TAP 501- 4: Relating energy to frequency

Photons have a characteristic energy

Light of a particular colour is a stream of photons of a specific frequency. Light appears granular when seen at the finest scale. A bright light delivers lots of energy every second. If light is granular then the amount of energy must be related to the number of granules arriving each second. The intensity of the light will also depend on the energy delivered by each granule. This activity relates the energy of each photon to the frequency of that photon.

You will need

· multiple LED array

· peering tube

· power supply, 5 V (smooth and regulated)

· multimeter

· five 4 mm leads

Measuring energy

The energy released by each electron as it travels through the LED is transferred to a photon. To measure the energy released by each electron measure the potential difference across the LED when it just glows. Then we multiply this figure by the charge on the electron 
(1.6  10–19 C). The quantity that characterises the photon is the frequency so we then seek to find a connection between this frequency and the energy.

1.
Set up the circuit and check that each LED can be lit by altering the pd
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2.
Calculate the frequency of the LEDs.

3.
Measure the pd just sufficient to strike each LED. At this pd the energy supplied by the electrons is all transferred to photons. Use the peering tube to cut out room lighting.

4.
Look for a pattern connecting energy to frequency (plot a graph!). You should be 
prepared to re-measure any points that do not fit and to check your results with those 
from other measurements.

5.
See if you can quantify the relationship. By how much does the energy of the photon 
change for each hertz?

Energy and frequency

1.
The energy associated with a photon is related to its frequency.

2.
This relationship introduces the important quantity, h, the Planck constant.

Practical advice

We suggest setting up several competing research groups, and actively encouraging students to form a consensus about the relationship between frequency and energy. An appropriate degree of collaboration gets the correct answer; inappropriate degrees yield a work of fiction or no consensus. Thus can physics progress.

Students will know about the existence of an LED from previous work on electricity and will know that it conducts in one direction only. Thus electrons, simply introduced as what moves when electricity is conducted, can be presented as meeting an electrical barrier when the LED is reverse biased and falling down that barrier when forward biased. This simple model of the action of an LED is enough for this purpose. Connecting this electrical model to an energetic model requires the notion of potential difference to be reviewed as being likely to be the sensible way of determining the height of the barrier and the energy as being the potential difference times the charge on the electron. Analogies with the energy released in falling down a hill can reinforce this idea. So as to make sure that none of the electrical energy is dissipated we need to insist that we require the smallest pd across the photodiode. This energy, plotted against the frequency of emitted light (taken from the manufacturer's specifications), can then be used. Experience shows that the measurements made by the students may not be so accurate, and that encouragement to settle on a simple pattern, together with the consensual approach suggested above and the ability to make several measurements before deciding on the accurate answer, will be necessary. A class using a graph-plotting package may make this review and interaction more likely.

Students should easily establish E = h f.  A consensus on the value of h should give a value that is far from embarrassing.

Students who are red/green or other forms of colour blindness will get different results.  Often red/green colour blind students need a higher striking pd to see some light from the LED or may not be able to see particular wavelengths of light.

Sample results:

	LED 

colour
	Wavelength

/ nm
	Frequency

/ 1014 Hz
	Striking pd

/ V
	Energy

/ J
	h

/ 10–34 J s

	Blue
	470
	6.38
	2.38
	0.381
	6.0

	Green
	563
	5.33
	1.69
	0.270
	5.1

	Yellow
	585
	5.12
	1.63
	0.261
	5.1

	Orange
	620
	4.83
	1.48
	0.237
	4.9

	Red
	650
	4.62
	1.47
	0.235
	5.1


Technician’s information

The array of LEDs is used to make the connection between the frequency at which a photon is emitted and the energy carried by that photon. Measurements are made of the minimum pd required to just turn an LED on and of the wavelength of light from it. The wavelength may be better taken directly from the manufacturer's specification. Each LED emits photons of one characteristic frequency, specified in many catalogues by the peak wavelength emitted by the LED. You need a wide range of wavelengths, fairly evenly spaced, so as to get a reasonable graph of pd against frequency or wavelength. You may find a wider range of LEDs available at lower cost than when this design was first produced, if so then exceeding the range suggested is fine; reducing that range does not yield a reliable graph. To measure the energy carried by each photon students will need to be able to measure the pd applied across each LED in turn. Students then plot energy / frequency. So it may be useful to mark the peak frequencies or wavelengths emitted by the LEDs on the apparatus.

How to make it

The requirement is to be able to apply a variable pd, 0 - 3 V, across a series of LEDs, one at a time in turn. 5 LEDs are sufficient. Increasing the range of frequencies is more important than adding more LEDs. We suggest that the LEDs be mounted in plastic ducting, a 150 mm length of 40 mm by 25 mm proved sufficient to mount all the components neatly.

Here is a circuit diagram:
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Variations are, of course possible. You may choose not to have sockets (which enable the current through the LEDs to be measured), or perhaps to have only one return wire so that the LEDs come on one after another as the pd is increased.

A suitable protective resistor (roughly equal in value to the resistance of the shortest wavelength LED) in series with the wiper arm of the potentiometer will prevent applying too much pd across the LEDs.

Important features

· Use as wide a range of wavelengths for the LEDs as are currently available.

· The LEDs should all be mounted in clear plastic, not mounted in coloured plastic.

· The LEDs should all have approximately the same power output.

· Provide a narrow opaque tube, about the length of a pencil, through which to peer at each LED, excluding extraneous light, so as to detect when it just comes on, and obtain a good value for the pd needed. Black paper or card is usually sufficient for the tube.

· The arrangement of the potential divider together with the protective resistor to protect the LEDs allows the apparatus to be driven from a 5 V supply whilst protecting the LEDs. Other arrangements might also work.


Alternative approaches

To establish the connection between the energy associated with each click as a Geiger counter detects a gamma ray photon we suggest measuring the energy required to release one photon of light in a light-emitting diode. This has the advantage that we can cheaply try out several frequencies and rapidly obtain a picture of how energy varies with frequency. It is, of course, not the only technique for establishing a link between frequency and energy. You may substitute others. The photoelectric effect has been used for this for many years, as has appeal to the evidence of spectra.

Social and human context

Studying engineering barriers of different heights to release different amounts of energy takes us into the structures of semiconductor materials and engineering band gaps, which, whilst fascinating, does not contribute to the central understanding sought here. It is, however, central to quantum engineering. This can be used to start a discussion linking the potential barrier to an energetic understanding of the situation.

External reference

This activity is taken from Advancing Physics chapter 7, activity 10E
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