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Purpose

Measure the diameter of the inner and outer rings corresponding to electron waves scattered from planes of carbon atoms at different anode voltages.  Confirm that the plane spacings are 1.23 and 2.13 Å as expected for the hexagonal structure of graphite.
References

Knight, Physics for Scientists and Engineers, pp. 686-695, pp.760-763, pg. 1231
Optional Prelab

1. Verify that in equation 3 the constants work out to 12.3 for the given units.

2. In this experiment you use the small-angle approximation so that sin x ≈ x if x is an angle in radians.  Just using your calculator or a Taylor series figure out how small x must be before you only make a 1% error using this approximation.

3. The following diagram shows the hexagonal structure of the graphite basal plane

Work out the ratio between d10 and d11.[image: image1.wmf]J


Theory

In 1926 Louis de Broglie hypothesized that, since waves can exhibit behaviour that is characteristic of particles then, perhaps, particles should also exhibit wave properties.  He went on to say that the wavelength of a particle is inversely proportional to its momentum.  With accurate measurements of the mass and charge of the electron (as could be obtained from Millikan’s Oil Drop Experiment #4 and the e/m Experiment #3), we can verify de Broglie’s hypothesis experimentally.  A calculation using de Broglie’s equation shows that electrons accelerated through a potential difference of 4 kV have a wavelength of about 0.2 Å.  Interference and diffraction effects, as studied in physical optics, demonstrate the existence of waves, where for a simple ruled grating, the condition for diffraction is λ = d sin
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, where d is the spacing of the grating and the viewing screen is far from the grating (pathlength is much greater than d).  The best artificially produced gratings are ruled at 2000 lines per mm, and with a wavelength of 0.2 Å, the diffraction angle would be less than 50 microradians (only 0.5 mm at 10 m from the grating).  If electron diffraction is to be observed in a Teltron tube with a pathlength of 140 mm, the spacing between the “rulings” to produce a first order of interference at 14 mm from zero (i.e. 
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), must be 2 Å.  In 1912, Prof. Max von Laue suggested, in connection with x-ray studies, that if fine gratings could not be produced artificially because of the granularity of matter, then perhaps this very granularity might provide a suitable grating.  Sir Lawrence Bragg used the cubic system of NaCl to calculate the interatomic spacings, and showed them to of the right order for the diffraction of x-rays.  Sodium chloride, like most salts, is not suitable for sealing into an evacuated tube; however, carbon is vacuum stable, and can be formed in many different ways.

A similar calculation can be made using carbon (we make a slight error by assuming that its atomic system is also cubic).  12 grams of carbon contains 6 x 1023 atoms (Avogadro’s Number).  The density of carbon is approximately 2 grams / cm3.  One cubic cm contains 1023 atoms, so the atoms will be approximately 
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= 2 Å apart.  It is thus reasonable to expect that carbon should provide a grating of suitable spacing for an experiment.

The de Broglie wavelength of a particle is:
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where h is Planck’s constant.  Assuming the electrons are accelerated through a potential difference of VA the velocity, v, can be obtained from the classical expression
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and substituted into the de Broglie relation, to obtain
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The condition for diffraction for small angles is: 
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 where the small angle 
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 can be calculated from the geometrical relationship of figure 2 as 
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 and so from equation 3
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where: D = ring diameter (m)


d = interatomic spacings (Å)


VA = anode voltage (unit of volts, not kV)


L = pathlength from the carbon target to the luminescent screen (m)

D and VA are the only variables. 

Theory of Operation
The Electron Diffraction Tube, TEL.555, comprises a “gun” which emits a narrow converging beam of electrons within an evacuated clear glass bulb on the surface of which is deposited a luminescent screen.  Across the exit aperture of the “gun” lies a micro-mesh nickel grid onto which has been vaporized a thin layer of graphitized carbon.  The beam penetrates through the carbon target, to become diffracted into two rings corresponding to planes of carbon atoms separated by 1.23 and 2.13 Å.   The source of the beam of electrons is an indirectly heated oxide – coated cathode, the heater of which is connected to 4 mm sockets in a plastic cap at the end of the neck.  A 2 mm plug is supplied with each tube for connecting the negative line of the high voltage (E.H.T.
) power supply (TEL 813) to the can surrounding the cathode via a 2 mm socket in the base-cap; this socket is internally connected to the negative heater socket by a resistor, R, to achieve “negative auto-bias” of the cathode-can.  This terminal is also held at ground.  The E.H.T. power supply positive terminal is applied to the anode of the “gun” through a 4 mm plug mounted on the side of the neck.
[image: image7.png]~ FIGURE 1
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Filament voltage (VF): 6.3 V AC
Anode voltage (VA): 2500-5000 V DC (EHT!)
Anode current (IA): 0.15 mA at 4000 V, not measured in current setup
External bias voltage: variable up to 50 V, used to restrict the anode current, not recorded
Protection of the Carbon Target:
The graphitized carbon through which the electron beam is confined to pass is only a few molecular layers in thickness, and can be punctured by excessive current.  The purpose of the “negative auto-bias” is to reduce the risk of damaging the target.  The total emitted current passes through the resistor R; any increase in the current causes the cathode-can to become more negatively biased, thus reducing the current.

Practical precautions:

Current overload causes the target to become overheated, and to glow dull red.  It is recommended that you inspect the target periodically during the experiment, and especially at switch-on, when at least one minute should be allowed for the cathode temperature to stabilize before applying anode voltage.  As an additional safeguard, the anode current should never be allowed to exceed 0.2 mA. 
External Biasing: 

The focus of the beam of electrons may be varied by the degree of bias of the cathode-can; improved focusing sharpens the diffraction pattern for better observation at lower VA settings.  External control can be achieved by connecting the negative heater socket and the 2 mm socket (and thus the cathode-can) to a 0 – 50 volt variable source.  Negligible current is required, and the beam can be “cut-off” at about 40 volts.  You don’t need to record this voltage since it is included in the VA reading.
WARNING: CONNECT THE E.H.T. NEGATIVE TO THE 2 mm SOCKET ONLY
Procedure
1. Verify that the tube and power supply (TEL 555 and TEL 813) are connected into the circuit as shown in Fig. 1.  (Note: there is currently no way to measure IA.  You will notice on the E.H.T. power supply that there are plugs labeled positive, negative, and CT.  This middle plug is the centre tap.  If you are connected to the positive and negative terminals (the starting configuration) you can reach the highest voltages available and will read voltage from the “0-5” scale.  
2. Make sure VA is initially turned all the way down and switch on the power supply.  Wait one minute for the cathode temperature to stabilize and then adjust VA to 4.0 kV. 
3. [image: image16.png]FIGURE 2
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Two prominent rings about a central spot are observed. Variation of the anode voltage (VA) causes a change in the diameter of the rings.  A decrease in voltage results in an increase in the diameter of the rings.  This is in agreement with de Broglie’s suggestion that a particle’s wavelength increases with a decrease in momentum.
4. Make measurements of D for a range of anode voltages and plot a graph of D against 
[image: image8.wmf]2

1

-

A

V

.  Adjust the external bias as necessary to sharpen up the rings (not necessarily brighter).  To get voltages below 2.5 kV you should use the positive and the centre tap terminal (don’t unplug with the EHT turned on!).  You will now make readings from the “0-2.5” scale.

5. Measure the pathlength from the carbon target at the gun exit aperture, to the luminescent screen, L, as accurately as you can.  The value is very close to 0.14 m.  

Analysis
Rearrange equation 4 to evaluate the interatomic spacings, d, using the slopes of the graphs of the inner and outer circles.  Compare these with the established values of d11 = 1.23 Å, and d10 = 2.13 Å.  These results verify the theory that the ratio of the spacings is
[image: image9.wmf]3

: 1, which suggests that the arrangement of the carbon atoms is more likely to be hexagonal rather than the assumed cubic (where the ratio would be
[image: image10.wmf]2

: 1).
Notes

For maximum accuracy, the ring diameter should be extrapolated as in figure 3 in order to compensate for both the curvature and thickness of the glass envelope; the lower the anode voltage, the larger the ring diameter, and the greater the influence of these parameters.

This takes a little bit of geometry.  If we say that R is the radius of curvature and that t is the bulb thickness and you make measurements of the diameter of the rings D as they appear on the inside surface of the bulb then the extrapolated De will be
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Obviously you should check and see if this is really necessary based on your values for D.
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� E.H.T. or eht stands for extra high tension, a British term referring to a DC voltage of between 4000 and 50 000 V applied to the 2nd anode in the cathode ray tube.  
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