THE PHOTOELECTRIC EFFECT

OBJECTIVE:  To determine Planck’s constant by observing the photoelectric effect.

REFERENCE:  Krane, Section 3.2.

THEORY:  When light (or other electromagnetic radiation) is incident on a metal surface, electrons can be released from the metal.  This is the photoelectric effect.  According to classical theory, the electrons are shaken loose from atoms by the electric field of the incident light, and so a brighter light source should result in the emission of electrons with greater kinetic energies, because the larger electric field produces a larger force on the electrons.  Classical theory also predicts that the kinetic energy of the emitted electrons should not depend on the wavelength or frequency of the light.

Quantum theory gives a very different set of predictions.  According to quantum theory, one photon of light causes the emission of one photoelectron.  If the photon energy exceeds the minimum amount of energy needed to break loose an electron from the metal (called the work function (), the photoelectric effect will occur, and the electron carries away the excess energy as its kinetic energy.  If the photon energy is below this minimum, the photoelectric effect will not occur, no matter how bright the light source.  

If the photon energy is E = h( (where ( = c/( is the frequency of the light), then the maximum kinetic energy of the emitted electrons is:





Kmax = h( ( (





       (1)

To determine the kinetic energy of the electrons, we measure the voltage necessary to stop the most energetic electrons.  This voltage is called the stopping potential Vs.  As the electrons travel through a potential difference V, they gain potential energy U = eV and thus lose the same amount of kinetic energy.  When V = Vs, the electrons lose all their kinetic energy and the photoelectric current drops to zero.  In this case Kmax = eVs and Equation 1 becomes eVs = h( ( ( or
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Plotting Vs against ( should give a straight line of slope h/e and y intercept -(/e.  The x intercept (where Vs = 0) gives the cut-off frequency or wavelength, the minimum frequency (maximum wavelength) for which the photoelectric effect occurs.

APPARATUS:  For the light source in this experiment you will use a mercury lamp.  Mercury atoms emit light at several different wavelengths.  You can select individual wavelengths using different filters.  The filters (called Kodak Wratten or KW filters) and the corresponding mercury wavelengths they pass are:

Red (KW 22+70): 688.9 nm


Blue (KW 2A+34): 435.8 nm


Orange (KW 22+23A): 578.0 nm

Violet (KW 35+2C): 404.6 nm

Green (KW 74): 546.1 nm


Ultraviolet (KW 18A): 365.0 nm

Blue-green (KW 4+44): 491.6 nm

A schematic diagram of the apparatus is shown in Figure 1.
















Figure 1

The phototube uses an emitter made of potassium metal.  The accepted value for the work function of potassium is 2.24 eV, but there are other sources of voltage in the experiment, such as contact potentials of dissimilar metals, that may distort this value.  The collector is a circular wire constructed so that a light beam can hit the center of the emitter without also hitting the collector.  If light does hit the collector, then the photoelectric effect can also occur at the collector, resulting in a backward current in the tube which can distort the results of the experiment.

As electrons from the emitter reach the collector, which is electrically isolated, they build up on the collector and cause a voltage which eventually becomes large enough to stop the flow of electrons from the emitter.  At this point the charge on the collector and its voltage remain constant.  This voltage necessary to stop the current is Vs, which is measured using an electrometer.  The large resistance of the electrometer (1011 ohms) provides a sensitive way to measure the voltage on the collector.

To estimate the effect of the reverse current due to photoemission from the collector, you can compare the stopping voltage with and without the UV filter.  The UV filter passes the shortest wavelength and so gives the most energetic electrons.  Adding visible light to UV should not change the stopping voltage (which characterizes the most energetic electrons).  Any difference in stopping potential with and without the UV filter may be due to reverse photoemission from the collector and is thus a source of error for the experiment.

PROCEDURE:


Allow 10-15 minutes warm-up time for the mercury lamp and the electrometer.  Insert the opaque slide into the filter holder and use the Zero Adjust to zero the electrometer.  The long time constant may make this adjustment a bit tedious, but the adjustment is not too critical since any misadjustment produces only a small added offset voltage.  Once the electrometer is warmed up it should be stable, but check the zero reading occasionally for verification.

For each filter (including no filter), record the value of Vs both with and without the aperture mask.  (The aperture mask has half the diameter of the normal aperture and so reduces the light intensity by ¼.)  The stopping potential should not depend on the light intensity.

ANALYSIS: For each filter, plot the stopping voltage against the frequency of the light.  Use the difference between the UV filter and the air only data to estimate one source of error in the experiment.  From the data with and without the aperture mask estimate another source of error.  Put appropriate error bars on your data points.  (Assume the frequencies have no uncertainty.)  Draw the best straight line through your data points and determine Planck’s constant, the work function, and the cut-off frequency and wavelength.  From the error bars on your data points estimate the uncertainties in all of these quantities.  Given the uncertainties, how well do your results agree with the expected values for these quantities?

QUESTIONS:

1.  There are 2 ways to increase the intensity of a light source (the intensity of a light source is measured in watts/m2, which specifies the power delivered per unit area of the absorbing surface).  One way is to increase the number of photons per second that leave the source.  What is the other way?  Suppose the light source produces the photoelectric effect when it illuminates a surface.  How would each of these 2 ways of increasing the intensity of the source affect the results of the photoelectric measurement?

2.  Suppose you could replace the potassium surface of the emitter with a different material having a larger value of the work function.  How would your graph be different?

3.  You used the x intercept to determine the cut-off frequency and the y intercept to determine the work function.  Are these two intercepts independent?  Explain.
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WARNING:  THE MERCURY LAMP IS VERY BRIGHT AND PRODUCES INTENSE ULTRAVIOLET RADIATION.  DO NOT LOOK DIRECTLY INTO THE MERCURY LAMP.
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