PY 106 (Summer II)

Section: Name: BU ID:

Partner: Name: BU ID:

Lab 9: Quantum properties of matter
Part I: Law of radioactive decay.
1. What does the law of radioactive decay directly calculate?

[ ] The law of radioactive decay directly calculates the number of the decayed nuclei of a given radioactive
substance.

[ 1 The law of radioactive decay directly calculates the number of the remained (not decayed) nuclei of a
given radioactive substance.

Go to the following link: http://www.walter-fendt.de/html5/phen/lawdecay en.htm

Start the app. The red dots in the applet simulation symbolize one thousand of nuclei of a radioactive
substance whose half-life period is T seconds. Your goal is to establish the law of the radioactive decay for
this substance.

The diagram (the graph) in the lower part of the applet represents the fraction of the not yet decayed nuclei
atagiventime t.

You will have to relate:

No - the number of the initially existing nuclei

N - the number of the nuclei which have not yet decayed

t—time

T = T - the half-life period

As soon as the applet is started (click on Start), the atomic nuclei will begin to decay (change of color from
red to black). You can stop and continue the simulation by using the Pause and Resume buttons. In this
case, a blue point on the graph shows the time and the fraction of the not yet decayed nuclei (note that often

these points don't lie exactly on the curve you see if click on Diagram button). If you want to restore the
initial state, you will have to click on the Reset button.

2. Is it possible to predict the time at which a given atomic nucleus will decay?

[ ] yes [ 1no
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Start the applet, count to ten, and pause it. You will see a picture similar to the one below.
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3. “Time”, t, gives you the amount of time in terms of T the applet has been working until paused (for
example, in the picture above t = 0.08T). You also see how many nuclei have not been decayed, N, (in the
picture above Nt = 931; you can also see how many nuclei have been decayed to that time). In the table
below write down the values for t, and N:. Repeat the procedure 10 more times (click on Resume and then
pause again) and fill in the table.

t
Nt

Our assumption is that the number of not yet decayed, or the remaining, nuclei Nt changes with time
according to the following expression:

t
N, =Ny T 1)
Your goal is to find the value of a.
N
Let’s define: x = ' and y=In(—-) .
T N,

Use expression (1) to derive the algebraic relationship between y and x defined above.
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4. According to your derivation, what kind of a graph will represent the function y = y(x)?
a)[ Jacircular b)[ ] parabolic with the branches up c) [ ] parabolic with the branches down
d) [ ] astraight line with a positive slope e) [ ] a straight line with a negative slope

f) [ ] none of the above (give your answer)

5. Fill in the table below (first copy your data from part 3): in the applet No = 1000.

t
Nt
x=tT
Nt/No

In(NJNo)

6. Plot the graph for y as a function of x on a graph paper (the last page of this manual). What is the shape of
the curve/line?

7. Based on your data, estimate the value of parameter a (on your graph draw a smooth line representing the
function, and use appropriate reasoning to extract information on a).

a =

8. For the elements used for the applet, write the law of radioactive decay (1) using the actual values (your
law can have only N, t, and T as variables, other parts of the expressions should be numbers or singes).

9. Use your law of radioactive decay and calculate how many nuclei will be decayedtot=T, 3T.
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10. Run the simulation and compare your results for part 9 with the numbers from applet.

11. If at some instant t1 the number of not yet decayed nuclei is N1 = 346, what is the number of not yet decayed
nuclei at instants t2 = t1 + 2T; and also how many nuclei had been decayed to this instant?

12. Inthe applet T represents [ ] Halftime [ ] Lifetime

Reset the applet. Make your watch (or cellphone) ready to be used as a stopwatch. At a convenient instant start
the applet, wait for 30 second (use your stopwatch) and stop the applet. If needed, repeat the procedure for
more accuracy. Calculate the half time, the life time, and the decay constant for the material in the applet us.
Show your work.
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Part I1: Electron Diffraction
THEORY

Louis de Broglie originated the idea that moving electrons may exhibit both particle and wave
properties of matter. He proposed that, analogous to photons, the wavelength of the electron is given by:

_h 1
» 1)

where h is Planck’s constant and p = mv is the nonrelativistic electron momentum.

This experiment is an attempt to see whether electrons really do act like waves or whether they always act like
particles.

If electrons behaved as particles (rigid spheres), the distribution of electrons would vary continuously as a
function of angle (Figure 1). This distribution would not be significantly affected by changes in electron
energy.

carbon target

electron beam

Figure 1. Particle Model Diffraction.
Continuous distribution of electrons as a function of angle.

If electrons behave as a wave, however, a diffraction pattern should emerge.

Crystals act as three-dimensional diffraction gratings; they scatter a wave and produce observable interference
patterns. When a wave scatters off lattice planes (“Bragg planes”) of a crystal, as shown in Figure 2, it diffracts
similarly to a light wave scattered by a regular diffraction grating.

Figure 2. Electron Waves Reflected from Atomic Planes.
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There are two conditions for waves scattering by a crystal:

A) The angle of incidence must equal the angle of reflection (the law of reflection when atomic planes act like
mirrors)

B) The path length difference must be equal to a whole/natural number of wavelengths (to produce constructive
interference)

Figure 2 on page 5 shows that the path for the lower wave is longer than the path for the upper wave by

|ABC| = 2x(d sin #) — this is the path length difference for the two waves! Combination of the rules gives and
the geometry latter geometrical expression gives:

m A =2 (dsin 0) Bragg’s Law (2
where m is an integer representing the order of diffraction, d is the interatomic spacing.

By looking at the diffraction pattern and calculating the angle of diffraction, Bragg’s Law allows us to
determine either:

. the wavelength of the wave - if the crystal structure is known, or
. the interatomic spacing of the crystal if the wavelength is known.

The second method is often used to determine the structure of an unknown crystal by performing an x-ray
diffraction experiment (x-rays are easier to manage than electrons).

If electrons act like waves, we should be able to apply Bragg’s Law to the diffraction of electrons. In that case
the beam would appear as concentric rings around a bright center. This pattern can be thought of as a one-
dimensional diffraction pattern of bright spots rotated about its center.

carbon target

electron beam

Figure 3. Wave Model Diffraction.
Constructive interference of an electron beam through a polycrystal.
The Experiment

This experiment involves directing a beam of electrons through a carbon target, scattering the electrons, and
analyzing the pattern produced on a luminescent screen.
Apparatus

The electron gun includes the heater, cathode, and anode make up the electron gun. Electrons are produced
by heating a filament that is located inside an oxide-coated metal cylinder called a cathode. Electrons are
ejected by thermionic emission from this heated piece of metal (see Figure 4 on page 7).
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Once emitted, the electrons are accelerated by two pairs of anode rings. You apply an adjustable accelerating
potential Va (2000-4000 V dc, relative to the ground with 0 potential) with the kilovolt power supply between

the cathode (-) and the anode (+). This accelerates electrons to form an electron beam.

Each electron in the beam will have Kinetic energy equal to the change in electric potential energy (e-Vg). If
the beam velocity is non—relativistic (eVa<<mc2), each electron — when reaching the anode — has kinetic

energy %mevz equal to the work done by the electric field (me is the mass of an electron, |e| is the magnitude

of the electron’s charge; from here in your further calculations you to represent |e| you can write just e):
1
Emev2 =lel|V, 3)

Carbon Target

As the electron beam passes the anode, it strikes a very fine nickel screen which holds vaporized graphite
(carbon). The carbon suspension acts as a polycrystal, which means that the carbon consists of a large number
of microcrystals that are randomly oriented. This allows us to sample all possible angles of incidence without
changing the direction of the electron beam. If electrons act like particles the pattern will be as shown in Figure
1. If electrons act like a wave, different atomic planes will produce constructive interference and the resulting
electron diffraction pattern will consist of concentric rings — one for each plane that satisfies the Bragg’s Law
for constructive interference, as in Figure 3. Diffraction caused by the nickel mesh may be neglected.

Luminescent screen

After leaving the target, diffracted electrons travel a certain distance (L = 0.14 m — you will need this
number for your further calculations) and strike a phosphor screen. The screen is excited by the electrons,
allowing you to see the pattern made by the scattered electrons (green rings).

cathode ancede
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Figure 4. Electron Diffraction Experiment Diagram.

Since the screen is a sphere, you should use a flexible ruler to take measurements on the screen (you will be
measuring the diameter of m-th ring, Dm).

Derivations

1. Geometric analysis. Figure 5 on page 8 shows the process of the formation of a diffractive ring on the
screen of the tube. D is the diameter of a ring (Dm for the m-th ring).
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The lower-right part of the picture shows how electron waves are getting diffracted by carbon atoms and why
¢=2+0.

2. (a) Using figure 5 (triangle OAB), find a geometric relation between D, L and angle 6, (remember that
¢ = 2+6), assume that all angles are small (!).
(b) Re-write Bragg’s Law (equation (2)) for small values of & (!).

(c) Now, use two previous expressions to relate D, L, d, A, and diffraction order m — do not confuse with
electron mass me (!) (no other parameters should be involved in your final expression). Solve it for 4 as
a function of d, m, L, Dm.

3. Now relate wavelength of an electron, 4, and the voltage, V, of the power supply. Use de Broglie relation
(1), relation (3), and the fact that p = mev, express the wavelength of the electron 1 as a function of the
accelerating potential V3 =V (your final expression for A should include me, €, V, and h, but cannot include
velocity, v, or momentum, p, or Kinetic energy, EK, of an electron). This expression for A you will use
when filling up the table on page 10.
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4. Equate expressions for wavelength 4 you wrote in questions 2 and 3 and solve it for Dm (the result should

1
include only Dm, d, h, e, V, m, me, L). Thenset D =y and W = x and state what should be the shape of

the graph for y as a function of x?

Procedure
Make sure power is off before making any connections.

Use Figure 4 to connect the electron diffraction tube to a power supply as required.

Make sure the high voltage supply is set to its minimum. Turn on the power and wait for about one minute for
the cathode to reach a stable temperature.

Slowly increase the high voltage until you observe a pattern (around 2000 volts). For the best visibility you
may need to dim the light in the room.

5. Observe whether the pattern of scattered electrons is consistent with the particle behavior or the wave
behavior. Write down the results of your observation.

6. For each observed ring (you have to see at least 3 rings), take readings of the accelerating voltage and the
ring diameter and write the values in the page on page 10. To measure the rings’ diameter use a flexible
transparent ruler. Start at the minimum voltage, increase the voltage by 0.25 kV increments; as soon as you

1

see the first ring start recording data, i.e. V and the diameter for a ring, Dm. Also, calculate the value of W

. Increase the voltage to make more rings visible. At voltages above 4 kV, make each reading quickly and
decrease the voltage to about 2 kV as soon as possible. As soon as you take the data for the last voltage for the
last ring turn off the power supply and turn down the voltage knob. Until you make all the measurements do
not calculate A.
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After taking all data for each voltage, V, use the equation you derived in part 2, and calculate the values of the
wavelength of an electron, 4, and the average value (for each V).

10
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7. In order to test the de Broglie equation we will analyze the equation you derived in part 4. Select the ring
for which you have the most of the data: m = . On a graph paper plot the graph for Dm (for the ring

1
of your choice) as a function of W . Does a straight line fit your data?
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Equipment

Lab9
Part | (12 tables): Computers
Part 11 (12 tables): The electron diffraction apparatus.

Unit layout
L9: 140 min;
Pl: 70 min;
PIl;: 70 min;
PE9: 60 min;

Breaks when needed
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Practice Exercise 9

Consider the induced nuclear reaction ~ {H +N — 2C+

Finish the reaction; state the charge and atomic mass number of the last element in the reaction, its name, its
symbol.

The atomic masses are (in the order of the elements in the reaction above): 2.014102 u, 14.003074 u,
12.000000 u, 4.002603 u (do you know why only one number is a whole number?).

Calculate the energy (in MeV) released or absorbed during the reaction. State if the energy is released or
absorbed.
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