
Episode 501: Spectra and energy levels

This episode discusses: quantisation; energy levels in a hydrogen atom; and, distinguishing quantisation and continuity. And is accompanied by worked examples, student question sets, a student experiment and a demonstration.

Lesson Summary

· Demonstration: Looking at emission spectra (20 minutes)

· Discussion: The meaning of quantisation (20 minutes)

· Demonstration: Illustrating quantisation (10 minutes)

· Discussion: Energy levels in a hydrogen atom (10 minutes)

· Worked example and Student Questions: Calculating frequencies (20 minutes)

· Discussion: Distinguishing quantisation and continuity (5 minutes)

· Worked example: Photon flux (10 minutes)

· Student calculations: Photon flux (20 minutes)

· Student experiment: Relating photon energy to frequency (30 minutes)

Demonstration: Looking at emission spectra
Show a white light and a set of standard discharge lamps: sodium, neon, hydrogen and helium. Allow students to look at the spectrum of each gas. They can do this using a direct vision spectroscope or a bench spectroscope, or simply by holding a diffraction grating up to their eye.

What is the difference? (The white light shows a continuous spectrum; the gas discharge lamps show line spectra.)


Emission and absorption spectra
The spectrum of a gas gives a kind of finger print of an atom. You could relate this to the simple flame tests that students will have used at pre-16 level. Astronomers examine the light of distant stars and galaxies to discover their composition (and a lot else).

Discussion: The meaning of quantisation
Relate the appearance of the spectra to the energy levels within the atoms of the gas. Students will already have a picture of the atom with negatively charged electrons in orbit round a central positively charged nucleus. Explain that, in the classical model, an orbiting electron would emit radiation and spiral in towards the nucleus, resulting in the catastrophic collapse of the atom.

This must be replaced by the Bohr atomic structure – orbits are quantised. The electron’s energy levels are discrete. An electron can only move directly between such levels, emitting or absorbing individual photons as it does so. The ground state is the condition of lowest energy – most electrons are in this state.

Think about a bookcase with adjustable shelves. The bookshelves are quantised – only certain positions are allowed. Different arrangement of the shelves represents different energy level structures for different atoms. The books represent the electrons, added to the lowest shelf first etc

Demonstration: Illustrating quantisation
Throw a handful of polystyrene balls round the lab and see where they settle. The different levels on which they end up – the floor, on a desk, on a shelf – gives a very simple idea of energy levels.

Some useful clipart can be found below:

Episode 501-1: The emission of light from an atom (Word, 35 KB) - see end of document

Resourceful Physics >Teachers>OHT>Emission of Light

The absorption of a photon can raise an electron to a higher energy level. Alternatively the electrons can change energy level as a result of heating (which, in turn, can either be by absorbing radiation or particle collision).

When the electrons fall back to a lower level they emit a quantum of radiation.

Discussion: Energy levels in a hydrogen atom
Show a scale diagram of energy levels. It is most important that this diagram is to scale to emphasise the large energy drops between certain levels.

The students may well ask the question, Why do the states have negative energy? This is because the zero of energy is considered to be that of a free electron just outside the atom. All energy states below this – i.e. within the atom are therefore negative. The atom must absorb energy to raise the electron to the surface of the atom and allow it to escape.

Worked example and student questions: Calculating frequencies
Calculate the frequency and wavelength of the quantum of radiation (photon) emitted due to a transition between two energy levels. (Use two levels from the diagram for the hydrogen atom.)

Δ E = E2 − E1
E2 – E1 = h  ×  f
Point out that this equation links a particle property (energy) with a wave property (frequency).

Ask your students to calculate the energy and frequency or a photon for one or two other transitions. Can they identify the colour or region of the spectrum of this light?

Emphasise the need to work in SI units. The wavelength is expressed in metres, the frequency in hertz, and the energy difference in joules. You may wish to show how to convert between joules and electronvolts.
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Discussion: Distinguishing quantisation and continuity
The difference between the quantum theory and the classical theory is similar to the difference between using bottles of water (quantum) or water from a Episode (classical). The bottles represent the quantum idea and the continuous flow from the Episode represents the classical theory.

The quantisation of energy is also rather like the kangaroo motion of a car when you first learn to drive – it jumps from one energy state to another, there is no smooth acceleration.

It is all a question of scale. We do not see quantum effects generally in everyday life because of the very small value of Planck's constant. Think about a person and an ant walking across a gravelled path. The size of the individual pieces of gravel may seem small to us but they are giant boulders to the ant.

We know that the photons emitted by a light bulb, for example, travel at the speed of light

(3 × 108 m s-1 ) so why don’t we feel them as they hit us? (Although all energy is quantised we are not aware of this in everyday life because of the very small value of Planck’s constant.)

Students may worry about the exact nature of photons. It may help if you give them this quotation from Einstein:

All the fifty years of conscious brooding have brought me no closer to the answer to the question, What are light quanta?. Of course, today every rascal thinks he knows the answer, but he is deluding himself.

Worked examples: Photon flux
Calculate the number of quanta of radiation being emitted by a light source.

Consider a green 100 W light. For green light the wavelength is about 6 × 10-7 m and so Energy of a photon,E :

E = h × f /l
E = h  ×  c / l
Energy of a photon = 3.3 × 10-19 J
The number of quanta emitted per second by the light

N = 100  ×  λ / h x c 
N = 3 × 1020 s-1.

Student calculations: Photon flux
Episode 501-2: Photons streaming from a lamp (Word, 22 KB) - see end of document

Episode 501-3: Quanta (Word, 27 KB) - see end of document

Student experiment: Relating photon energy to frequency
Episode 501-4: Relating photon energy to frequency (Word, 70 KB) - see end of document

Students can use LEDs of different colours to investigate the relationship between frequency and photon energy for light.

Episode 501-1: The emission of light from an atom 


Episode 501-2: Photons streaming from a lamp

What to do

Complete the questions below on the sheet. Provide clear statements of what you are estimating; show what calculations you are performing and how these give the answers you quote. Try to show a clear line of thinking through each stage.

Steps in the calculation

1.
Estimate the power of a reading lamp in watts.



2.
Estimate the average wavelength of a visible photon.



3.
Calculate the energy transferred by each photon.







4.
Calculate the number of photons emitted by the lamp in each second.







Practical advice

This question, or a substitute for it, needs to come early on in the discussion of photons to avert questions concerning our inability to be aware of single photons. However, single photon detectors are now used in astronomy etc. 

Alternative approaches

This may be prefaced or supplemented by such a calculation performed in class. It is well done by linking to other such questions that yield large numbers.

Social and human context

Every time we meet a pervasive quantity like power it is useful to compare it to our place in the Universe (75 W or so as a useful power output over any length of time) and to compare developed and developing countries in this respect.

Answers and worked solutions

1.
P = 40 W

2.
= 5 10–7 m

3.
Calculate the frequency of the photons corresponding to this wavelength:


[image: image2.wmf].

Hz

10

6

m

10

5

s

m

10

3

14

7

1

8

´

=

´

´

=

=

-

-

l

c

f



Now calculate the energy of each photon:
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4.
Energy per second = 40 J s–1

Energy per photon = 4  10–19 J.
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External reference

This activity is taken from Advancing Physics chapter 7, question 20E

Episode 501- 3: Quanta   

Speed of electromagnetic radiation in free space (c) = 3.00 x 108 m s-1
Planck’s constant (h) = 6.63 x 10-34 J s

1.  Write down the equation for the quantum energy of a photon in terms of its frequency.

2. Calculate the energies of a quantum of electromagnetic radiation of the following wavelengths:

(a) 
gamma rays  
wavelength
10-3 nm

(b) 
X rays 

wavelength
0.1 nm

(c) 
violet light
wavelength
420 nm

(d) 
yellow light
wavelength 
600 nm 

(e) 
red light

wavelength
700 nm

(f) 
microwaves    
wavelength
2.00 cm

(g) 
radio waves  
wavelength
254 m

3. Calculate the wavelengths of quanta of electromagnetic radiation with the following energies:

(a) 
6.63 x 10-19 J

(b) 
9.47 x 10-25 J

(c) 
1.33 x 10-18 J

(d) 
3.98 x 10-20 J

Practical advice

Pupils may need to be reminded that a wavelength of 10-3 nm is 1 x 10-12 m and that some students could need help in using their calculators.

Answers and worked solutions

1 
E = hf

2

(a)    
f= c/      E = hf so E = h c/      

  
E = (6.63 x 10-34 x 3 x 108) / (1 x 10-12) = 1.99 x 10-13 J

(b) 
E = 1.99 x 10-15 J

(c)
E = 4.74 x 10-19 J

(d)
E = 3.01 x 10-19 J

(e)
E = 2.84 x 10-19 J

(f)
E = 9.95 x 10-24 J

(g)
E = 7.83 x 10-19 J

3

(a)
= hc/E
= (6.63 x 10-34 x 3 x 108) / 6.63 x 10-19 = 3 x 10-7 m
(300 nm)

(b)
0.21 m

(c)
1.5 x 10-7 m
(150 nm)

(d)
5 x 10-6 m

Episode 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

Photons are emitted by the LED when electrons move from a higher to a lower energy level.  The energy of each photon is related to the difference in energy of the two levels. 
To measure the energy difference, 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 we assume that the energy difference is equal to the energy of the emitted photon. 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 no 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 transferred 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 transferred 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:


[image: image6]
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

Electron in orbit round a nucleus in an atom








Photon absorbed. The electron is excited and rises to a higher energy level (shell).








The electron falls back to its original energy level and a photon of electromagnetic radiation is emitted. The bigger the drop the greater the energy difference and the shorter wavelength the radiation has (blue light).
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