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Electron Diffraction

Safety

Cathode tubes are thin-walled, highly evacuated glass tubes. Treat them carefully as there is a risk of implosion. Do
not subject the tube to mechanical stresses and do not remove the tube from the holder.
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Electron Diffraction

Outline

Summary

A thin piece of highly-ordered material is considered as a diffraction grating, with the line widths determined by the
atomic spacings in the sample. Observations of the diffraction patterns that result when electrons accelerated through
several kilovolts hit a graphite target can be used to prove that electrons can exhibit wave behavior in accordance with
de Broglie’s hypothesis, and to probe the spacing and arrangement of the constituent carbon atoms on scales ≲ 10−9

m.

Experiment Objectives

1. Primary: To use the spacing of diffraction rings on a screen as a measurement of the spacing and orientation
of carbon atoms within a graphite target.

2. Secondary: To observe the wave-like properties of electrons interacting with an ordered atomic lattice and to
check de Broglie’s predicted momentum-wavelength relationship for electrons.

Pre-lab Exercises

Pre-lab questions should be completed and submitted before you commence a new experiment. The information
needed to complete the exercises is contained in the Background Theory Section, your course notes, or in the Ap-
pendices however, your own, independent research is highly encouraged. Make sure you include references where
material has been sought elsewhere. This is not only “good form" but making notes of important information is
essential if you then need to go back to that reference.

Task

1. The de Broglie wavelength of a particle is given by

λ = h/p

where h is Planck’s constant, p is the particle momentum, and λ is the wavelength. h takes the value
6.626× 10−34 J s = 4.136× 10−15 eV s. What is the predicted wavelength of an electron with kinetic
energy K = 3 keV? If a ray of light had this wavelength, in what part of the electromagnetic spectrum
would it be?

2. The Davisson and Germer 1927 experiment was a breakthrough in the start of quantum mechanics. By
showing that electrons scattered by the surface of a nickel crystal produce a diffraction pattern, they
confirmed the de Boglie’s hypothesis of wave-particle duality. The original paper published in Nature
is in the appendix of these notes. The basic features of this experiment consisted of an electron beam
directed perpendicularly onto the face of a crystal of nickel. A collector recorded the deflected electrons
coming off the crystal at some angle ϕ to the normal. As noted in their paper, Davisson and Germer
found particularly strong reflections at ϕ = 50o for electrons accelerated through a potential of 54 V.
By using the Bragg relation and de Broglie relation, determine the spacing of atoms in the surface layer
of the nickel crystal. How does this value compare with the value determined from X-ray diffraction
experiments (0.215 nm)?

3. In the experiment you will carry out, you will be using a piece of graphite as the target for the electron
beam. Make an estimate of the spacing between atoms in a piece of graphite. Start by recalling that 12
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Electron Diffraction

grams of carbon-12 contains 6.022× 1023 atoms, and the density of graphite is measured to be ρ = 2.2
g cm−3. This is only a rough estimate because the packing of individual layers of graphite into a solid
varies greatly from sample to sample. State any assumptions you must make to derive your result. You
will be able to compare your experimentally found values later on.

4. Fig. 4 shows the geometry of the electron tube as the electron travels from the graphite tube to the
fluorescent screen. Using this geometry, show that the angle α is given by

α = tan−1

(
D/2

(L−R) +
√

R2 − (D/2)2

)
(1)

And show that you can obtain the following equation for α that depends on the voltage applied to
electrons in the diffraction tube.

sin
α

2
=

nh

2d
√
2qeV me

(2)

Where h is Planck’s constant, d is the atomic spacing, qe is the electron charge, me is the mass of the
electron and V is the applied voltage.

5. The figure below shows face-on geometries for a cubic (left) and hexagonal (right) crystal structure.
If the crystal is cubic, for example, with adjacent atoms separated by some distance, then there is a
characteristic distance d1 between atoms, and a second characteristic distance between atoms diagonally
across from each other, d2. Each pair of atoms constitutes an aperture that can producte diffraction.

(a) Using the figure blow, show that for a cubic crystal, the ratio d1 : d2 should be
√
2 : 1

(b) Show that a hexagonal crystal also creates effectively two relevant spacings, and that they are in
the ratio of

√
3 : 1.

Background Theory

One of the key principles of quantum mechanics is that matter exhibits wave-like behaviour. Einstein’s work on the
photoelectric effect showed that light, previously considered a wave phenomenon, also displays particle behaviour. In
1924, Louis de Broglie, then a graduate student, proposed in his doctoral thesis that if light can possess both wave-like
and particle-like characteristics, perhaps matter could also exhibit wave-like properties. He derived an expression for
the wavelength of matter, given by λ = hp, where h is Planck’s constant and p = mv represents momentum. This
idea was groundbreaking at the time, as there was no experimental evidence supporting the wave-like nature of matter.
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However, in 1927, Clinton Davisson and Lester Germer provided experimental confirmation of this phenomenon,
specifically for electrons, in a discovery that occurred serendipitously. While investigating electron reflection from a
nickel surface, they accidentally crystallised their target by heating it. They observed that the intensity of scattered
electrons varied with the scattering angle, forming a pattern of maxima and minima. This indicated that electrons
were undergoing diffraction by the crystal planes, much like light diffracts through a grating, resulting in constructive
and destructive interference. Their findings were pivotal in solidifying quantum mechanics, earning Davisson and
Germer the Nobel Prize. Moreover, electron diffraction has since become a vital technique for studying the structure
of materials.

Consider a beam of electrons directed at a phosphorescent target. If the beam is not deflected, then it will produce a
single bright dot where electrons impact the screen. If a diffusing target is placed in the beam line, then individual
electrons will scatter off of atoms in the target, creating a slightly blurred spot on the screen. The atoms in the target
are fixed in position, with some regular or irregular spacing, depending on the target material. If the electrons always
behave as particles, then diffraction cannot occur and the pattern on the screen would resemble a Gaussian distribution.
The pattern would change in intensity and width with increasing electron energy based on conservation of momentum
applied to each electron-atom collision, but would always have a peak at the undeviated beam position and drop off
smoothly with increasing scattering angle.

On the other hand, if the electrons can behave as waves, then if the spacing between target atoms is comparable to
the wavelength of the electron “matter waves”, we would expect to see a diffraction pattern caused by interference
between electrons scattered by different atoms. According to de Broglie’s hypothesis, the electron wavelength is
inversely proportional to their momentum, and so the minima and maxima of the diffraction pattern should change
regularly with electron momentum (and therefore, electron energy, which is directly controlled by the experimenter).

Diffraction with Crystalline Solids

The atomic structure of crystalline solids directly relates to the diffraction pattern produced when a sample of the solid
is used as a diffraction grating for e.g. a beam of incident electrons or X-rays. The figure below shows how this can
change drastically for crystalline silicon, polycrystalline silicon and quartz glass. In this lab, we are essentially going
to perform crystallography on a sample of graphite using a focused beam of electrons.

Figure 1: An example of electron diffraction patterns obtained for crystalline silicon (left), polycrystalline silicon
(centre), and quartz glass (right).

In the pre-lab exercises you were asked to estimate the spacing of atoms in a piece of graphite. Assuming you have
found that the spacing between graphite atoms is of the correct order of magnitude to demonstrate diffraction of an ∼3
keV electron beam, we can try to predict where we will see intensity maxima in the diffraction pattern, as a function
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of deflection angle and electron energy.

Shown below is a simplified version of diffraction from a crystal lattice. The basic equations for scattering in a crystal
were derived by Bragg to describe the interaction of high-energy radiation with matter, and Bragg’s Law gives us the
means to test de Broglie’s hypothesis.

Figure 2: Diffraction from so-called Bragg planes in a crystalline medium. The heavy solid line in the lower part of
the beam path represents the additional path length ∆s traveled by the electrons in that part of the beam.

For constructive interference to occur, the path-length difference ∆s traveled by the electrons in one part of the beam
relative to the electrons in another part of the beam must be equal to an integer number of de Broglie wavelengths, i.e.
∆s = nλ. The graphite layers can be treated as a set of discrete layers as in the image above, which shows that the ∆s
is related to the spacing of atoms in the crystal lattice, d, and the angle of incidence of the electron beam with respect
to the surface of the target, θ. This geometry yields Bragg’s Law:

2d sin θ = nλ (3)

θ may not be easy to measure (in this case, because the target is held at/near the center of a sealed, evacuated chamber),
but for planar geometry it is simply related to the deflection angle α between the undeviated beam path and the scattered
electron path:

θ =
α

2
(4)

α can be determined by measuring the linear diameter of a the diffraction ring projected onto a screen combined with
knowledge of the dimensions of the TEL555 diffraction tube apparatus (see Procedure, below). Thus a measure of the
diffraction ring diameter is tantamount to a measure of the electron wavelength.
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Apparatus

The apparatus in this experiment in relatively simple; there are only three key components:

• "TEL-Atomic" 555 electron diffraction tube - more details given below and in the Appendix.

• 5 kV high voltage power supply

• Vernier calipers

Figure 3: The apparatus used in this experiment.

The "TEL-Atomic" 555 electron diffraction tube

The electron tube used in this lab is an evacuated glass tube which generates a narrow, collimated beam of electrons
from a heated cathode. These are directed through a layer of polycrystalline graphitized carbon (a powder) which acts
as a diffraction grating, altering the path of the electrons. As a result, a diffraction pattern appears on the fluorescent
screen as concentric rings, with an undeviated electron spot remaining at the center.

The geometry of the electrons path from the graphite sample to the screen is shown in Fig. 4 and some corresponding
values are given in table 1.
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Figure 4: Geometry of the electron tube and graphite target. Note that R sinφ = D/2.

Target-phosphor distance L 125 ± 2mm
Screen radius R 65.0 ± 0.5 mm
Glass tube thickness t 1.50 ± 0.05 mm

Table 1: Dimensions of the TEL555 electron tube.

Further technical specifications of the electron diffraction tube are located in the appendix. This includes details on
the components that make up the tube and how to connect it properly. Consult this prior to starting the experiment.

Procedure

With the apparatus described and the relevant physics discussed, it is now time to design and execute an experiment
that achieves the Experiment Objectives.

Task

You have an apparatus capable of producing diffraction rings over a range of voltages. Create an experiment
plan that allows you to determine the spacings of the carbon atoms in the graphite sample. When planning, it
may help to think about the following questions?

1. Our guiding equation for this experiment is equation 2 which you derived in the pre-lab section of these
notes. This will help us link our measurements to the atomic spacing of the graphite lattice. With this
equation in mind, what sort of plot will you want to produce (what will you plot on the x and y axes)?
What features of the plot will be beneficial to you?

2. Should you take multiple measurements of the rings at each voltage? If so, how many will you take and
at what orientation?

3. Which parts of each ring should you measure?

4. How many voltages will you measure the ring diameters at?

Write down an outline of your experiment plan and discuss with your demonstrator before commencing.
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While carrying out your experiment, remember to include the following in your logbooks:

1. Labeled diagrams of your setup.

2. Details of your process including processes which didn’t end up working out.

3. Assumed values.

4. Sources of error.

5. Sanity checks to validate your initial observations and any preliminary results. In other words, how do
you know you’re on the right track before you get to your final results?

Calculations and Discussion

Some further work is required to accurately link your measurements of the ring diameters D1 and D2 to the diffraction
angle α. This arises because the center of curvature of the electron tube is significantly offset from the position of
the graphite target as shown in Fig. 4. The distance between the graphite target and the screen is L, but the radius of
curvature of the screen is R.

In pre-lab exercise 4, you determined the equation for α from the geometry of the electron tube in Fig. 4. Because
you have directly measured the diffraction ring diameters, D, the values in table 1 can be used to calculate the corre-
sponding values of α which you will need to create a useful plot.

We can now evaluate de Broglie’s hypothesis on the wave nature of electrons by comparing the derived values of α to
the predictions from the de Broglie relation and the Bragg condition.

Task

1. What relationship between α and voltage do you expect based on your theoretical calculations?

2. From the plot you have created, what can you say about the wave nature of electrons based on your
results?

3. Use your plot to determine the average atomic spacings in the target. Compare your results with the
dimensions you found in prelab exercise 3. Comment on the accuracy of your results and your errors.

4. Use the ratio of D2 to D1 to learn the arrangement of the atoms in the crystal. Remember the ratios you
determined in pre-lab exercise 5.

5. Why does the apparatus used here produce rings instead of bright spots perpendicular to the atomic
separations?

As you process your results, remember to propagate your errors and display error bars on key plots.
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Electron Diffraction Tube D   1013885 
 
 

 

Instruction sheet 
08/22 HJB 

 

 

1 4-mm sockets  
for connecting heater supply 

2 2-mm socket  
for connecting cathode 

3 Internal resistor 

4 Filament 

5 Cathode 

6 Anode 

7 4-mm plug for connecting anode 

8 Focussing electrode 

9 Polycrystalline graphite grating 

10 Boss 

11 Fluorescent screen 

 

 

 

1. Safety instructions 

Hot cathode tubes are thin-walled, highly evacu-
ated glass tubes. Treat them carefully as there is 
a risk of implosion. 

 Do not subject the tube to mechanical 
stresses. 

 Do not subject the connection leads to any 
tension. 

 The tube may only be used with tube holder 
D (1008507). 

If voltage or current is too high or the cathode is 
at the wrong temperature, it can lead to the tube 
becoming destroyed. 

 Do not exceed the stated operating parame-
ters.  

 Only change circuit with power supply equip-
ment switched off. 

 Only exchange tubes with power supply 
equipment switched off. 

When the tube is in operation, the stock of the 
tube may get hot.  

 If necessary, allow the tube to cool before dis-
mantling. 

The compliance with the EC directive on electro-
magnetic compatibility is only guaranteed when 
using the recommended power supplies. 

2. Description 

The electron diffraction tube illustrates the wave 
nature of electrons by allowing observation of in-
terference caused by a beam of electrons pass-
ing through a polycrystalline graphite target on a 
fluorescent screen (Debye-Scherrer diffraction). 
The wavelength of the electrons can be calcu-
lated for various anode voltages from the radius 
of the diffracted rings and the distance between 
the crystal layers in the graphite. The tube also 
confirms the de Broglie hypothesis. 

The electron diffraction tube is a highly evacuated 
tube with an electron gun consisting of a pure 
tungsten heater filament and a cylindrical anode 
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all contained in a clear glass bulb. The electrons 
emitted by the heated cathode are constrained to 
a narrow beam by an aperture and are then fo-
cussed by means of an electron-optical system. 
The resulting tight, monochromatic beam then 
passes through a micro-mesh nickel grating situ-
ated at the aperture of the gun. Onto this grid, a 
thin layer of polycrystalline graphitised carbon 
has been deposited by vaporisation. This layer 
affects the electrons in the beam much like a dif-
fraction grating. The result of this diffraction is 
seen in the form of an image comprising two con-
centric rings that become visible on the fluores-
cent screen. A spot resulting from the undeflected 
electron beam continues to be visible at the cen-
tre of the rings.  

A magnet is also supplied with the tube. This al-
lows the direction of the electron beam to be 
changed, which may be necessary if the graphite 
target has slight damage as a result of the man-
ufacturing process or due to later overheating. 

3. Technical data 

Filament voltage: ≤ 7,0 V AC/DC 

Anode voltage: 0 – 5000 V DC 

Anode current: typ. 0,15 mA 
at 4000 V DC 

Lattice constant 
of graphite: 

d10 = 0,213 nm 
d11 = 0,123 nm 

Dimensions: 
 

Distance graphite target / 
fluorescent screen: 125 ± 2 mm approx. 

Fluorescent screen: 100 mm dia. approx. 

Glass bulb: 130 mm dia. approx. 

Total length: 260 mm approx. 
 
 
 

4. Operation 

Included in delivery:  

1 adapter 2-mm with 4mm socket; it is required if 
the protective adapter, 3-pole (1009960) is not 
used to connect the cathode to the 2mm socket 
[(2) in diagram]. Via a safety experiment lead, the 
connection to the high-voltage power supply unit 
is realized in this way. 

Additionally required: 

To perform experiments using the electron dif-
fraction tube, the following equipment is also re-
quired: 

1 Tube holder D  1008507 

1 High voltage power supply 5 kV (115 V, 50/60 Hz)
   1003309 

or 
1 High voltage power supply 5 kV (230 V, 50/60 Hz)

  1003310 

2 Pair of Experiment Leads, 75 cm  1002850 

1 Experiment Lead, Plug and Socket  1002838 

 

Additionally recommended: 

1 Protective Adapter, 3-Pole  1009960 

2 Pair of Safety Experiment Leads, 75 cm   1002849 

1 Experiment Lead, Safety Plug/Socket  1002839 

4.1 Setting up the tube in the tube holder 

 The tube should not be mounted or removed 
unless all power supplies are disconnected. 

 Push the jaw clamp sliders on the stanchion 
of the tube holder right back so that the jaws 
open. 

 Push the bosses of the tube into the jaws. 

 Push the jaw clamps forward on the stan-
chions to secure the tube within the jaws. 

 If necessary plug the protective adapter onto 
the connector sockets for the tube. 

4.2 Removing tube from the tube holder 

 To remove the tube, push the jaw clamps 
right back again and take the tube out of the 
jaws. 

4.3 General instructions 

The graphite foil on the diffraction grating is only 
a few layers of molecules thick and any current 
greater 0.2 mA can cause its destruction. 

The internal resistor is there to prevent damage 
to the graphite foil.  

The graphite target itself should be monitored 
throughout the experiment. If the graphite target 
starts to glow, the anode must immediately be 
disconnected from its power supply 

If the diffraction rings are not satisfactorily visible, 
the electron beam can be redirected by a magnet 
so that it passes through an undamaged region 
of the target. 
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5. Example experiment 

 Set u the experiment as in Fig. 2. Connect the 
negative pole of the anode supply via the 2-
mm socket. 

 Apply the heater voltage and wait about 1 mi-
nute for the heater temperature to achieve 
thermal stability 

 Apply an anode voltage of 4 kV. 

 Determine the diameter D of the diffraction 
rings. 

Two diffraction rings appear on the fluorescent 
screen centred on the undeflected beam in the 
middle. The two rings correspond to Bragg reflec-
tions from atoms in the layers of the graphite 
crystal lattice. 

Changing the anode voltage causes the rings to 
change in diameter. Reducing the voltage makes 
the rings wider. This supports de Broglie's postu-
late that the wavelength increases as momentum 
is reduced. 

a) Bragg equation:  sin2 d  

 = wavelength of the electrones 

 = glancing angle of the diffraction ring 

d = lattice plane spacing in graphite 

L = distance between sample and screen 

D = diameter D of the diffraction ring 

R = radius of the diffraction ring 

L

D




2
2tan   

L

R
d   

b) de-Broglie equation: 
p

h
  

h = Planck’s constant 

p = momentum of the electrones 

m

p
Ue




2

2

  
Uem

h




2
 

m = electron mas, e = electron charge 

 

 

 

Fig. 1 Schematic representation to Debye-Scherrer diffraction 
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Fig. 2 Circuit of the diffraction tube D 

 

 

 

Fig. 3 Circuit of the diffraction tube D with protective adapter, 3-pole (1009960) 
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