

Failure of classical wave theory: in wave theory the energy of a wave

depends on its intensity (amplitude), not its frequency. So the intensity

should determine whether electrons are emitted and their kinetic energy,

and light of any frequency should cause emission if it is intense enough

(or left on for long enough). This contradicts the threshold frequency.

Also, wave energy is spread out evenly over the whole surface, so each

electron would need time to absorb enough energy to escape, with

weaker light needing a longer time. This contradicts the instantaneous

emission that is observed.

Einstein's theory: Einstein extended Planck's idea and said that light

itself is made of photons (quanta), each with energy E = hf. Each
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photoelectron is produced by one photon interacting with one electron in

the surface of the metal, transferring all its energy at once. This

explains why emission is instantaneous.

An electron needs a minimum energy, the work function φ of the metal,

to escape from the surface. This is related to the threshold frequency by

φ = hf0. If hf < φ, no single photon has enough energy to release an

electron, so there is no emission below f0, however many photons arrive.

The remaining energy of the photon, hf − φ (= hf − hf0), becomes the

maximum kinetic energy of the photoelectron: Ek(max) = hf − φ.

Electrons from deeper in the metal lose more energy escaping, giving the

range of kinetic energies.

A brighter (more intense) source means more photons per second, and

therefore more photoelectrons emitted per second, but it does not

change the energy of each photon, so it does not change the maximum

kinetic energy.

Significance: the photoelectric effect could only be explained if

electromagnetic radiation behaves as particles (photons) rather than as

continuous waves. Together with the wave behaviour shown by

interference and diffraction, this showed that electromagnetic radiation

has a dual wave-particle nature.
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Electrons in the surface of the sample must cross a potential (energy)

barrier, the gap between the sample and the tip, but classically they

have insufficient energy to overcome it.

Due to their wave properties, there is a probability of electrons crossing

from the sample to the tip, so a small fraction of electrons tunnel

through the barrier (see diagram).

electron wave in sample barrier

electron wave in tip
(smaller amplitude)

sample tip
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A pd is applied between the tip of the probe and the sample, and the

tip is held a fixed distance (about 1 nm) above the surface, so a

tunnelling current flows from the surface to the probe.

The probe is scanned across the surface from A to B. When the tip

moves over an atom (a higher layer of electrons), the gap decreases, so

the tunnelling current increases.

Through the feedback loop, the tip is moved higher to reduce the current

back to its original constant value (and lowered when the current falls).

The distance the tip moves equals the height of the surface above or

below its original level.

So the vertical position of the tip at each point maps the positions of

the atoms from A to B.
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No: λ = 1.0 × 10-9 m at 1.5 eV, and less energy means a longer

wavelength, so λ > 1 nm, too long to resolve atoms (about 10-10 m), so

they are not suitable.

Ek = 1.5 eV = 1.5 × 1.6 × 10-19 = 2.4 × 10-19 J

½mv2 = Ek:  ½ × 9.11 × 10-31 × v2 = 2.4 × 10-19

v = √(2 × 2.4 × 10-19 / 9.11 × 10-31) = 7.26 × 105 m s-1

λ = h/mv = 6.63 × 10-34 / (9.11 × 10-31 × 7.26 × 105)

λ = 1.0 × 10-9 m (1.0 nm)
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Measure the number of muons passing through a detector per second at

the top of a mountain (upper atmosphere), and the number per second

at the ground (sea level).

Far more muons reach the ground than expected (far fewer decay) in

the time taken in the observer's frame, because the muon clock runs

slower so the half-life appears longer.

Length contraction:  l = l0 √(1 − v2/c2)

l0 = 2.5 × 103 m (distance in the observer's frame)

l = 2500 × √(1 − 0.952) = 2500 × √0.0975

l = 2500 × 0.312 = 781 m

781
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With a lower velocity, the muons take longer to travel to the ground (in

either frame of reference).

Also, as their speed is not so close to c, the time dilation effect is less

in the Earth's frame (or the length contraction of the atmosphere is

less in the muon's frame), so the half-life measured from Earth is less

dilated.

So more muons decay before reaching the ground, and the rate of

detection of muons on the surface of the Earth is reduced.
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