EXPERIMENT 1

STEFAN BOLTZMANN’S RADIATION LAW

AIM: Stefan Boltzmann’s radiation Law describes the total emission of a black-body radiator.
It states that the total radiation energy emitted by a black body into the space in front of it’s
opening per unit time is proportional to the fourth power of its temperature. This relationship is
experimentally verified.

APPARATUS: 1 small optical bench, 1 Moll’s thermocouple, 1 microvoltmeter, 1 tube
oven, tube oven table, 1 Temperature sensor,
, 1 large stand base, 4 Leybold multiclamps.

METHODOLOGY:

Figure 1.1. A blackbody

SURROUNDINGS
A blackbody absorbs all radiation incident on it.
de@/ We picture it as a cavity in an enclosure where the
temperature is uniform and constant.
RADIATION OF A blackbody must be in thermal equilibrium,
ALL emitting and absorbing radiation at the same
WAVELENGTHS rate with it’s surroundings.

Figure 1.2. An approximation

In the laboratory we will
approximate it as in Figure
1.2. with a hole letting out a
sample of radiation to study

According to the Stefan Boltzmann Law for a blackbody, the total energy emitted per second
(power P) increases rapidly with temperature. It has been shown that the following relationship

holds:
P =0AT* (1.1)



where 7 is the absolute temperature in Kelvin, A the surface area of the body and
o =5.6696x10"*Wm > K "is the Stefan-Boltzmann constant.

In this experiment the above relationship is verified. The blackened inner walls of an electrically
heated tube are used as a black-body. The emitted radiation will be measured using a
thermocouple.

A pinhole diaphragm, between the oven and the thermocouple restricts the view of the
thermocouple to the radiating surface of the tube oven and screens environmental stray radiation
(oven walls).

If the temperature of the thermocouple was absolute zero, its output voltage would be
proportional to the incident radiation energy per unit of time as in (1.1).

However as it is at room temperature we have to take it into account, such that:
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Where V is the output voltage of the thermocouple, T the temperature of the radiator and T, the

room temperature. Finally V is plotted against (T“ -1, ) .

PROCEDURE:

Figure 1.3: Experiment setup and electrical connections. In brackets: positions of the clamps (left clamp
edge) on the optical bench.
(1) Temperature sensor, (2) oven, (3) Diaphragm, (4) Moll’s thermocouple(the thermopile).



Experiment setup:
1. Make the necessary connections with regards to your experimental set up as in Figure 1.3 and
take the room temperature.

Note: the glass window absorbs long-wave radiation more than short-wave radiation, and thus
systematically falsifies the temperature-dependent measurement of radiant intensity.

Insert the temperature probe half-way through the oven and then turn on the mains supply.
Remove the glass window of the thermopile.
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Mount the temperature sensor in place with the universal clamp S and switch on the digital

thermometer (measuring range > 200 °C).

5. Align the openings of the electric oven, the screen of the black body accessory and the
thermopile so that the radiant

6. Heat is directly incident on the opening of the thermopile.

7. Connect the thermopile to the microvoltmeter as shown in Fig. 1 (measuring range 10—4 V);
make sure the red socket on the thermopile is connected to the red socket on the microvoltmeter.

8. Compensate the offset by pressing the key “auto comp”’; if necessary, carry out the fine
adjustment using the potentiometer to set the digital display to zero (see Instruction Sheet for the
microvoltmeter).

9. Attach the silicone tubing to the immersion pump and the screen so that the inflow is at the
bottom hose nipple and the outflow is at the top hose nipple of the screen.

10. Fill the water vessel with water and attach the immersion pump to the rim of the water vessel e.g.

using the mounting clamp so that the inlet opening is completely submerged and the maximum

immersion depth of 17 cm is not exceeded (see Figure 1.4).

Figure 1.4: Setup example for mounting the immersion pump on the water vessel

Carrying out the experiment

1- Measure the temperature T of the brass cylinder and the initial output voltage U of the
thermopile and write these values in your experiment log.

2- Switch on the electric oven; for each temperature increase of 25°C, write the measured values T
and U in your experiment log.

3- When the temperature reaches a level between 400°C and 500 °C, Switch off the electric oven;
for each temperature decrease of 25°C, write the measured values T and U in your experiment
log.
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PART A: SCIENTIFIC KNOWLEDGE AND PLANNING [30 MARKS]
Aim;

Methodology - Draw your set up, explaining the use of the different
components you will use to achieve your aim

How do you predict the plot between Utherm and T (temperature) to look
like according to your knowledge of Stefan Boltzmann’s radiation Law?




Draw the intensity radiated by a blackbody versus the wavelength for
different temperatures according to Wien.

Introduce graphs that describe the comparison between experimental
evidence and the Rayleigh-Jeans Law in describing the black-body
spectrum. What is meant by the ‘ultraviolet catastrophe’?




How did Planck explain the above controversy?
Show that Planck’s formula reduces to the Rayleigh Jeans law at short
wavelengths.

A small hole in the wall of a cavity in an object of any kind behaves like an
ideal body. At what rate does radiation escape from a hole 10 cm” in area in
the wall of a furnace whose interior is at temperature of 700° C?

You are given 6=5.67x10"W/m*K?

()  53.56 W/s
G) 13.60 W




(i)  1.00 /s
(iv) 50.81 W

Going to the lab to perform the above experiment, you found that the space
was very little and had to set up the equipment vertically. Sketch the
equipment and give reasons for your choice of ordering.

PART B: OBTAINING EVIDENCE

Your data. Use the correct units and convert appropriately.







PART C: ANALYSING AND CONSIDERING YOUR EVIDENCE

Graph (use graph paper)

Calculations

My evidence leads to the following result.

Compare your results with theoretical values.




PART D: EVALUATION [10 MARKS]

What was good or bad about the experiment you did was ...

Some ways you could improve the experiment were...

You had the following anomalies.

The explanation for your anomalies was

You believe my evidence is reliable/unreliable for the following reasons.




4- When the temperature reaches a level between 100°C and room temperature, remove the
temperature sensor from the electric oven, measure the room temperature and write this value in
your experiment log.

5- Screen the thermopile with dark cardboard, check the zero point of the voltmeter and write this
value in your experiment log.

6- Graph the results and find the slope

RESULTS TABLE (TO=ueunirniennnnnn. K)

T (°C) T (K) T* (K) T -T, (K% V (nvolt)
100

400-500

SAFETY NOTE:

e Do not change the position of the apparatus or your own position when recording the
measurement series so that your own body heat does not influence the thermocouple.
Danger of burns: the outer wall of the electric oven can exceed 200 oC.

Avoid burning your skin on the hot electric oven.

Only operate the electric oven on its support.

Read the Instruction Sheet for the electric oven carefully,
and observe all instructions.




EXPERIMENT 2

THE BALMER SERIES

AlM:

In this experiment the wavelengths of the first three lines of the Balmer series are
determined and in extend Rydberg’s constant R

APPARATUS:

Spectrum tube, hydrogen

Spectrum tube, mercury

Holders for spectral tubes, 1 pair

Cover tube for spectral tubes

Connecting cord, 30 kV, | = 1000 mm

Object holder, 55 cm 1

Diffraction grating, 600 lines/mm

High voltage supply unit, 0-10 kV

Insulating support

Tripod base -PASS-

Barrel base -PASS-

Support rod -PASS-, square, | = 400
mm

Right angle clamp -PASS-

Stand tube

Meter scale, demo, | = 1000 mm

Cursors, 1 pair

Measuring tape, | =2 m

METHODOLOGY:

The spectrum of the radiation emitted by a hot body is continuous, because there are
very many different kinds of oscillations in any real lump of matter, so that the precise
quanta exist at all frequencies.

But there are discontinuous spectra called line spectra- the pattern of radiation emitted
by pure elements, when they were heated or electrically disturbed. The spectral lines
are images of the narrow slit that the light falls on in a spectrometer.



Figure 2.1: The emission spectrum of
hydrogen (A), sodium (B) and mercury
(C). In the Balmer Series the spacing of
lines decreases steadily as they proceed
into the ultraviolet toward shorter
wavelengths and their intensities fall
rapidly.
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Each element has a unique emission spectrum. Spectra are usually produced by
elements and mixtures in the gaseous form, i.e. hot gases. Solids can be vaporized in a
hot flame (Bunsen Burner). Spectra can be also produced by electrically disturbing
atoms, i.e. firing electrons and ions through a low pressure gas in a discharge tube.

The spectrum of the simplest atom hydrogen (1 proton, 1 electron) was found to have
four visible lines and a large number of invisible in the ultraviolet and infrared. The
total Balmer series of hydrogen (visible spectrum) is described by the following
formula:

1 1

Where R =109677.567 cm™ s Rydberg’s constant and N :% is the

wavenumber. There is a total of 4 spectral lines in the Balmer series. Nevertheless in
this experiment we will see only visible lines are for n=3, 4, 5 as listed in the table
below, since the fourth line weak and difficult to see.- ‘

Table 2.1
n=3 Ha Red 656.28nm
n=4 Hp Turquoise 486.13nm
n=5 H, Blue 434.0nm

If parallel rays of light are incident perpendicularly to the plane of a diffraction
grating, with uniform phase over the grating, then one will observe a diffraction
pattern which will have a series of intensity maxima at angles 6 satisfying the
equation

KA =gsino, k=0,1,2..(2.2)

Where A is the wavelength of the emitted light, g is the grating constant and k is the
spectrum order (k=1 is the 1% order diffraction image). Thus the grating will allow a



determination of an unknown wavelength if the positions of the intensity maxima are
measured and if g is known.
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Figure 2.2: Wavelength determination using a diffraction grating. g: grating constant,
d: distance from grating to screen, The distance 2 | between spectral lines of the same
colour in the right and left first order spectra are read through the grating

Figure (2.3): Set-up of experiment

PROCEDURE

The experimental set-up is shown in Figure (2.3). Hydrogen or mercury spectral tubes
connected to the high voltage power supply unit are used as a source of radiation. The
power supply is adjusted to about 5 kV. The scale is attached directly behind the
spectral tube in order to minimize parallax errors. The diffraction grating should be
set up at about 50 cm and at the same height as the spectral tube. The grating must be
aligned so as to be parallel to the scale. The luminous capillary tube is observed
through the grating (see Fig 2.2). The room is darkened to the point where it is still
possible to read the scale. The distance 2 | between spectral lines of the same color in
the right and left first order spectra are read through the grating. The distance between
the grating and the eye should be so short, that both lines are visible at the same time




without moving the head. The distance d between the scale and the grating is also
measured. Three lines are clearly visible in the Hg spectrum. The grating constant g is
determined by means of the wavelengths given in Table 2.1. Rydberg’s constant, and
thus the energy levels in hydrogen, are determined from the measured wavelengths by
means of Balmer’s formula.

Determine the distance 2.
Taking into account that the grating constant is g =6—(1)Omm, determine the

different angles corresponding to the different spectral lines. Using equation

(2.2) you should be able to work out their corresponding wavelengths.

Using equation (2.1), plot 1/4 for all 3 values obtained against G—iz) and
n

determine a value for Rydberg’s constant R.

RESULTS TABLE [0 I
0= tan(I/d . _ 1 1
n I (cm) ((Eggre(e) ) sin @ A (cm) 1/x (em™) (Z Tz
3 RED
4
TURQOISE
5 BLUE
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PART A: SCIENTIFIC KNOWLEDGE AND PLANNING [30 MARKS]

Aim:

Methodology - Draw your set up, explaining the use of the different components
you will use to achieve your aim




What do you predict according to quantum theory to observe on the translucent
screen?

Because... (Explain the formation of spectral lines within Quantum Theory,
using also sketches)

Draw a simplified energy level diagram for a hydrogen atom, showing the
Lyman, Balmer and Paschen Series. Explain




What does classical theory predict about an electron orbiting the nucleus of an
atom?

What is meant by a) excitation b) ionisation

Explain the Fraunhofer lines (absorption spectrum) of the sun.




In a complete solar eclipse the light from the main body of the sun is cut off and
only light from the corona of hot gases forming the outer layer reaches the Earth.
That would have the following effect on the Fraunhofer lines:

(i) Increase their visibility
(ii) Make them disappear
(iii)Have no effect on them

What values do you predict to get for the (3) wavelengths and R (Rydberg’s
constant), according to theory?

Which factors you suggest should be controlled in order to make sure that your
results are accurate and reliable?




PART B: OBTAINING EVIDENCE

Your data. Use the correct units and convert appropriately.




PART C: ANALYSING AND CONSIDERING YOUR EVIDENCE

Graph (use graph paper)

Calculations

My evidence leads to the following result.

Compare your results with theoretical values.




PART D: EVALUATION [10 MARKS]

What was good or bad about the experiment you did was ...

Some ways you could improve the experiment were...

You had the following anomalies.

The explanation for your anomalies was

You believe my evidence is reliable/unreliable for the following reasons.




EXPERIMENT 3

THE PHOTOELECTRIC EFFECT

Equipment List

Included Equipment

1. Mercury Light Source Enclosure

2. Track, 60 cm

3. Photodiode Enclosure

4. Mercury Light Source Power Supply

5. DC Current Amplifier

6. Tunable DC (Constant VVoltage) Power Supply
Optical Filters, Apertures, and Caps

7. Filter Wheel (365, 405, 436, 546, 577 nm)

8. Aperture Dial (2 mm, 4 mm, 8 mm diameter)
Photodiode Enclosure Cap (not shown)

Mercury Light Source Enclosure Cap (not shown)
Cables and Cords

9. Power Cord (3) (110 V version shown)

10. BNC Connecting Cable, Photodiode Enclosure
11. Connecting Cable, Red

12. Connecting Cable, Black

13. Interface Cable (3) UI-5219

Safety Information
Warning: To avoid possible electric shock or personal injury, follow

these guidelines:

* Do not clean the equipments with a wet rag.

* Before use, verify that the apparatus is not damaged.

* Do not defeat power cord safety ground feature.

* Plug in to a grounded (earth) outlet.

* Do not use product in any manner not specified by the manufacturer.

* Do not install substitute parts or perform any unauthorized modification to the
product.

* Line and Current Protection Fuses: For continued protection against fire, replace the
line fuse and the current-protection fuse only with fuses of the specified type and
ating.

» Main Power and Test Input Disconnect: Unplug instrument from wall outlet, remove
power cord, and remove all probes from all terminals before servicing. Only qualified,
service-trained personnel should remove the cover from the instrument.

* Do not use the equipment if it is damaged. Before you use the equipment, inspect
the case. Pay particular attention to the insulation surrounding the connectors.

* Do not use the equipment if it operates abnormally. Protection may be impaired.
When in doubt, have the equipment serviced.

* Do not operate the equipment where explosive gas, vapor, or dust is present. Don't
use it under wet condition.



* Do not apply more than the rated voltage, as marked on the apparatus, between
terminals or between any terminal and earth ground.

* When servicing the equipment, use only specified replacement parts.

* Use caution when working with voltage above 30 V AC RMS, 42 V peak, or 60 V
DC. Such voltages pose a shock hazard.

« To avoid electric shock, do not touch any naked conductor with hand or skin.

* Adhere to local and national safety codes. Individual protective equipment must be
used to prevent shock and arc blast injury here hazardous live conductors are exposed.
» Remaining endangerment: When an input terminal is connected to dangerous live
potential it is to be noted that this potential can occur at all other terminals.

Introduction

The photoelectric effect is the emission of electrons from the surface of a metal when
electromagnetic radiation (such as visible or ultraviolet light) of the right frequency
shines on the metal. At the time of its discovery, the classical wave model for light
predicted that the energy of the emitted electrons would increase as the intensity
(brightness) of the light increased.

Instead it was discovered that the energy of the emitted electrons was directly
proportional to the frequency of the incident light, and that no electrons would be
emitted if the light source was not above a certain threshold frequency. Lower energy
electrons were emitted when light with relatively low frequency was incident on the
metal, and higher energy electrons were emitted when light with relatively high
frequency was incident on the metal.

Background Information

Many people contributed to the discovery and explanation of the photoelectric effect.
In 1865 James Clerk Maxwell predicted the existence of electromagnetic waves and
concluded that light itself was just such a wave. Experimentalists attempted to
generate and detect electromagnetic radiation and the first clearly successful attempt
was made in 1886 by Heinrich Hertz. In the midst of his experimentation, he
discovered that the spark produced by an electromagnetic receiver was more vigorous
if it was exposed to ultraviolet light. In 1888 Wilhelm Hallwachs demonstrated that a
negatively charged gold leaf electroscope would discharge more rapidly than normal
if a clean zinc disk connected to the electroscope was exposed to ultraviolet light. In
1899, J.J. Thomson determined that the ultraviolet light caused electrons to be emitted
from the metal.

In 1902, Phillip Lenard, an assistant to Heinrich Hertz, used a high intensity carbon
arc light to illuminate an emitter plate. Using a collector plate and a sensitive
ammeter, he was able to measure the small current produced when the emitter plate
was exposed to light. In order to measure the energy of the emitted electrons, Lenard
charged the collector plate negatively so that the electrons from the emitter plate
would be repelled. He found that there was a minimum “stopping” potential that kept
all electrons from reaching the collector. He was surprised to discover that the
“stopping” potential, V, - and therefore the energy of the emitted electrons - did not
depend on the intensity of the light. He found that the maximum energy of the emitted
electrons did depend on the color, or frequency, of the light.



In 1901 Max Planck published his theory of radiation. In it he stated that an oscillator,
or any similar physical system, has a discrete set of possible energy values or levels;
energies between these values never occur. Planck went on to state that the emission
and absorption of radiation is associated with transitions or jumps between two energy
levels. The energy lost or gained by the oscillator is emitted or absorbed as a quantum
of radiant energy, the magnitude of which is expressed by the equation: E = hv where
E equals the radiant energy, v is the frequency of the radiation, and h is a fundamental
constant of nature. (The constant, h, became known as Planck’s constant.)

In 1905 Albert Einstein gave a simple explanation of Lenard’s discoveries using
Planck’s theory. The new ‘quantum’-based model predicted that higher frequency
light would produce higher energy emitted electrons (photoelectrons), independent of
intensity, while increased intensity would only increase the number of electrons
emitted (or photoelectric current). Einstein assumed that the light shining on the
emitter material could be thought of as ‘quanta’ of energy (called photons) with the
amount of energy equal to hv with v as the frequency. In the photoelectric effect, one
‘quantum’ of energy is absorbed by one electron. If the electron is below the surface
of the emitter material, some of the absorbed energy is lost as the electron moves
towards the surface. This is usually called the ‘work function” (W,). If the ‘quantum’
is more than the ‘work function’, then the electron is emitted with a certain amount of
kinetic energy. Einstein applied Planck’s theory and explained the photoelectric effect
in terms of the quantum model using his famous equation for which he received the
Nobel Prize in 1921

E=hv=KE,, + W,
Where KE, is the maximum kinetic energy of the emitted photoelectron. In terms of
Kinetic energy,

KEpgy = hv — W,

If the collector plate is charged negatively to the ‘stopping’ potential so that electrons
from the emitter don’t reach the collector and the photocurrent is zero, the highest
kinetic energy electrons will have energy eV where e is the charge on the electron and
V is the ‘stopping’ potential.

Einstein’s theory predicts that if the frequency of the incident light is varied, and the
‘stopping’ potential, V, is plotted as a function of frequency, the slope of the line is
h/e (see Figure 1).

Frequency, v

Fig. 1: Stopping Potential, ¥,
versus Frequency




Principle of the Experiment

When incident light shines on the cathode (K), photoelectrons can be emitted and
transferred to the anode (A). This constitutes a photocurrent. By changing the voltage
between the anode and cathode, and measuring the photocurrent, you can determine
the characteristic current-voltage curves of the photoelectric tube.
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The basic facts of the photoelectric effect experiments are as follows:

» For a given frequency (color) of light, if the voltage between the cathode and anode,
Vak, 1S equal to the stopping potential, V, the photocurrent is zero.

* When the voltage between the cathode and anode is greater than the stopping
voltage, the photocurrent will increase quickly and eventually reach saturation. The
saturated current is proportional to the intensity of the incident light. See Figure 2.

» Light of different frequencies (colors) have different stopping potentials. See Figure
3

* The slope of a plot of stopping potential versus frequency is the value of the ratio,
h/e. See Figure 1.

» The photoelectric effect is almost instantaneous. Once the light shines on the
cathode, photoelectrons will be emitted in less than a nanosecond.
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Part | — Measuring Current-Voltage Characteristics 1
Measuring Current-Voltage Characteristics of Spectral Lines -
Constant Frequency, Different Intensity

This section outlines the instructions for measuring and comparing the current versus
voltage characteristics of one spectral line at three different light intensities.
Preparation for Measurement

1. Cover the window of the Mercury Light Source enclosure with the Mercury Lamp
Cap. Cover the window of the Photodiode enclosure with the Photodiode Cap.



2. Adjust the distance between the Mercury Light Source enclosure and Photodiode
enclosure so that the general spacing is between 30.0 cm to 40.0 cm. NOTE: The
recommended distance is 35.0 cm.

3. On the Mercury Lamp Power Supply, press the button to turn on MERCURY
LAMP. On the Tunable DC (Constant Voltage) Power Supply and DC Current
Amplifier, push in the POWER button to the ON position.

4. Allow the light source and the apparatus to warm up for 10 minutes.

5. On the DC (Constant Voltage) Power Supply, set the Voltage Range switch to -
45V -30V.

On the DC Current Amplifier, turn the CURRENT RANGES switch to 10 A. (If 10-
11A is not large enough, please turn the CURRENT RANGES Switch to 10™°A.)

6. Push in the SIGNAL button to the “in” position for CALIBRATION.

7. Adjust the CURRENT RANGES knob until the ammeter shows that the current is
zero.

8. Press the SIGNAL button so it moves to the “out” position for MEASURE.

Measurement - Constant Frequency, Different Intensities
2 mm Aperture

1. Gently pull the aperture dial away from the Photodiode Enclosure and rotate the
dial so that the 2 mm aperture is aligned with the white line. Then rotate the filter
wheel until the 436 nm filter is aligned with the white line. Finally remove the cover
cap.

2. Uncover the window of the Mercury Light Source. Spectral lines of 436 nm
wavelength will shine on the cathode in the phototube.

3. Adjust the -4.5V— 30V VOLTAGE ADJUST knob until the current on the
ammeter is zero.

Record the voltage and current in Table 1.

4. Increase the voltage by a small amount (for example, 2 V). Record the new voltage
and current in Table 1.

5. Continue to increase the voltage by the same small increment. Record the new
voltage and current each time in Table 1. Stop when you reach the end of the
VOLTAGE range.

4 mm Aperture

1. Cover the windows of the Mercury Light Source Enclosure and the Photodiode
Enclosure.

2. Gently pull the aperture dial and rotate it so that the 4 mm aperture is aligned with
the white line. Then rotate the filter

3. Uncover the window of the Mercury Light Source. Spectral lines of 436 nm will
shine on the cathode in the Photodiode Enclosure.

4. Adjust the -4.5V- 30V VOLTAGE ADJUST knob so that the current display is
zero. Record the voltage and current in Table 1.

5. Increase the voltage by a small amount (e.g. 2 V) and record the new voltage and
current in Table 1. Continue to increase the voltage by the same small increment and
record the new voltage and current each time in Table 1. Stop when you reach the end
of the VOLTAGE range.



8 mm Aperture

1. Cover the windows of the Mercury Light Source Enclosure and the Photodiode
Enclosure.
2. Gently pull the aperture dial and rotate it so that the 8 mm aperture is aligned with
the white line. Then rotate the filter wheel until the 436 nm filter is aligned with the
white line. Finally remove the cover cap.
3. Uncover the window of the Mercury Light Source. Spectral lines of 436 nm will
shine on the cathode in the Photodiode enclosure.
4. Adjust the -4.5V- 30V VOLTAGE ADJUST knob so that the current display is
zero. Record the voltage and current in Table 1.
5. Increase the voltage by a small amount (e.g. 2 V) and record the new voltage and
current in Table 1. Continue to increase the voltage by the same small increment and
record the new voltage and current each time in Table 4. Stop when you reach the end
of the VOLTAGE range.
6. Turn off the MERCURY LAMP power switch and the POWER switch on the
other pieces of equipment. Rotate the filter wheel until the 0 nm filter is aligned with
the white line. Cover the windows of the Mercury Light Source Enclosure and
Photodiode Enclosure.

Table 1: Current and Voltage of Spectral Lines

A=436mm | V()
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Analysis

1. Plot the graphs of Current (y-axis) versus Voltage (x-axis) for the one spectral line,
436 nm, at the three different intensities.

Questions

1. How do the curves of current versus voltage for the one spectral line at three
different intensities compare? In other words, how are the curves similar to each
other?

2. How do the curves of current versus voltage for the one spectral line at three
different intensities contrast? In other words, how do the curves differ from each
other?

Part Il — Measuring Current-Voltage Characteristics 2
Measuring Current-Voltage Characteristics of Spectral
Lines -

Different Frequencies, Constant Intensity

This section outlines the instructions for measuring and comparing the current versus
voltage characteristics of three spectral lines, 365 nm, 405 nm, and 436 nm, but with
the same light intensity.

Preparation for Measurement

1. Cover the window of the Mercury Light Source enclosure with the Mercury Lamp
Cap. Cover the window of the Photodiode enclosure with the Photodiode Cap.



2. Adjust the distance between the Mercury Light Source enclosure and Photodiode
enclosure so that the general spacing is between 30.0 cm to 40.0 cm. NOTE: The
recommended distance is 35.0 cm.

3. On the Mercury Lamp Power Supply, press the button to turn on MERCURY
LAMP. On the Tunable DC (Constant Voltage) Power Supply and DC Current
Amplifier, push in the POWER button to the ON position.

4. Allow the light source and the apparatus to warm up for 10 minutes.

5. On the DC (Constant Voltage) Power Supply, set the Voltage Range switch to -
4.5V — 30 V. On the DC Current Amplifier, turn the CURRENT RANGES switch to
10 A. (If 10'A is not large enough, please turn the CURRENT RANGES Switch to
10°A))

6. Push in the SIGNAL button to the “in” position for CALIBRATION.

7. Adjust the CURRENT RANGES knob until the ammeter shows that the current is
zero.

8. Press the SIGNAL button so it moves to the “out” position for MEASURE.
Measurement - Different Frequencies, Constant Intensity
365 nm Wavelength

1. Gently pull the aperture dial and rotate it so that the 4 mm aperture is aligned with
the white line. Then rotate the filter wheel until the 365 nm filter is aligned with the
white line. Finally remove the cover cap.

2. Uncover the window of the Mercury Light Source Enclosure. Spectral lines of 365
nm will shine on the cathode in the Photodiode Enclosure.

3. Adjust the -4.5V- 30V VOLTAGE ADJUST knob so that the current display is
zero. Record the voltage and current in Table 2.

4. Increase the voltage by a small amount (for example, 2 V). Record the new voltage
and current in Table 2.

5. Continue to increase the voltage by the same small increment. Record the new
voltage and current each time in Table 2. Stop when you reach the end of the
VOLTAGE range.

405 nm Wavelength
1. Cover the window of the Mercury Light Source Enclosure.
2. Rotate the filter wheel until the 405 nm filter is aligned with the white line.

3. Uncover the window of the Mercury Light Source enclosure. Spectral lines of 405
nm will shine on the cathode in the Photodiode Enclosure.

4. Adjust the -4.5V— 30V VOLTAGE ADJUST knob so that the current display is
zero. Record the voltage and current in Table 2.

5. Increase the voltage by a small amount (e.g. 2 V) and record the new voltage and
current in Table 2.

6. Continue to increase the voltage by the same small increment and record the new
voltage and current each time in Table 2. Stop when you reach the end of the
VOLTAGE range.

436 nm Wavelength
1. Cover the window of the Mercury Light Source Enclosure.
2. Rotate the filter wheel until the 436 nm filter is aligned with the white line.

3. Uncover the window of the Mercury Light Source Enclosure. Spectral lines of 436
nm will shine on the cathode in the Photodiode enclosure.



4. Adjust the -4.5V- 30V VOLTAGE ADJUST knob so that the current display is
zero. Record the voltage and current in Table 2.

5. Increase the voltage by a small amount (e.g. 2 V) and record the new voltage and
current in Table 2.

6. Continue to increase the voltage by the same small increment and record the new
voltage and current each time in Table 2. Stop when you reach the end of the
VOLTAGE range.

7. Turn off the MERCURY LAMP power switch and the POWER switch on the
other pieces of equipment. Rotate the filter wheel until the 0 nm filter is aligned with
the white line. Cover the windows of the Mercury Light Source Enclosure and
Photodiode Enclosure.

Table 2: Current and Voltage of Spectral Lines

L=365mm v

4 mm dia.

Il ey

h=405mm | V()

4 mm dia

I 1oilay

b.=436 mm vv)
4 mm dia.

Iz 10t ay

Analysis

1. Plot the graphs of Current (y-axis) versus Voltage (x-axis) for the three spectral
lines, 365 nm, 405 nm, and 436 nm, at the one intensity.

Questions

1. How do the curves of current versus voltage for the three spectral lines at a
constant intensity compare? In other words, how are the curves similar to each other?

2. How do the curves of current versus voltage for the three spectral lines at a
constant intensity contrast? In other words, how do the curves differ from each other?



Name

TITLE OF EXPERIMENT

THE PHOTOELECTRIC EFFECT:
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PART A: SCIENTIFIC KNOWLEDGE AND PLANNING [30 MARKS]

Aim:

Methodology - Draw your set up, explaining the use of the different components
you will use to achieve your aim




What is meant by photoelectric emission? What is a photon? Discuss it’s rest
mass.

The photoelectric effect supports a particle theory of light, but not a wave theory
of light. State (3) features of the photoelectric effect, which support the particle
theory of light, but not support the wave theory of light. For each feature explain
why it supports the particle theory and not the wave theory.




(1) State Einstein’s photoelectric equation and explain the meaning of each term.
(ii) Plot the maximum kinetic energy against frequency

(i) What would happen to the stopping voltage and the current if the intensity of
light a) decreased and b) increased for a specific wavelength and why?

(ii) If the intensity of incident light is fixed, what would happen to the stopping
voltage if its wavelength changed?

In each case provide a graph corresponding to your answer.




A freshly cleaned zinc plate is connected to a charged gold-leaf electroscope. | 4
Describe and explain what happens to the leaf of the electroscope when the plate

Is exposed to ultraviolet radiation if the initial charge on the electroscope is
a) positive  b) negative

UV light and the electrostat

\ ZINC PLATE "//
UV RADIATION ?

GOLD LEAF

ELECTROSTAT

Which factors you suggest should be controlled in order to make sure that your 4
results are accurate and reliable?




PART B: OBTAINING EVIDENCE

Your data. Use the correct units and convert appropriately.




PART C: ANALYSING AND CONSIDERING YOUR EVIDENCE

Graph (use graph paper)

Calculations

My evidence leads to the following result.

Compare your results with theoretical values.




PART D: EVALUATION [10 MARKS]

What was good or bad about the experiment you did was ...

Some ways you could improve the experiment were...

You had the following anomalies.

The explanation for your anomalies was

You believe my evidence is reliable/unreliable for the following reasons.




EXPERIMENT

The X-ray Experiment

METHODOLOGY:

Theoretical Background.:

Wilhelm Rontgen discovered x-rays in 1895, and in 1901 he was awarded the very first Nobel Prize in
physics for this discovery. X-Rays are invisible, highly penetrating electromagnetic radiation of a much
shorter wavelength (higher frequency) than visible light. The wavelength range for X rays is from about 10°

¢ m to about 10™ m,
Wde(ﬂ
Citode |~ #j
—

\ YRays

Fig.1

X rays are produced in a highly evacuated glass bulb, called an X-ray tube, see fig.1, that contains
essentially two electrodes—an anode made of platinum, tungsten, or another heavy metal of high melting
point, and a cathode. When a high voltage is applied between the electrodes, streams of electrons (cathode
rays) are accelerated from the cathode to the anode and produce X rays as they strike the anode. Two
different processes give the rise to radiation of X-ray wavelength. In one process radiation is emitted by the
high-speed electrons themselves as they are slowed or even stopped in passing near the positively charged
nuclei of the anode material. This radiation is often called brehmsstrahlung [braking radiation].If an
electron passes very close to a nucleus it can be accelerated so much that it gives out all its energy in one
guantum. Therefore this is the biggest quantum (shortest wavelength) x ray emitted, see fig.2. The
minimum wavelength therefore depends on the accelerating voltage. If the accelerating voltage U Is
increased the minimum wavelength of the radiation decreases.

7\4min -~ 1/ U ............. (1)
(where A min = ¢/ Vmax)
E max — hV MaXsssooooocssanns (2)

X ray has maximum energy when its kinetic energy| E=eU
vmx= eU/h......... 3)
and Amn = hc/eU....... 4 ( Duane —Hunt relation)

where the proportionality constant A= hc/e, can be used to find Planck’s constant.


Khulud Almutairi
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In a second process radiation is emitted by the electrons of the anode atoms when incoming electrons from
the cathode knock electrons near the nuclei out of orbit and they are replaced by other electrons from outer
orbits. The spectrum of the wavelength given off with any particular anode material thus consists of a
continuous range of wavelength ( the curved ) emitted in the first process and superimposed on it a
number of sharp peaks of intensity corresponding to discrete wavelength at which X rays are emitted in the
second process. The sharp peaks constitute the X-ray line spectrum for the anode material and will differ
for different materials.see fig.3.

Intensity K,
Ke | L.,
....... 'K’f’m L,
AL
.Jx}“]
wavelength
Fig.3
0
N
M
L Yy ¥ ¥
Ky b Ly

Y Yy Y

K, K, K,
Fig.4

These "lines" in the spectrum are named after the energy level to which an electron falls, When a
monochromatic X-ray beam with wavelength A is projected onto a crystal diffraction occurs only when
the distance traveled by the rays reflected from successive planes differs by a complete number n of
wavelengths.

nd=2dsinf,n=1,23,.. (Bragg'slaw).......... (5)

Bragg's law allow us to calculate details about the crystal structure and to determine the wavelength of x-
ray incident upon the crystal.see Fig.5.



When X-rays passthrough matter they lose energy both by scattering and by absorption. In the absorption
process an X-ray photon is absorbed by the atom, and the excess energy is transferred to an electron, which
is expelled from the inner shell e.g the k-shell of the atom leaving the atom ionized. This can occur when
the quantum energy is greater than the binding energy Ey of the shell,See Fig.4. The transmission of the
material increase abruptly as the function of the wavelength T =R /R, where R is intensity rate behind
attenuator and R, is the intensity in front attenuator Moseley measured the k-absorption edge for various
elements

AM) =R (Z =64 (6)
where R :Rydberg constant , Z :atomic number ,c : screening coefficient of the k - shell

Safety notes:

The x-ray apparatus fulfills all regulations governing an x-ray apparatus and fully protected device for
instructional use and is type approved for school use in Germany (NW 807/97 R0).
The built-in protection and screening measures reduce the local dose rate outside of the x-ray apparatus to
less than 1 uSv/h, a value which is on the order of magnitude of the natural background radiation.
= Before putting the x-ray apparatus into operation inspect it for damage and to make sure that the
high voltage is shut off when the sliding doors are opened.
= Keep the x-ray apparatus secure from access by unauthorized persons. Do not allow the anode of
the x-ray tube Mo to overheat.
= When switching on the x-ray apparatus, check to make sure that the ventilator in the tube chamber
is turning. The goniometer is positioned solely by electric stepper motors.
= Do not block the target arm and sensor arm of the goniometer and do not use force to move them.

Partl: Bragg reflection: diffraction of x-rays at a monocrystal
AIM:

= To investigate Bragg reflection at an NaCl monocrystal using the characteristic x-ray radiation of
molybdenum.

= To determine the wavelength for the characteristic K, and Ky x-ray radiation of molybdenum.

= To confirm Bragg’s law of reflection.

= To verify the wave nature of x-rays.

Setup:

Setting up the Bragg configuration:

Fig. 5 shows some important details of the experiment setup.
Specifically, you need to carry out the following steps

— Attach the goniometer to the guide rods (d) in such a way that the distance s; between the slit diaphragm
of the collimator and the target arm is approx. 5 cm.



— Adjust the sensor seat (b) until the distance s, between the target arm and the slit diaphragm of the sensor
seat is approx. 6.

a

=

A

7

Fig.6 Experiment setup in Bragg configuration

Notes:

NaCl crystals are hygroscopic and fragile. Store the crystals in a dry place. Avoid mechanical stresses on
the crystal; handle the crystal by the short faces only. If the counting rate is too low, you can reduce the
distance s, between the target and the sensor somewhat. However, this distance must not be too small, as
otherwise the angular resolution of the goniometer is no longer great enough to separate the characteristic
k. and kg lines.

Carrying out the experiment:

— Start the program “X-ray Apparatus”, check to make sure that the x-ray apparatus is properly connected

and delete any existing measurement data by clicking the button B or pressing F4.

— Set the x-ray high voltage U = 35.0 kV, emission current | = 1.00 mA, measuring time per angular step
At=10 s and angular step width AR = 0.1°.

— Press the COUPLED key on the device to enable 26 coupling of the target and sensor; set the lower limit
value of the target angle to 2° and the upper limit to 25°.

— Press the SCAN Kkey to start the measurement and data transmission to the PC.

— When the measurement is finished, save the measurement series to a file under a suitable name using the

button %I or F2.

Evaluation

— Access the evaluation functions of the software “X-ray Apparatus” by clicking the right-hand mouse
button and select the command “Calculate Peak Center”.

— Using the left mouse button, mark the “entire width” of the peaks; if desired, insert the calculated peak
center 3 and the peak width o in the diagram with Alt +T and note the center as the glancing angle in the
measurement table (see tables 1 and 2).

— Save your measurements and evaluations to a suitably named file with the button EI or by pressing F2.
— Using the glancing angle 6 and the lattice plane spacing d = 282.01 pm, calculate the wavelength A using
Bragg’s law of reflection (5) (see tables 1 and 2).

— Find the mean values for the individual diffraction orders of the measured wavelengths (see table 3).

0(kq) AKg)/ pm

WIN|F|S

Table 1: Measured glancing angles of the Mo kq line and the calculated wavelengths A for the first through third
diffraction orders.

4



V(kg) Alkg)/pm

NS

3

Table 2: Measured glancing angles of the Mo Kgline and the calculated wavelengths A for the first through third
diffraction orders.

Aka)/ pm A(kg)/pm

Mean value

Literature value

Table 3: Mean value and literature value for the characteristic Wavelength A.

Part2: Duane-Hunt relation and determination of Planck’s constant
AlIM:

e To determine the limit wavelength A nin Of the bremsstrahlung continuum as a function of the high
voltage U of the x-ray tube.

e To confirmed the Duane-Hunt relation.
To determine Planck’s constant h= 6.626x 103 Js.

Setup: the same as in part 1

Carrying out the experiment:

— Start the software “X-ray Apparatus”, check to make sure that the apparatus is connected correctly, and
clear any existing measurement data using the F4 key.

— Set the tube high voltage U = 22 kV, the emission current | = 1.00 mA, the measuring time per angular
step At = 30 s and the angular step width Ap = 0.1°.

— Press the COUPLED key to activate 26 coupling of target and sensor and set the lower limit of the target
angle to 5.2° and the upper limit to 6.2°.

— Start measurement and data transfer to the PC by pressing the SCAN key.

— Additionally record measurement series with the tube high voltages U= 24 kV, 26 kV, 28 kV, 30 kV, 32
kV, 34 kV and 35 kV; to save measuring time, use the parameters from table 4 for each series.

U/KV | I/ImA | At/s B min/grd B max/grd AB /grd
22 1.00 30 5.2 6.2 0.1
24 1.00 30 5.0 6.2 0.1
26 1.00 20 4.5 6.2 0.1
28 1.00 20 3.8 6.0 0.1
30 1.00 10 3.2 6.0 0.1
32 1.00 10 25 6.0 0.1
34 1.00 10 25 6.0 0.1
35 1.00 10 25 6.0 0.1

Tab. 4: Recommended parameters for recording the measurement series

—To show the wavelength-dependency, open the “Settings” dialog with the button Al or F5 and enter the
lattice plane spacing for NaCl.
— When you have finished measuring, save the measurement series under an appropriate name by pressing

the button = or the F2 key.
Evaluation

Determining the limit wavelength X i, as a function of the tube high voltage U:
For each recorded diffraction spectrum:

— In the diagram, click the right mouse button to access the evaluation functions of the software “X-ray
Apparatus” and select the command “Best-fit Straight Line”.



— Mark the curve range to which you want to fit a straight line to determine the limit wavelength A i, using
the left mouse button.
— Save the evaluations under a suitable name using the pressing F2.

Confirming the Duane-Hunt relation and determining Planck’s constant

— For further evaluation of the limit wavelengths A min determined in this experiment, click on the register
“Planck”.

— Position the pointer over the diagram, click the right mouse button, fit a straight line through the origin to
the curve A nin = f (L/U) and read the slope A (pm kv) from the bottom left corner of the evaluation
window .

Part3: Moseley’s law and determination of the Rydberg constant
AlIM:

e Measuring the K-absorption edges in the transmission spectra of Zr, Mo, Ag and In.
o Verifying Moseley’s law.
e Determining the Rydberg constant.

Setup:

The same as in part 1 but the following step will change :

- By moving the sensor holder (b), set the distance s2 between the target arm and the slit diaphragm of the
sensor seat to approx. 5 cmin Fig. 7.

Note: do your calibration after this step.

s

Fig. 7 Experiment setup for measuring the K-absorption edges.

Carrying out the experiment
— Start the software “X-ray Apparatus”, check to make sure that the apparatus is connected correctly, and

clear any existing measurement data using the button ! or the F4 key.

— Set the tube high voltage U = 35.0 kV, the emission current I = 1.00 mA and the angular step width Ap =
0.1°

— Press the COUPLED key to activate 26 coupling of target and sensor and set the lower limit of the target
angle to 3.7° and the upper limit to 7.5°.

— Set the measuring time per angular step to At=15s.

— Start measurement and data transfer to the PC by pressing the SCAN key.

— When the scan is finished, mount the zirconium foil on sensor seat (e) of the goniometer and start a new
measurement by pressing the SCAN key.

— Replace the Zr foil with the Mo, Ag and In foils one after another and conduct further measurements.

6



— When you have finished measuring, save the measurement series under an appropriate name by pressing

the Button ﬂl or the F2 key.
— To display the measurement data as a function of the wavelength A , open the “Settings” dialog with the

Button ﬁl or F5, and in the tab “Crystal”, click on the button “Enter NaCl”.

Evaluation:

— Click on the “Transmission” tab in the software “X-ray Apparatus” to generate the transmission spectra
from the diffraction spectra.

— In the diagram, click the right mouse button to access the evaluation functions of the software “X-ray
Apparatus” and select the command “Draw K-Edges”.

— Mark the range of each K-edge in the transmission spectra using the left mouse button.

— Click on the tab “Moseley” and enter the atomic numbers of the respective foils (Zr: 40, Mo: 42, Ag: 47
and In: 49) in the column Z .

— Place the mouse pointer over the diagram, click the right mouse button and select the evaluation
command “Best-fit Straight Line”; then hold down the left mouse button to mark the range in the diagram
to which you want to fit the line. Read off the result for the Rydberg constant R and the screening
coefficient ok in the bottom left corner of the

window.

Results:

R Ok

The graphical evaluation
Literature values R=1.097373*10"7 m™ 3.6
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PART A: SCIENTIFIC KNOWLEDGE AND PLANNING

Aim:

Methodology- Draw your set up ,explaining the use of the different components you will
use to achieve your aim

Why we use a heavy element as a target, why we choose tungsten?




Distinguish between continuous & characteristic X rays. What is Bremsstrahlung
radiation?

Establish a relation between minimum wavelength and accelerating potential.

State & explain Moseley’s law. How can Moseley’s law be explained on the basis of
Bohr’s theory?




State Bragg s equation .

Bragg's equation will have no solution if :

1) A>2d
2) A<2d
3) A<d
4) A=d

Using the figure below what is the wavelength of the Ky X-ray line and what is the
voltage on the X-ray tube?

X-ray intensity

15 1 2
Wavelength (nm)




Can we use diffraction grating instead of the crystal in this experiment
( explain) ?7?

What are the properties of X-rays ?

Which factor you suggest should be controlled in order to make sure that your
results are accurate and reliable?




EXPERIMENT 5

THE ZEEMAN EFFECT

AlM:

This experiment demonstrates the splitting of the spectral lines in the presence of a
constant magnetic field. The ratio e/m is experimentally calculated and compared with
the theoretical value.

APPARATUS:

Fabry Perot interferometer, electromagnet, milliameter, Teslameter

METHODOLOGY:

Pieter Zeeman noted within the field of experimental spectroscopy that a constant
magnetic field imposed on an atomic discharge tube produced a splitting of the spectral
lines. This effect is due to the extra energy possessed by the atomic electrons due to the
external B field, and obviously it’s interaction due to both orbital and spin angular
momentum of the atom must be taken into account.

However one can experiment with particular atomic gases, where the total spin is zero.

In such a case the external magnetic field will exert a torque on a magnetic dipole and the

magnetic potential energy will increase from E, to E = E_, +U where:

U=m,s,B (5.1)

Ly =9.274x107*J /T is the Bohr magneton.

The change in wavelength would thus be:

hc hc ya



Figure 5.1 The normal Zeeman effect in Hydrogen. Looking at the 1s to 2p
transition. (Total Spin=0)
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In the absence of the constant magnetic field, the hydrogen energies depend only upon

the principal quantum number N and the emissions occur at a single (1) wavelength. As
we can see that is not the case when a magnetic field is applied. The emissions occur at
three (3) wavelengths.

We note that the only possible transitions are governed by the light polarization rules in
Table 5.1

Table 5.1: Possible polarisations

()
I




Table 5.2. The rules governing the quantum numbers (n, I, m;)

The number of split levels in the magnetic field is2 * | + 1.

Table 5.3 The angular momentum states

I o h 2 B B b 6
s P ld F Jd |h |

Atomic physicists use the abbreviation "s" for a level with 1=0, "p" for 1=1, and "d" for
I=2, and so on . It is also common to precede this designation with the integer principle
guantum number n. Thus, the designation "2p" means a level that has n=2 and | =1. In
the preceding example the lowest level is an "'s" level, soithas | =0and 21+ 1 =0, so it
isn't split in the magnetic field, while the first excited state has | =1 ("p" level), so it is
splitinto 2 1 + 1 = 3 levels by the magnetic field.

Figure 5.2 Using your experimental apparatus note that the direction of viewing
changes the effect seen.
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PROCEDURE:

Electrical connection:
1. Connect the coils of the electromagnet in series and then to the high current power
supply.
2. Connect the B sensor S to the Universal measuring instrument.
3. Connect the cadmium lamp to the universal choke.
4. Connect the VideoCom to the computer.
Adjusting the observing optics:
1. Mount the optical components according to Fig. 5.3.
2. After switching on the universal choke wait 5 min until the light emission is
sufficiently strong.

Figure 5.3

——
-t 1 4
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Experimental setup for observing the Zeeman effect in trans-
verse configuration. The position of the left edge of the optics
riders is given in cm.

Cadmium lamp with holding plate

Clamps

Pole pieces

Positive lens, f = 150 mm (Condenser lens)
Fabry-Perot etalon

Positive lens, f = 150 mm (imaging lens)

Interference filter in holder

VideoCom (it is helpful to use an ocular for
adjustment)

Do oD o0 oW



VideoCom:

1.

It is possible to optimize the exposure time so that the peaks have an intensity of
approximately 50 %.

To ensure that the CCD is in the focal plane of the imaging lens, move the
imaging lens along the optical axis until the peaks of the observed curve are
sharply imaged and show the maximum intensity. The center of the ring system
must then be imaged on the CCD line. For this, you can either move VideoCom
perpendicular to the optical axis or tilt the etalon slightly using the adjusting
screws. You have found the center of the ring system when further adjustment
does not cause any more peaks to emerge and the two central peaks (left and right
intersections of the innermost rings) are the maximum distance apart.

Move the condenser lens until you obtain the most uniform possible illumination
of the entire CCD line, so that the maxima in the middle are nearly at the same
intensity (see Fig. 5.4).

For angular calibration of the VideoCom, the focal length of the imaging lens is
specified (here f = 150 mm). To shift the zero point, determine the angles of the
two central peaks using the function “Calculate Peak Center” and enter the
negative mean value of the two peak centers manually. This sets the center of the
ring system to 0° on the angular scale.

a) Measuring the magnetic field

1.

2.

Hold the tangential probe vertically in the center of the pole pieces, while the
cadmium lamp is not mounted.

Starting from OA to 5A, increase the current in steps of 0.5A through the coils and
measure the magnetic field in dependency of the current.

b) Measuring the splitting of the cadmium line

1.

Cautiously insert the cadmium lamp between the pole pieces without changing the
distance of the pole pieces. Start the software “VideoComlInt” and adjust the
observing optics.

The intensity of the peak should be around 50 %.

The table “Zeeman” is provided for evaluation; switch to this table by clicking on
the corresponding tab. This table contains columns for the magnetic field B, the
angle oy of the non-displaced line (p-component), the angle a, of the displaced
line (c+ or o-) and the corresponding wavelength and energy shifts. These last
two values are calculated automatically after entry of o; and o using:

== % — 1 with 5 =n = 1.46 for the etalon and

AE ¥ =2 E = —h c. 3 with A = 643.8 nm for the Cd line.



&

Start the evaluation by marking a peak (p) with “Calculate Peak Center”.

5. Transfer this value to the “Zeeman” table by dragging it from the status line to

© oo ~Noe

10.

11.

12.

13.

14.

column ol of the table (drag and drop).

To determine the origin in the diagram, drag the value to column ay as well.

Enter the value 0 in column B (non-displaced ring without magnetic field).
Examine the ring as it is split in the magnetic field (c+ or c-).

Determine the displaced angle a, using “Calculate Peak Center” and drag it to
column ay in the “Zeeman” table. The non-displaced angle a; remains unchanged
(you can e.g. import it from a previous measurement using drag and drop), and the
magnetic flux density is entered.

Using these values, the software calculates the percentage shift in wavelength and
the energy split. Additionally, the corresponding point is plotted in the diagram.
(To confirm the effect for other rings at equal flux densities or for repetition with
different flux densities, it is necessary to examine peaks with identical
components (o+ or c-) each time.)

To get the gradients of the line splitting fit straight lines through the measured
points and find the slope.

Find the average of the absolute values of the two slopes. This value represents
the Bohr'r magneton pg.

Find e/m using

e _ 4”:5 where h = 6.626 x 1073%].s.  (5.3)

"
Compare your result to the literature value:

£ 110
—=1.759x 10
m [k

4
Figure 5.4

Figure 5.4
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PART A: SCIENTIFIC KNOWLEDGE AND PLANNING [30 MARKS]

Aim:

Methodology - Draw your set up, explaining the use of the different components
you will use to achieve your aim




What do you predict according to quantum theory to observe on the telescope?

Because... (Explain how do the (3) spectral lines occur using an example)




In the absence of a constant magnetic field there is only wavelength
associated with the transition from n=3d to n=2p. Complete the figure below
in the case that a magnetic field B is applied. How will the spectral lines split
and what will be the possible transitions? Hint: Follow the polarisation rules.




In which case do the (3) spectral lines reduce to (2) in the presence of a constant
magnetic field?

What is meant by the anomalous Zeeman effect?

What values do you predict to get for e/m?

Which factors you suggest should be controlled in order to make sure that your
results are accurate and reliable?




PART B: OBTAINING EVIDENCE

Your data. Use the correct units and convert appropriately.




PART C: ANALYSING AND CONSIDERING YOUR EVIDENCE

Graph (use graph paper)

Calculations

My evidence leads to the following result.

Compare your results with theoretical values.




PART D: EVALUATION [10 MARKS]

What was good or bad about the experiment you did was ...

Some ways you could improve the experiment were...

You had the following anomalies.

The explanation for your anomalies was

You believe my evidence is reliable/unreliable for the following reasons.




EXPERIMENT 6

Introduction to Interferometry

THE MICHELSON-MORLEY AND FABRY-PEROT
INTERFEROMETERS

AIM: Calculating the wavelength 2 of an unknown light source

APPARATUS: 0.6328 pm for a standard helium-neon laser, Laser Bench
Adjustable Mirror, Movable Mirror, Beam Splitter, Compensator Plate, Viewing Screen,
Lens, 18 mm Focal Length, base of Michelson and Morley interferometer.

METHODOLOGY:

The Michelson and Morley interferometer is primarily used to measure wavelengths of
unknown monochromatic light sources. The method lies in firing the light sample as
illustrated in Figure 6.1 and observing the resultant fringe pattern. While it is being
observed, the movable mirror is adjusted backwards. That is until a fringe pattern change
of exactly one is observed. This means that the mirror has been moved one-quarter of its
wavelength; this is because the path length of the light has changed one-half of its
wavelength (because it goes both to and from the mirror) and this change in path length
shifts the interference pattern by precisely one fringe.

A schematic representation of the Michelson and Morley interferometer using a sodium
light source

Movable
Mirror

Beam  Compensator
Splitter

Detector

Sodium
Fringes




Precise distance measurements can be made with the Michelson interferometer by
moving the mirror and counting the interference fringes which move by a reference point.
The distance d associated with m fringes is

2d =2(L, -L,)=mA (6.1)

Partl: The Michelson Mode

PROCEDURE:

STEP A: Setup and Operation

Laser Alignment:

Adjust your laser so that the beam is approximately 4 cm above the table top. Then align
the beam as in steps 4 and 5, below.

Laserbeam

Slide the rear of the

laser laterally on the

alignment bench until

the beam is reflected

straight back into the JiiR
laser aperture.

Figure 6.1. Aligning the Laser

Michelson Mode:

1. Align the laser and interferometer base as previously described. The laser beam
should be approximately parallel with the top of the base, should strike the center
of the movable mirror, and should be reflected directly back into the laser
aperture.

2. Mount the adjustable mirror on the interferometer base. Position one component holder in
front of the laser. see figure 6.2.



Component

holder Interferometer

base

PRE
INTERFEH

Viewing screen Compensator
(optional)
p

Beam mirror
splitter

Component
holder

Adjustable mirror

Lens
18mm FL - —— /

N
L\
& Thumbscrews

Micrometer
knob

Figure 6.2. Michelson Mode Setup
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3. Position the beam-splitter at a 45 degree angle to the laser beam, within the crop marks,
so that the beam is reflected to the fixed mirror. so that the reflected beam hits the fixed
mirror near its center.

4. There should now be two sets of bright dots on the viewing screen or wall ; one set comes
from the fixed mirror and the other comes from the movable mirror. Adjust the angle of
the beam-splitter again until the two sets of dots are as close together as possible.

5. Using the thumbscrews on the back of the adjustable mirror, adjust the mirror's tilt until
the two sets of dots on the viewing screen coincide.

6. The compensator is not needed for producing interference fringes when using a laser light
source. why?

7. Attach the 18 mm FL lens to the magnetic backing of the component holder in front of
the laser, as shown ,and adjust its position until the diverging beam is centered on the
beam-splitter. You should now see circular fringes on the viewing screen. If not, carefully
adjust the tilt of the adjustable mirror until the fringes appear.

StepB:

1. Align the laser and interferometer in the Michelson mode, so an interference pattern is
clearly visible on your wall.

2. Rotate the micrometer knob slowly counterclockwise. Count the fringes as they pass your
reference mark. Continue until some predetermined number of fringes have passed your mark
(count at least 20 fringes). Record the final reading of the micrometer dial x in the table 1.

3. Repeat the operation previous several times until you complete table 1.

NOTE: Knowing that each small division on the micrometer knob corresponds to one pm (10°
meters) of mirror movement find d, the ratio of path difference (twice the distance of mirror
movement) to AX. due to do=".1.



n Number of X(mm)
fringes
1 0
2 20
3 40
180
Table.1

5. Draw a graph of X as a function of m, and find the slope =\/2do, then find
wavelength of laser, where dy=.1, and compare by the real A=633nm.

Part2: The Fabry-Perot Mode

PROCEDURE:

STEP A: Setup and Operation

1. Mount the adjustable mirror where indicated on the interferometer base
and one component holder in front of the movable mirror. See Figure 6.3.

Lens Adjustable mirror
18mm FL

\

1

\

\
i

-+
B

Movable mirror

/
/

Figure 6.3. Fabry-Perot Mode Setup



2. Place the other component holder behind the movable mirror. You should see
several images of the laser beam on wall.

3. Using the thumbscrews, adjust the tilt of the adjustable mirror until there is only
one bright dot on the wall.

4. Now mount the 18 mm FL lens on the front component holder. A clear sharp
interference pattern should be visible on wall.

STEP B: Procedure for Wavelength by using the Fabry-Perot Mode:

1. Repeat step 1and 2 as in the first part. Record X in table 2.
2. Record dm, the distance that the movable mirror moved toward the beam-splitter according
to your readings of the micrometer knob using d,=do*AX, where dy=0.1.

Number of | x (mm) | Ax=(Xp+1-X,) (MM) | d,=do*Ax(mm) | A = 2d,,/20
fringes
0

20
40

180

Table 2
3. For each trial, calculate the wavelength independently for that data. The same

formula applies, then average your results and compare by the real A=633nm.
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PART A: SCIENTIFIC KNOWLEDGE AND PLANNING

Aim:

Methodology- Draw your set up ,explaining the use of the different components
you will use to achieve your aim- both for part A and B

What is interferometry? and why scientist use it?




What was the idea of the ether? and why did scientists in the 19" century
introduced it?

What was the first experiment to show that there is no ether?

1.The Fabry Perot Experiment

2. Young'’s Double Slit experiment

3. Milikan’s oil drop experiment

4. The Michelson and Morley experiment
5. Both 1 and 4

Explain briefly, why in conclusion there was no ether based on the principles
of interferometry.

If one fires electrons through a double slit, what pattern would they observe
on the screen behind the slit? And why is that?




If now a camera is placed at the slit, would the pattern change? Explain.

Using a Fabry Perot Interferometer one can observe the so called Sodium D-
Lines.

P
“T AE=00021 eV
3P
12
S88.9950nm 589 5924un
3S | |
e Ar=1035974nm

Explain the origin of the double lines. How is such a doublet formed?
Discuss it within the theory of spin orbit coupling.




Discuss the basics of interferometers in astronomy.

Which factor you suggest should be controlled in order to make sure that
your results are accurate and reliable?




PART B: OBTAINING EVIDENCE

Your data. Use the correct units and convert appropriately.




PART C: ANALYSING AND CONSIDERING YOUR EVIDENCE

Graph (use graph paper)

Calculations

My evidence leads to the following result.

Compare your results with theoretical values.




PART D: EVALUATION [10 MARKS]

What was good or bad about the experiment you did was ...

Some ways you could improve the experiment were...

You had the following anomalies.

The explanation for your anomalies was

You believe my evidence is reliable/unreliable for the following reasons.




Experiment 7

The Microwave experiment

Aim:

This experiment uses microwaves in order to dematasthe formation
of standing waves, verifying the wavelengtbf the microwaves as well
as diffraction from double slit and investigate ggfeenomenon of
polarization.

Part 1. Standing Waves - Measuring Wavelengths
Apparatus:
Transmitter — Goniometer— Receiver

Introduction

When two electromagnetic waves meet in space,stpgrpose.
therefore, the total electric field at any pointhie sum of the electric
fields created by both waves at that point. Iftine waves travel at the
same frequency but in opposite direction they faratanding wave.
Nodes appear where the fields of the two wavesatamd antinodes
where the superposed field oscillates between amuem and a
minimum. The distance between nodes in the standlawg pattern is
just 1/2 the wavelengtii) of the two waves.

M ethod

1. Set up the equipment as shown in Figure 7.1. AdhesReceiver
controls to get a full-scale meter reading with Thansmitter and
Receiver as close together as possible. Slowly rtlew®eceiver
along the Goniometer arm, away from the Transmiktew does
this motion effect the meter reading? The microwave horns are not
perfect collectors of microwave radiation. Instethey act as
partial reflectors, so that the radiation from Twansmitter reflects
back and forth between the Transmitter and Refiduatons,
diminishing in amplitude at each pass. Howevehefdistance
between the Transmitter and Receiver diodes islégua/2,
(wheren is an integer and __is the wavelength of the raahathen
all the multiply-reflected waves entering the Regeehorn will be



in phase with the primary transmitted wave. Whes dlccurs, the
meter reading will be a maximum. (The distance betwadjacent
positions in order to see a maximum is therefd?e

_,_:-'"'"-_-_-:,_-' =

1:___.'-'"'

Figure7.1:Equipment Setup

2. Slide the Receiver one or two centimeters along3tmeiometer
arm to obtain a minimum meter reading. Record theelver
position along the metric scale of the Goniometar.a
Initial Receiver Position = ..........

3. Slide the Receiver to obtain the a second minimum.
Final Receiver Position = ............

4. Repeat your measurements for 3 successive minichéiraththe
average.
You can use table 7.1.

Initial Receiver| Final Receiverl L=R,— R

Position (R) Position (R)

I—avq =

Table 7.1
5. Use the data you have collected to calculate @neslength of the
microwave radiation.
6. Calculate the frequency of the microwave signal.
7. Compare your result with the theoretical value.

Part 2:Polarization
Apparatus:

Transmitter —Receiver —Goniometer.



Introduction

The microwave radiation from the Transmitter igany polarized along
the Transmitter diode axis (i.e., as the radiatimpagates through space,
its electric field remains aligned with the axistioé diode). If the
Transmitter diode were aligned vertically, the &iedield of the
transmitted wave would be vertically polarizedshewn in Figure 7.3. If
the detector diode were at an angle _ to the Tratesrdiode, as shown

in Figure 7.4, it would only detect the componethe incident electric
field that was aligned along its axis. In this esspent you will

investigate the phenomenon of polarization.

Transmitter A A A A
Diode
Vertically
Polarized
Microwaves
(E field)

YyYyvyy

Figure 7.3: Vertical Polarization

Vertically o ¢
Polarized
Microwave

Compaonent
Detected

Detector
Diode

Figure 7.4: Detecting Polarized Radiation
Method

1- Arrange the equipment as shown in Figure 7.1 ajsathe
Receiver controls for nearly full-scale meter detilen.

2- Loosen the hand screw on the back of the Recaiwerotate the
Receiver in increments of ten degrees. At eachioota position,
record the meter reading in table 7.2.

3- Note what happens to the meter readings if youimoato rotate
the Receiver beyond 180-degrees?



4- Calculate M using M=Mco® wheref is the angle between the
detector and Transmitter diodes anglidthe meter reading when
8 =0.

5- Graph your data from step 2 of the experiment.@nsame graph,
plot the relationship Mo®$. Compare the two graphs.

Angle of Meter | M=Myco9 | Angle of Meter | M=McoD
receiver | reading M receiver | reading M

0 100

10 110

20 120

30 130

40 140

50 150

60 160

70 170

80 180

90

Table 7.2

Part 3: Double-Slit I nterference

Apparatus:

Transmitter, Receiver - Goniometer, Rotating - Congnt Holder-
Metal Reflectors (2) - Slit Extender Arm -Slit Spac

Introduction

When an electromagnetic wave passes through alitnapsrture. The
wave diffracts into two waves which superpose sgpace beyond the
apertures. Similar to the standing wave pattemrgtlare points in space
where maxima are formed and others where minimé&aneed. With a
double slit aperture, the intensity of the wavedrel/the aperture will
vary depending on the angle of detection. For two $lits separated by a
distanced, maxima will be found at angles such tba&n6 = nA. (Where
0= the angle of detectioi,= the wavelength of the incident radiation,
andn is any integer) (See Figure 7.5).



Figure 7.5 Double-Slit Interference

M ethod

1- Arrange the equipment as shown in Figure 7.6 Usétt
Extender Arm, two Reflectors, and Slit Spacer tostaict the
double slit. (We recommend a slit width of abol dm.) Be
precise with the alignment of the slit and makegétip as
symmetrical as possible.

2- Adjust the Transmitter and Receiver for verticaigpiaation (0°)
and adjust the Receiver controls to give a fullscaading at the
lowest possible amplification.

3- Set the Goniometer arm so the Receiver directlgddle
Transmitter. Adjust the Receiver controls to obtmeter reading
of 1.0. Now set the angkto each of the values shown in table
7.3. At each setting record the meter readingentdble.

4- Plot your data.

Figure 7.6 Equipment Setup



Angle Meter Reading Angle Meter Reading

(- 45"

5" alb®

10~ 55°

15° 60~

207 65"
25¢ T0°
307 75"
35° a0
40 85"

Table 7.3




Equipment
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|| Introduction ||

There are may advaniages to stadyme opial phenom-
e A mirrowave Tequencies. Using a 2.5 cenfimeter
msTowEve Wavelsneth ramsforms the scale of the expen-
mant. Micmns become centimeters and variahles ob-
sored by the small scale of maditonal opocs expermmenrs
are exsily seen and manipulated  The PASCD scienific
Mindal WA-2314B Hasic Mirrowave Cptics System &5
dasizned to mke @l advandage of these educatone] ben-
efits The Basic Microwave Opacs Systen: conses with a
1 85 centimeter wavelensih mirmowave DansniineT and a
recenver with vamatble amplifiration (fom 13 s 5030).
All the accessory squipnya necded m DvestiFaie 3 vall-
efy of wave phencomera iz also inchuded

This marmal descrives the operaiion and mamtenarse of
the marmowave eqapment and aluo gives detmiled inswoc-
tors for moary expenimants. These expemmeants anse
from quannative investizatons of reflarson and refrac-
oon 1o micrewave models of the Michelzon and Fabry-
Perot mterferomsters. For those whi bave either the
Cpmpiste Mimowave Opocs System (WA9315) o the
Micowave Accessony Packase (WA-2315), the marmal
desrrines experinents for fnvestizanine Bagz diffaction
and Brewster's ansle

|| Equipment |

Gunn Deode Transmitter

The Guon Ticde Mecrowave Tromsnter prosides 5 mW
of cobetent, Imearly polarized mimowave o af a
wavelmnprthof 185 on The umif consists of 3 Gurm d3-
ode in a 10,325 GHz resonanf cavsty, 2 mmcrrave hom
to derect the maa, and an 12 am stand to belp reduce
zhle fop reflecnons. The Trapemier may be powered
directly from a standard 115 er 220240 VAC, 50460 Hz
cratiet vy usins the providsd power supply. Ciber feanires
mehude an LET power-indicator lisht and a rotational
scale that allows easy measurement of the angle of po-
The Guom diade acts a3 2 non-imear resistor that oscillages
m the memrowave band. The ouiput is linsarty polanzed
aloaz the ands of the disds and the attached hom radiates
1 sons beam of microwave radision cenered alons the
s of the hom

To Operate the Microwawve Transmitter
Siumply phes the power supply b the jack on the
Transnvimer's hottom pens] and phys the powves sEply o
1 siandard 115 or 220240 VAC, 50°5) Hz outlet. The
LED wdll light ndicading the urmit & oo

12K1800

dmammld

» CAUTTON: The oupw povwer qf the Wiorowave
Tromimer 7 well within Sandard sy levels.
Nevarheiess, ong shawld mner oak drectfy imto the
microwena horn ar close ravee Wi the Tramsmur-
o i on

Power Supply Speafications:
Vel DC, 500 mA:
Minizrere Phooe fack Connecior {the Sp iv posdtive)

Microwave Tranamitter with Powar Supply
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Microwave Recefver

The Microwmve Facemver provides a meter reading that,
to the infensify of the incident microaave siznal A me-
crowave barm idential to that of the Transmsftar's colfaces
the microwrave sienal and channels it foa Schottky dinds
ma 10525 GHz resomant cavity. The diods responds
omby 10 the compoenent of 3 picrowave siznal thatis polar-
Ered aong the dicds axiz, producme a DC voltage that
vanes with the maprinsde of the microsisve seral
Sperial foanmmes of the Beceiver inchude fom apmlification
ranzes—from one to thirty—wrth 8 vamiable sengminy
Imob that allows fine nming of the amphificaton n each
ranze. For comensance m class demwnsmations, banara
phi= comnectors provide for an ouiput siznal vis hoakop
oo 2 projectson meter {such as PASCD Mods] ES-9065
Projecfion Meter or SE-0417 DT Vaolometer).  This cafprat
can alzo be nsed for chose examanahon of the =emal using
anoacilloscope, The recemver 13 haftery powered and has
an LET) bettary mdicaor; if the TET? Hpiis when you nom
om the Becaiver, the banery is wocking.  As with the
Tramsnofeer, an 12 om hizh mount nrinivises tabde sop
reflectons. and & rotational scale allws comvemsnt mes-

MICrowave Recelvar

The female mudio coonector on the side of the Feceiver i
for an opnanal Microsave Detector Probe { PASCO
Modsl WA-L319). The probe works the zame a5 the Fe-
ceiver sncept it has no hom or msonant cavity. The Probs
15 partoalarty comvenient for exammine wave patisms m
wiich the hom couid pet in the way, sach s the stinding.
wave pattem described m Expenimend 3 of this marmal

=NOTE: The desecior dindes m fe Recanar fand
the Probg) are nan-imer dnioe:. This non-{mer-
iy will provida ng profbilem I moshepar .
L7 EmporTet Raadver, I TS T S ey road-
ing it aof divectly propordong 10 either D Sectric
Jaid (E) or the ftarrity (T of the Ducidens micro-
wirve Fastead, o peerally rgliects soms fanarme-
o

To Operate The Microwave Receiver:

»NOTE: Bgfore irng the Rocerver, you will nead
o imstadl v o Tvoll mapuisior baseries—ihey e
ciude with the poen. - See the fesrcriones i the
Mérimtevance section o the end g this momai.

1 Tham the BITEMSITY selertion switch from OFF o
300 the kowest anplification level  The battery mdi-
cair LED shoudd Light. mdsratins that the battery 1=
oz, Ife does not, replace the battery follewins the
procedumes m the Maintenance section of this mamial

= NOTE: The INTENSITT sedaciion semmgT (701
LAY, LY} are o viniuies you! s sedeindy the
ity recdimg Iy 1o AoTeing POLT ML EHITET.
SUE, for axample, seans S o mut mufnely the
mugter reading Gy 30 fo gt the come vaike you
wold meamre fbr the o siemal with S INTEN-
SITT selection ev to LY Offcowrse, this i o
oy ifvou do net change the positon gf the FAR-
ARLE SENSITIVITY ke Berwont M e,

Pt the rmcrowave hom cownrd the modent micra-
waave siznal. Unless polanzation sffects are under m-
vestmaton, adjust the polanzaton angbes of the Trans-
rmimer and Facaiver iy the samvs anientaton e 2, both
homs vertically, o bath borms horizontally)

Advast the VARTABLE SEWSITIVITY kmob mo aimin
3 meter readme near oudscals . [ no deflaction of the
meter aoours, ncreass the mnphification by fummng the
DWNTEMSITY selection swinch clockwisa, Fememher,
alwarys multiphy your meter readine by the appropriate
INTEMEITY selecrion (3030 1000 350 ar 130) if vou
want tomeke 3 quantiaEve Comparison of measurs-
et taken af different INTEWSITY sefnes

i

a

[FAS L

........
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Micromave Uptica

|| Initial Setup ||

To atach the mecrowve Transmirter and Feceiver fo their
TespeTive stands prsor i perfning expariments, pra-
ceed as follows:

(1 Bpamsore the black hand srrewr from the back pane] of
keoth the Tramsmstter and the Fleceiver.

@ Artach both umits to the stands as shown below. Ob-
sarve the locaton of the washers.

@ To sdjmst the polarization ansle of the Transmitier
or Rereiver, loosen the band sorew, rotate the umit,
and tighten the hand sorew af the desired onentation.
Migtice the rotational scale on the back of exch met for
measuring the angle of polarization. Be aware, bow-
ewer, that since the Transmitter and Feceiver face each
oither in mest experiments i is moporant fo match their
polarization anzle. I v mofaie one wmit io an angle of
-desress, you must rofye the other to-10-desrees
(350-depress) fo achieve the proper pelar alipnment.

| I—

Aftaching the Transmitier and Recalver Stands

Accessory Equipment

Accassory equipmant for the Basic Microwes Opticu
Soetum imchadas:

Gonlomstar (1)

+ H I

Flxed Arm Azssmbly (1)

------

Rotating Tabie (1)

RAFIEATIMN G TABLE

Componant Holder (2]

guﬂ“ Component Hobdar (1)




Mazirwires [plics

01 2-04630F

Metal Reflector [2)

Partlal Reflecior (2]

Polarizers [2)

St Extendar Arm (1)

Marrow Siit Spacer (1)

Wide St Spacer (1)

o

.::-__ .

[

)

R
Ethatoam Prism Mold wi Tubular
Styrene Pellata (1) Plastic Bags [4)

The WA-2315 Microwave Arressory Package (which i
part of the Complate Mimowave Optics Sysiem Modal
WA-23148) mehides the followine:

Cubic Lattice with 100 matal
gpharas—Sx5xd amay [1)

The inllowing companents, compatible with the WA-
03148 Basic Mirmowave Optics System, are available
from PASCO scientific-

Mdodel WA-2319 Microwave Detector Probe phags &
recily mba the Microwave Feceiver. The probe is essen-
il fior experiments in which the hem of the Feceiver
gkt otherwise mierfere with te wave patiem being
meaamed

Mdodel WA-2315 Microwave Modulston Eit mchudes a
oodulator and oocropbane. With this kit, you cannse
your Trnzmitter and Fereiver a5 3 mimowave oommnmmni-

ERfore®
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Micrormave Uiilics

|| Assembling Equipment for Experiments ||

The amms of the Gomometer <Hde thrmezh the holes m the

Holders as shown. Make nae the mapnets
sirip an the bonom of the aom grips the hase of the ar-
naze Toadjustthe possfion of the holders. mst shide
stamds of the nacrowave Transmditer and Fecsiver o te
army of the Comiomersr m the sams marnst

For mest expenments it 15 advwanzems o amach the
Tmpsmier o the lonz ane of the Consomeder and the
Fegemver fo the shorer, mévmble amm. Thiz mairdwine a
fied relafionsihip between the mrirpowave beam and oom-
panents menmred on the lonz arm (or on the degres plate)
af the Comicmeter In fum the Flecssver maves easily 1o
sampla the ouipent

Faflacors, Parnal Feflares. Bolanzers Shir Spacars. and
the Slit Expender Arm all anach masmetically o the Com-
arms and the dezree plate at the juncien of the amms 2
low easy measmEment of corponent placemess. When
roaiing the rommble amm, bold the degree plate Srmly o
the @mhiz 5o that ot dies mt move

Mounting the Component Holder

= IMPORTANTNOTES:

CAUTION—ndar some cooumsiances, Tioowaves Can nerfers with elec-
romic medical d=aces. Jfvor wse g pecemalker, or other elecironic medical
device, check with vour docior of the mermfacrares fo be cenain that low power

i 21 2 frequency of 10523 GHz will oot mterere with i opemtion.
Alway: mount the apparsns o 3 CLEAW, SMOOTH able. Before setine up
e equipment rosh off any matenia—pardeslordy meval chips—hat mizh
have adhered fo the maznen: smps oo the botom of the Gomometer anmms

LEALSC (e
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PART B: OBTAINING EVIDENCE

Your data. Use the correct units and convert appropriately.




PART C: ANALYSING AND CONSIDERING YOUR EVIDENCE

Graph (use graph paper)

Calculations

My evidence leads to the following result.

Compare your results with theoretical values.




PART D: EVALUATION [10 MARKS]

What was good or bad about the experiment you did was ...

Some ways you could improve the experiment were...

You had the following anomalies

The explanation for your anomalies was

You believe my evidence is reliable/unreliable for the following reasons.







EXPERIMENT 8

THE FARADAY EFFECT

AlM:

a) Verifying the proportionality between the rotation ¢ of the polarisation plane and
the magnetic field B

b) Demonstration the decrease of the Verdet’s constant V with increasing
wavelength .

APPARATUS:

1 Flint glass square with holder, 1 U-core with a pair of pole pieces, 1 Halogen
lamp, 4 Filters, 1 Lens, 2 Polarisation filters, 1 Translucent screen, 1 Optical
bench, 1 Teslameter, 1 Vraiable extra low-voltage transformer.

METHODOLOGY:

In 1845 Michael Faraday described the interaction between light and a magnetic field in
optically transparent dielectric materials, including liquids. He concluded that such an
interaction would result to a rotation of the plane of polarization of the light that would be
proportional to the intensity of the component of the magnetic field in the direction of the
beam of light.

This observation can be explained by imaging linearly polarised light as the coherent
superposition of two opposite circularly polarised components o+ and c-.

In atomic physics the magnetic field influences the motion of the electrons in the atom.

The magnetic field causes the oscillating charges to carry out an additional precession
movement. The precession frequency is called the Larmor frequency, i.e.:

e
2 _EB (81)

where e and m are the charge and mass of the oscillating particles, and B the magnetic
flux density.

The components o+ and o-. of the polarised light have different frequencies relative to
the charges performing the precession movement. One component has the frequency



o+ o, and the other component has the frequency @—,. The refractive indices
n,,n_and the phase velocities v, ,v_differ, which is equivalent to optical activity.

Upon emergence from the medium, the rays can be considered to re-combine, however

they suffer a phase shift of AG = 2zL (n* - n")/A., resulting in a rotation of the angle of
linear polarization by ¢. This process is shown explicitly in Figure 8.1.

RCE

Figure 8. 1 A linearly-polarized beam of light may be considered as the superposition of
equal amounts of right- and left-circularly polarized beams. In going through a
perpendicularly magnetized slab of material at normal incidence, the two components of
circular polarization experience different (complex) refractive indices and, therefore, each
emerges from the medium with a different phase and amplitude. The amplitudes of the
emergent beams may be denoted by a“and a’, and their phase difference by A¢. The
superposition of the emergent circular polarization states yields elliptical polarization.
The angle of rotation of the major axis of the ellipse from the horizontal direction (which
is the direction of the incident linear polarization) is given by ¢ = %2A0, and the ellipticity
nisgivenbytann=(@" -a)/(a"+a").

The relation between the angle of rotation of the polarization and the magnetic field in a
diamagnetic material is:

o =VBL (8.2)

where
¢ is the angle of rotation (in radians)
B is the magnetic flux density in the direction of propagation (in teslas)
L is the length of the path (in metres) where the light and magnetic field interact


http://en.wikipedia.org/wiki/Tesla_(unit)
http://en.wikipedia.org/wiki/Metre

is the Verdet constant for the material. This empirical proportionality constant (in
units of radians per tesla per metre) varies with wavelength and temperature.

Figure 8.2 A schematic representation of the Faraday effect: B magnetic flux density
parallel to the propagation direction of the polarised light. E: Electric field, L: length of
isotropic material

A positive Verdet constant corresponds to L-rotation (anticlockwise) when the direction
of propagation is parallel to the magnetic field and to R-rotation (clockwise) when the
direction of propagation is anti-parallel. Thus, if a ray of light is passed through a
material and reflected back through it, the rotation doubles. Finally note that Verdet’s
constant is inverse proportional to the wavelength of light A, i.e.:

e 1.8x107%
Ve e m’ (8.2)

PROCEDURE:

Setup
e In this experiment a thread cross is attached to the analyzer and

projected onto the translucent screen so that the angle of rotation
A can be determined precisely.

e Equip one of the polarizing filters with a thread cross like depicted
in Fig.(8.3) Make sure, that the cross is exactly at right angles and
placed exactly in the center of the analyzer. Use the analyzer
protractor scale to align it. The best material for this is silk thread.

e Arrange the halogen lamp on the optical bench according to
Fig.(8.4). Mount the picture slider with heat insulation filter on the
condenser.

Fig. (8.3)



http://en.wikipedia.org/wiki/Verdet_constant

Position a polarizer close the halogen lamp on the optical bench as shown in
Fig.(8.4).

Place the U-core of the demountable transformer with the two coils on the rider base
with thread and fix it with the holder for the flint glass square.

Place the bored pole pieces on the U-core in such a manner that the flint glass square
can be placed on the holder as depicted in Fig.(8.4).

Push the pole pieces right up to the flint glass square but without touching it.

Use the clamps to fix the bored pole pieces on the U-core.

Position the analyzer close the U-core on the optical bench as shown in Fig.(8.4).
Position the translucent screen opposite to the analyzer.

Place the lens f = +50 mm between the analyzer and the translucent screen.

Electrical setup

Connect the coils to the power supply unit.
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Fig (8.4)

Connect the halogen lamp to 12 V sockets of the power supply unit.

Optical adjustment

Use picture slider with the heat filter for absorbing the infrared component in
halogen light.

Switch on halogen lamp.

Align the light source and the bored pole pieces in such a manner that light — as
much as possible — passes through the bores in the pole pieces (with no flint glass
square on the holder).

To project an image of the thread cross on the analyzer onto the translucent screen
shift the lens towards the analyzer until a sharp image is observed.

Note: The thread cross and protractor scale should be exactly concentric.




e Insert the polarizing filter.

Carrying out the experiment

a) Calibration of the magnetic field

1.
2.

3.

4.

Remove the flint glass square.

Place the tangential B probe of the Teslameter between the pole pieces. Use the
stand material to hold the magnetic probe between the bored pole pieces.

Record the magnetic field B as function of the current | through the coils for
currents from 0 to 10 A in steps of 1 A.

Plot I vs. B.

b) Rotation of the polarization plane ¢ as function of the magnetic field B

1.

agblrwm

Note

Insert the blue-with-violet filter that has A = 450 nm (468 11) in the diagram
slider.

Align the flint glass square between the bored pole pieces.

Set the desired magnetic field by means of the magnet current.

Set the analyzer to 0° position.

Find the intensity minimum by turning the polarizer.

: For a final minimum adjustment (almost dark) the minimum light intensity can be

easily checked by looking directly into the light beam behind the imaging lens. The
polarizer and analyzer are set to the intensity minimum as it can be easier accessed then
the intensity maximum.

6.

Reverse the polarity of the magnetic field without changing the magnet current.
To do so, switch off magnetic field; reverse polarity of coil current; switch on
magnetic field.

Note: When the direction of the field is reversed the doubled angle of rotation 2¢ is
measured as in Fig.(8.5).

(al): analyzer position at the start

setting.

of the magnetic field.

7. Find the intensity minimum by turning the analyzer.

Fig.(8.5):Measuring the doubled angle of rotation
2¢ by reversing the polarity of the magnetic field.
¢: angle of rotation of the polarization plane

(a2): polarization plane of the light after passing
through the flint glass square in both experiments.
(p1) polarizer position for the first magnetic field

(a3): analyzer position after reversing the polarity



8.

9.

10.
11.

12.

Switch off the magnetic field and find the intensity maximum by turning the
polarizer.

Remove the color filter from the beam path to enhance the contrast of the
projected thread cross.

Read off the thread cross position.

Repeat this measurement steps for various magnetic fields by varying the
magnetic current from 1 A to 10 A in steps of 1 A.

Plot B vs. 2A¢@. Find Verdet constant for the used wavelength.

¢) Verdet’s constant as function of the wavelength A

1.

arwnN

S

Place one of the color filters (Table. 8.1) in the picture slider of the halogen lamp
fitting.

Set the thread cross to zero.

Place the filter in the beam path and apply a magnetic field of 135 mT.

Measure the rotation of the polarization plane 2¢ as described in part b).

Remove the color filter from the beam path before reading off the thread cross
position.

Repeat the measurement for the other filters.

Plot A% vs. Verdet constant.

Filter Transmitted Color A (nm)
_______ 46805 | Yellow | 570
_______ 46809 | BlueGreen | 515
_______ 46811 | Bluewith Violet | 450

468 13 Violet 440

Table. (8.1)

Safety notes
When operating the halogenlamp.

Operate with AC voltage only (i.e. 12V AC)

Do not cover the ventilation slits (danger of overheating).

Do not touch the bulb of the halogen lamp with your fingers.

Protect the heat filter of the picture slider from shocks, dropping or similar (the
fragile material can break easily).
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PART A: SCIENTIFIC KNOWLEDGE AND PLANNING

Aim:

Method — what | am going to do in order to achieve my aim
A. List the equipment you plan to use

B. Draw your set up, explaining the use of the different components.




Explain the origin of the Faraday Effect.

Discuss the idea of Larmor precession within the above context.




What relationship you expect to get between the rotation ¢ of the polarisation
plane and the magnetic field B

What relationship you expect to get between Verdet’s constant V and the
wavelength A .

Which factors you suggest should be controlled in order to make sure that
yourresults are accurate and reliable?




PART B: OBTAINING EVIDENCE

Your data. Use the correct units and convert appropriately.




PART C: ANALYSING AND CONSIDERING YOUR EVIDENCE

Graph (use graph paper)

Calculations

My evidence leads to the following result.

Compare your results with theoretical values.




PART D: EVALUATION [10 MARKS]

What was good or bad about the experiment you did was ...

Some ways you could improve the experiment were...

You had the following anomalies.

The explanation for your anomalies was

You believe my evidence is reliable/unreliable for the following reasons.
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Related Topics
Energy quanta, quantum jumps, electron collision, excitation energy, Bohr’s shell model

Principle

Electrons are accelerated in a tube filled with mercury vapour. The excitation energy of mercury is de-
termined from the distance between the equidistant minima of the electron current in a variable opposing

electric field.

Equipment

1 Franck-Hertz operating unit 09105.99
1 Franck-Hertz Hg-tube on plate 09105.10
1 Franck-Hertz oven 09105.93
1 NiCr-Ni thermocouple 13615.01
1 5-pin connecting cable, for Hg-tube 09105.30
1 Shielded BNC-cable, | =75 cm 07542.11
1 RS 232 data cable 14602.00
1 Franck-Hertz software 14522.61

PC, Windows® 95 or higher

Additional equipment:

1 Oscilloscope, 30 MHz, 2 channels 11459.95
2 Adapter, BNC-socket/4mm plug pair 07542.27
2 Screened cable, BNC, | =75 cm 07542.11

Fig.1: Set-up for the Franck-Hertz experiment with PC.

P2510311 PHYWE Systeme GmbH & Co. KG © Al rights reserved 1
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Tasks

Record the countercurrent strength / in a Franck-Hertz tube as a function of the anode voltage U. De-
termine the excitation energy £ from the positions of the current strength minima or maxima by differ-

ence formation.

Set-up and procedure

Set up the experiment as shown in Fig. 1. For de-
tails see the operating instructions of the unit
09105.99. Connect the operating unit to the com-
puter port COM1, COM2 or to USB port (use USB
to RS232 Adapter Converter 14602.10). Start the
measure program and select Cobra3 Franck-Hertz
experiment Gauge. The window “Frank-Hertz-
experiment — measuring” (see Fig. 2) appears. The
optimum parameters are different for each Hg-tube.
You find the specific parameters for your device on
a sheet which is enclosed in the package of the Hg-
tube. Choose the parameters for U1, U2 and UH as
given on that sheet and make sure that the rest is
set as shown in Fig. 2. Press the continue button.
Now the oven of the Franck-Hertz tube will be
heated to 175 °C. Wait another 30 min before start-

c A S

U, Hg—valpour l,

6V

1 ||
) ||
U1

Fig. 3: Principle of the measurement.

ing the measurement to make sure that the interior of the tube reaches its final temperature, too. At a
particular voltage U, = Uz, which is dependent on temperature, a glow discharge between anode and
cathode occur through ionisation. Meaningful measurements can therefore only be taken at voltages 0;

< ;.

Franck-Hertz experiment - measuring
Mode
t+ automatic control
= manual control

X data

~Channels

v Current 1A
Temperature Tlst
Voltage U2

Yoltage UH

Getvalue
5

g sy | I_

Fig. 2: Measuring parameters.

PH ’ WE excellence in science
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x|
Parameters
End voltage U1

Voltage U2

‘Voltage UH |6.3 W
Temperature TSall 175 'C
Display

wum [ 1A [~ Tist

[ vz r [~ UH

v Diagram

[~ Setup

Information

Tube: Mercury

Device version: 1.3.0-1

Cancel |
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Theory and evaluation

Niels Bohr introduced the planetary model of the atom in 1913: An isolated atom consists of a positively
charged nucleus about which electrons are distributed in successive orbits. He also postulated that only
those orbits occur for which the angular momentum of the electron is an integral multiple of 4/2m, i.e.
n*h/2m, where nis an integer and /4 is Planck’s constant. Bohr’s picture of electrons in discrete states
with transitions among those states producing radiation whose frequency is determined by the energy
differences between states can be derived from the quantum mechanics which replaced classical me-
chanics when dealing with structures as small as atoms. It seems reasonable from the Bohr model that
just as electrons may make transitions down from allowed higher energy states to lower ones, they may
be excited up into higher energy states by absorbing precisely the amount of energy representing differ-
ence between the lower and higher states. James Franck and Gustav Hertz showed that this was, in-
deed, the case in a series of experiments reported in 1913, the same year that Bohr presented his mod-
el. Franck and Hertz used a beam of accelerated electrons to measure the energy required to lift elec-
trons in the ground state of a gas of mercury atoms to the first excited state.

The electrons emitted by a thermionic cathode are accelerated between cathode C and anode A in the
tube filled with mercury vapour (Fig. 3) and are scattered by elastic collision with mercury atoms. From
an anode voltage U of 4.9 V, however, the kinetic energy of the electrons is sufficient to bring the va-
lence electron of the mercury to the first excitation level 6 *P; by an inelastic collision. Because of the
accompanying loss of energy, the electron can now no longer traverse the opposing field between anode
A and counter electrode S: the current | is at a minimum. If we now increase the anode voltage further,
the kinetic energy of the electron is again sufficient to surmount the opposing field: the current strength |
increases. When U; = 2x4.9 V the kinetic energy is so high that two atoms in succession can be excited
by the same electron: we obtain a second minimum (Fig. 4). The graph of //U; thus shows equidistant
maxima and minima. These minima are not, however, very well-defined because of the initial thermal
distribution of the electron velocities. The voltage U; between anode and cathode is represented by

Uy =U+ (P — D)

where U'is the applied voltage, and A and C the work function voltages of the anode and cathode re-
spectively. As the ecxitation energy F£'is determined from the voltage differences at the minima, the work
function voltages are of no significance here.

According to the classical theory the energy levels to which the mercury atoms are excited could be ran-
dom. According to the quantum theory, however, a definite energy level must suddenly be assigned to
the atom in an elementary process. The course of the //U, curve was first explained on the basis of this
view and thus represents a confirmation of the quantum theory.

The excited mercury atom again releases the energy it has absorbed, with the emission of a photon.
When the excitation energy E is 4.9 eV, the wavelength of this photon is

2= 953
—F— nm

where ¢=2.9979 - 10° % and ~4=4.136 - 10™ eV and thus lies in the UV range.

For our evaluation we determine the voltage values of the minima. From the differences between these
values we obtain the excitation energy F of the mercury atom by taking an average. By evaluating the
measurements in Fig. 4 we obtained the value

E = (4.86  0.09) eV.

P2510311 PHYWE Systeme GmbH & Co. KG © Al rights reserved 3
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Fig. 4: Example of a Franck-Hertz curve recorded with T = 175°C and U2 =2 V.
Notes

Generally speaking the first minima are easier to observe at low temperatures. On the other hand, we
obtain a larger number of minima at higher temperatures, as the ignition voltage of the tube is raised
to higher values.

Due to oven temperature variations slightly different levels of collection current may be obtained for
repeated measurements at the same acceleration voltage. However, the position of the maxima re-
mains unaffected.

When the bimetallic switch switches the oven on and off, there is a change of load on the AC mains,
causing a small change in the set acceleration voltage. This should be noted if the switching takes
place just when the curve is being recorded.

The position of the maxima for the collection current remains unchanged when the reverse bias
changes, but the position of the minima are displaced a little. The level of the mean collection current
decreases with increasing reverse bias.

PH ’ WE excellence in science
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Franck-Hertz experiment with Ne-tube

LEP
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-15

Related topics

Energy quanta, quantum jumps, electron collision, excitation
energy, Bohr’s shell model.

Principle

Electrons are accelerated in a tube filled with neon gas. The
excitation energy of neon is determined from the distance bet-
ween the equidistant minima of the electron current in a varia-
ble opposing electric field.

Equipment

Franck-Hertz operating unit 09105.99 1
Franck-Hertz neon-tube with housing 09105.40 1
5-pin connecting cable, for Ne tube 09105.50 1
Shielded BNC-cable, [ = 75 cm 0754211 1
RS 232 data cable 14602.00 1
Franck-Hertz software 14522.61 1
PC, Windows® 95 or higher

Additional equipment:

Oscilloscope, 30 MHz, 2 channels 11459.95 1
Adapter, BNC-socket/4mm plug pair 07542.27 2
Screened cable, BNC, / = 75 cm 0754211 2

Tasks

To record the countercurrent strength I in a Franck-Hertz tube
as a function of the anode voltage U. To determine the excita-
tion energy E from the positions of the current strength mini-
ma or maxima by difference formation.

Fig.1: Set-up for the Franck-Hertz experiment with PC.

i
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Set-up and procedure

Set up the experiment as shown in Fig. 1. For details see the
operating instructions of the unit 09105.99. Connect the
Cobra3 Basic Unit to the computer port COM1, COM2 or to
USB port (use USB to RS232 Adapter Converter 14602.10).
Start the measure program and select Cobra3 Franck-Hertz
experiment Gauge. Select the parameters given in Fig. 2 and
press continue button.

Theory and evaluation

Niels Bohr introduced the planetary model of the atom in
1913: An isolated atom consists of a positively charged nucle-
us about which electrons are distributed in successive orbits.
He also postulated that only those orbits occur for which the
angular momentum of the electron is an integral multiple of
h/2m, i.e. n*h/27r, where n is an integer and 4 is Planck’s con-
stant.

Bohr’s picture of electrons in discrete states with transitions
among those states producing radiation whose frequency is
determined by the energy differences between states can be
derived from the quantum mechanics which replaced classical
mechanics when dealing with structures as small as atoms. It
seems reasonable from the Bohr model that just as electrons
may make transitions down from allowed higher energy states
to lower ones, they may be excited up into higher energy sta-
tes by absorbing precisely the amount of energy representing
difference between the lower and higher states. James Franck
and Gustav Hertz showed that this was, indeed, the case in a
series of experiments reported in 1913, the same year that
Bohr presented his model. Franck and Hertz used a beam of
accelerated electrons to measure the energy required to lift

25103-15 1
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Franck-Hertz experiment with Ne-tube

electrons in the ground state of a gas of mercury atoms to the
first excited state (see experiment 5.1.03-11). In present expe-
riment a tube filled with neon gas is used.

x
—hode —Parameter
@ automatic contral End voltage U1 98,90 W
" manual control Voltage U2 5.0 y
— data Yoltage U3 30w
YVoltage U1 j oltage UH a0 W
TEmpErature =Dl i} 03
—Channel
[ valtage L1 rDisplay
?urrent Ip? et o 1A = Tist
emperature Tls
[l voltage U2 Ljuz Ljus L
[J+oltage U3 ;
[voltage UH I Disgrarm
[~ Setup
eI r—Information
O on ey prass Tube: Mean
&1 EvEry IU-1 & Device version: 1.3.0-1
Continue | Cancel
Fig. 2: Measuring parameters.
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Fig. 3: Principle of the measurement.

The electrons emitted by a thermionic cathode are accelera-
ted between cathode C and anode A in the tube filled with
neon gas (Fig. 3) and are scattered by elastic collision with
neon atoms.

From an anode voltage U, of 16,8 V, however, the kinetic ener-
gy of the electrons is sufficient to bring the valence electron of
the neon to the first excitation level by an inelastic collision.
Because of the accompanying loss of energy, the electron can
now no longer traverse the opposing field between anode A
and counter electrode S: the current [ is at a minimum. If we
now increase the anode voltage further, the kinetic energy of
the electron is again sufficient to surmount the opposing field:
the current strength I increases. When Uy = 2x16.8 V the
kinetic energy is so high that two atoms in succession can be
excited by the same electron: we obtain a second minimum
(Fig. 4). The graph of I/U thus shows equidistant maxima and
minima.

2 25103-15

These minima are not, however, very well-defined because of
the initial thermal distribution of the electron velocities.

The voltage U between anode and cathode is represented by

Ui=U + (ba—dc),

where U is the applied voltage, and ¢, and ¢ the work func-
tion voltages of the anode and cathode respectively. As the
ecxitation energy E is determined from the voltage differences
at the minima, the work function voltages are of no significan-
ce here.

According to the classical theory the energy levels to which
the mercury atoms are excited could be random. According to
the quantum theory, however, a definite energy level must
suddenly be assigned to the atom in an elementary process.
The course of the I/U curve was first explained on the basis
of this view and thus represents a confirmation of the quantum
theory.

The excited neon atom again releases the energy it has absor-
bed, with the emission of a photon. When the excitation ener-
gy E is 16.8 eV, the wavelength of this photon is

A= % = 73.8 nm, where

¢ =2.9979 - 108 %

and
h=4.136-10"%eV.

For our evaluation we determine the voltage values of the
minima. From the differences between these values we obtain
the excitation energy E of the neon atom by taking an aver-
age.

By evaluating the measurements in Fig. 4 we obtained the
value

E=(17.4+0.7)eV.

T
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Fig. 4: Example of a Franck-Hertz curve recorded with Ne-
tube.
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PART A: SCIENTIFIC KNOWLEDGE AND PLANNING

Aim:

Method — what | am going to do in order to achieve my aim
A. List the equipment you plan to use

B. Draw your set up, explaining the use of the different components.




Explain the Bohr’s model of the atom.

Discuss how the classical Franck-Hertz experiment in 1914 supports it.




How do you expect the relationship between the current and voltage in the
experiment would look like- plot it.

Which factors you suggest should be controlled in order to make sure that
yourresults are accurate and reliable?




PART B: OBTAINING EVIDENCE

Your data. Use the correct units and convert appropriately.




PART C: ANALYSING AND CONSIDERING YOUR EVIDENCE

Graph (use graph paper)

Calculations

My evidence leads to the following result.

Compare your results with theoretical values.




PART D: EVALUATION [10 MARKS]

What was good or bad about the experiment you did was ...

Some ways you could improve the experiment were...

You had the following anomalies.

The explanation for your anomalies was

You believe my evidence is reliable/unreliable for the following reasons.




