THE FRANCK-HERTZ EXPERIMENT

OBJECTIVE:  To demonstrate the discrete (quantized) energy levels in atoms by observing the energy loss by electrons that scatter from atoms.

READING: Krane, Section 6.6.

THEORY: In 1913, Danish physicist Niels Bohr showed for the first time that it was possible to understand the individual wavelengths of light emitted by atoms if the electrons in atoms were allowed to occupy only a set of discrete (quantized) energy states.  This is in contrast to classical physics, in which energy is a continuous variable that can take any values.  Immediately after Bohr’s discovery, experimental confirmation of his work was provided by an experiment done in 1914 by James Franck and Gustav Hertz in Germany.

When an electron collides with an atom, the laws of conservation of momentum and energy apply.  Often this collision is elastic, and the electron scatters from the atom like a ping-pong ball scatters from an impact with a bowling ball.  Because the electron is so much less massive than the atom, the electron will lose a negligibly small amount of energy in the collision.

Occasionally, however, the collision can be inelastic.  The laws of conservation of momentum and energy still apply, but some of the electron’s kinetic energy is absorbed by the atom.  This absorption takes place when one of the atom’s electrons jumps from a lower energy state to a higher energy state.  The difference in energy between the two atomic energy states is equal to the energy lost by the electron that collides with the atom.  (Note that we are considering two different electrons – one is the moving free electron that collides with the atom, and the other is an electron that is part of the atom and can jump from one atomic state to another.)  In this discussion we are neglecting the kinetic energy imparted to the atom after the collision; because the atom is so massive compared to the electron, this kinetic energy is negligibly small.

If the energy levels of electrons in the atom are quantized, then the electrons within the atom can absorb energy only at certain discrete values, corresponding to the difference between the allowed energy values.  That means that the energy loss by the colliding electron can take only discrete values.  In this experiment you will observe these discrete values of the energy loss by the colliding electrons and thus deduce the energy difference between the discrete energy states in the atom.

A schematic diagram of the apparatus is shown in Figure 1.
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Electrons leave the hot filament and are accelerated toward the perforated grid by a voltage VFG.  Electrons that pass through the holes in the grid are decelerated by a reverse voltage VGA between the grid and the anode.  Because the magnitude of VFG is greater than the magnitude of VGA, these electrons have enough kinetic energy to reach the anode and contribute to the current I in the external circuit, which is read by an ammeter.

The experimental chamber is filled with mercury gas.  If we increase the value of VFG until the electrons have just enough kinetic energy to transfer energy to the Hg atoms in inelastic collisions, the scattered electrons will have very little kinetic energy, and the electrons that pass through the grid will not be able to overcome the repelling voltage of the anode.  This causes a reduction in the current in the external circuit.  If we continue to increase the value of VFG, the current will rise again as the scattered electrons may now have enough energy to reach the anode, even thought they lose energy to an Hg atom.  As the voltage continues to increase, the electrons will have just enough kinetic energy to make two inelastic collisions with Hg atoms; following these two collisions, the scattered electrons will not have enough energy to reach the anode, and another drop in the current results.  This process continues: whenever the value of VFG is increase by an amount V such that eV, the gain in electron kinetic energy, is equal to the difference in energy between the states of an electron in the Hg atom, a drop in the current will occur.

Because of the contact potentials of the metals used to construct the filament, grid, and anode, the first drop in the current may be displaced by a few volts from the accelerating voltage corresponding to the atomic transition in Hg.  However, this displacement will not affect the energy difference between successive drops in the current, which should correspond to the energy spacing between the electron states in Hg.

APPARATUS:  A drop of liquid mercury is sealed in the Franck-Hertz tube.  The tube also contains the filament, the grid, and the anode.  The mercury vapor pressure in the tube is fixed by maintaining the tube in an oven whose temperature determines the vapor pressure above the drop of liquid Hg.  Maintaining the oven temperature at a constant value is critical to the success of the experiment.
On the right panel of the oven is the oven temperature control knob (OTCK), which is calibrated in degrees Celsius from 0(C to 300(C.  Before starting the experiment, turn on the oven by setting the OTCK to 150.  The oven is controlled by a thermostat and will attempt to maintain an internal temperature that corresponds to the OTCK setting.  Unfortunately, the over thermostat allows the actual over temperature to oscillate about the OTCK setting by an amount of the order of (15 C(.

Use the thermometer that projects from the top of the oven to track the temperature of the oven.  Carefully adjust the OTCK setting so that the midrange oven temperature is 195(C (that is, the thermometer oscillates between 180(C and 210(C).  Since the OTCK setting tends to drift over time, you may find it necessary to readjust the OTCK to compensate for the drift.  Remember that the oven response lags behind changes in the OTCK, so do not overcompensate!

There are two different types of electronic control and measuring set-ups in use in the lab.  Be sure you can identify which type you are using, and follow the instructions carefully for that equipment.

Type 1 equipment: In this apparatus, there are two other components on the table in addition to the Franck-Hertz oven.  One of these boxes supplies the voltages needed for the experiment, and the other is a picoammeter for recording the current.

The oven power supply provides the voltages required by the oven and the Franck-Hertz tube.  A filament voltage of about 6.3 V supplies the heat to the filament to produce a cloud of electrons.  This voltage is not adjustable.

The accelerating voltage VFG between the filament and the grid is adjustable by a control knob in the range of 0 to 45 volts.  The voltmeter reads this value directly.  The retarding voltage VGA between the grid and the anode is supplied by an internal 1.5-volt battery and is not adjustable.  

The current recorded in this experiment is very small, so a very delicate meter is needed to measure it.  The Keithley picoammeter is an ultrasensitive instrument.  Be careful not to “pin” the meter by choosing too low a range for the meter.

Type 2 equipment:  In this apparatus, there is only one other box on the table.  This box supplies all the necessary voltages and also contains an amplifier that converts the very small current to a larger voltage that can be read with a digital voltmeter (DVM).

The accelerating voltage is adjustable from 0 to 80 volts.  The heater voltage is adjustable from 4 to 12 volts, and the reverse or repelling voltage between –1.2 and –10 volts.  The current is amplified and is read out as a voltage.  An amplitude control allows you to change the amplification.  When the amplitude control is at minimum, an output voltage of 1 volt corresponds to a current of about 10 (A; at maximum amplification, 1 volt corresponds to about 1 nA.

WARNING:  If any of the voltage leads become disconnected during the experiment, please check with your lab instructor before reconnecting them.  Accidentally crossing wires or connecting the wrong wire can damage the equipment.

PROCEDURE:
Be sure the oven is operating at the correct temperature.  

Turn all adjustable voltages control knobs to zero.

(Type 1): Turn on the filament heating switch.  (Type 2): Set the filament heater knob to about 8 volts.  It takes a couple of minutes for either of the filament heaters to warm up.

(Type 1): Activate the picoammeter by turning its power knob to the “-“ setting.  Set the current range to an initial scale of 0.3 ( 10-8 A.  Let the picoammeter warm up for a couple of minutes.  (Type 2):  Be sure you know which of the two DVMs reads the accelerating voltage and which is the current monitor.  (Note that the current amplifier actually reads out in volts.)

Slowly increase the accelerating voltage to 15 volts and watch the current on the picoammeter (type 1) or the current monitor DVM (type 2).  If the meter pins, there has probably been a gas breakdown in the tube.  Turn the accelerating voltage back down to zero immediately, check the oven temperature, and try again.  If it happens again, ask for help from your lab instructor.

(Type 1): Whenever you change the scale on the meter, check the zero setting and readjust if necessary.

(Type 1): Set the accelerating voltage to zero and slowly begin increasing it.  Take current readings every 0.5 volt from 0 to 30 volts.  Continue carefully from 30 to 40 volts and watch the picoammeter, because the current increases rapidly at higher accelerating voltages.  Watch for gas breakdowns.  

(Type 2): Increase the accelerating voltage from zero and watch the current monitor.  The first noticeable change in the current will occur around 20 volts.  Starting at the point where the current variation first becomes noticeable, take measurements every 0.5 volts over a range of about 30 or 40 volts.  Watch for gas breakdowns.

(Types 1 and 2):  Check the oven temperature regularly and be sure you are taking all your current readings at the same oven temperature.  You may need to watch the oscillations in the oven temperature and record the current when the oven temperature passes through the same value each time.  Start over again and make 2 more complete trials, so you will have 3 independent sets of data.  TURN OFF ALL POWER SUPPLIES AND THE OVEN HEATER WHEN YOU HAVE FINISHED TAKING DATA.

ANALYSIS:  Plot your data as current against accelerating voltage.  Determine the value of the accelerating voltage at each dip and determine the spacing between successive dips.  Find the average and standard deviation.

Extrapolate back toward zero voltage and determine the voltage where the first dip would occur.  Compare this value to the spacing between successive values, and explain why the first dip does not occur at the expected value.

Assuming your value for the spacing between the current dips represents the excitation of a mercury atom from its ground state to the first excited state, calculate the wavelength of the radiation that would be emitted when an electron in the excited state jumps back down to the ground state.  In what region of the electromagnetic spectrum is this radiation?  

QUESTIONS:

1.  In a fluorescent light, Hg vapor is excited by electron impact.  How is visible light produced by a fluorescent light?

2.  Give several reasons why the dips in the current are smooth rather than sharp.

3.  In this experiment, Hg atoms are forced into an excited state.  Would you expect to see visible light emitted from the Franck-Hertz tube?  Explain.

4.  Suppose you did this experiment with a mixture of gases.  One gas has an excited state at energy E1.  If only that gas were present in the apparatus, the spacing between current dips would be V1.  The second gas has an excited state at energy E2; that gas alone would produce current dips with spacing V2.  With both gases present, at what accelerating voltages would you expect to find current dips?

5.  Suppose you did this experiment with a gas that had two excited states, at energies E1 and E2.  At what voltages would you expect to find current dips?  Would you see current dips corresponding to jumps from the first excited state to the second excited state?  Explain.
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