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PREFACE

____________________________
Foreword to Module 6 
“Foundations of quantum and atomic physics”
This manual is aimed at teaching students the fundamental concepts of quantum mechanics and atomic physics. The theoretical material is presented with minimal use of mathematical formulas. The main attention is primarily paid to the disclosure of the physical content of those phenomena, which clearly show the contradiction with the laws of classical physics. It should be understood that the quantum laws are universal, but quantum effects in classical physics are too small.
Models, which are used in quantum physics, in most cases are without visibility. It leads to certain difficulties in their understanding, so enough attention is paid to the analysis of experimental results, numerical calculations that show the conditions under which the effects of quantization appear, and when these effects may be neglected.
In this manual system SI and Gaussian system of units are used and also non-system units (such as angstroms Å) that are traditionally used in nuclear physics, solid state physics, nuclei and elementary particles.
As a result of studying this module, students must know the laws of thermal radiation, foundations of quantum optics (photoeffect, Compton effect, light pressure, etc.), main notions of quantum mechanics (wave properties of particles, Heisenberg uncertainty principle, wave function and its meaning, Schrödinger equation, particle in a potential well, quantization of energy, atomic spectra, magnetic properties of atoms. 
Students must get skills to research and apply theoretical and experimental methods of wave optics, plot graphs, estimate errors of physical measurements and use theoretical knowledge for solving practical problems. Mathematical transformations used in the module are adopted for the first year students’ level.
The module consists of the following Study units (SU):
SU 1 — Quantum  properties of electromagnetic radiation.

SU 2 — Rutherford-Bohr atom.
SU 3 — Elements of nonrelativistic quantum mechanics.
SU 4 — Quantization of atoms.
SU 5 — Atoms in magnetic fields. Lasers.
SU 6 — Laboratory works.
SU 7 — Individual home tasks.
SU 8 — Key words. Help tables.
Study Units 1–5 include theoretical material, test questions, sample problems, as well as problems for work in class. Study Unit 6 gives instructions on how to perform laboratory works. Study unit 7 contains problems to be solved by students on their own. Study unit 8 is aimed at facilitating the module study. We advise using test questions for the study effectiveness. Each question is provided with information where to find an answer. Concepts, which are studied in the module, are basic for all engineering fields of study; they are used in aeronavigation, radiolocation, technical electrodynamics etc.

Study unit 1

QUANTUM PROPERTIES 
OF ELECTROMAGNETIC RADIATION
__________________________________________
By the middle of the nineteenth century, the electromagnetic wave nature of light was entirely proved. In particular, it was confirmed by the phenomena of diffraction and interference of light. However, just at that time some problems appeared that could not be solved within the electromagnetic theory. It happened for the first time at the describing the phenomena of equilibrium thermal radiation. For the explanation, it became necessary to introduce the hypothesis of light quanta. The experimental facts that can be explained by quantum or corpuscular theory of light (Latin corpuscle means very small particle of matter).
1.1. Thermal Radiation 

Thermal radiation is the emission of electromagnetic waves at the expense of the internal (thermal) energy of bodies. It occurs at any temperature and has a continuous spectrum. Thermal radiation is the only kind of radiation that can be in equilibrium with other emitting bodies. All other kinds of radiation (glow) produced at the expense of any other energy except internal energy are called luminescence. Luminescence is the nonequilibrium radiation.

The density of radiation. All bodies can emit, absorb, and reflect electromagnetic waves. The intensity of these processes depends on the properties of the bodies, their temperature, and the frequency of electromagnetic waves. Electromagnetic radiation in vacuum (
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It is distributed by frequencies. The distribution of radiation by frequencies is described by the spectral density of radiation:
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The total density of radiation is
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The indices 
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 and T indicate the dependence of the spectral density on the frequency and temperature: 
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A body radiation depends only on its temperature; it is independent of the temperature of the surrounding bodies (Prevost law). Heated bodies cool down as they radiate more energy than receive from the surrounding bodies; cold bodies get warm because they receive more energy than radiate.

Experiments show that finally thermodynamic equilibrium is set in any closed system. All bodies will have the same temperature and absorb per unit of time as much energy as they radiate. The total density of radiation between the bodies in the space reaches a certain value 
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; it corresponds to identical and constant temperature of the bodies. This density is called the equilibrium density.

Excited by the energy of thermal motion, the atoms emit radiation energy in the system. Part of this energy is reflected on the system walls and the other part is absorbed by these walls. As a result, the chaotic processes will change the direction of light, its spectral composition, polarization, and intensity of radiation. So, the chaotic state of radiation, which probability is maximal, will be established in the system. As you remember, a condition with maximum probability is called equilibrium.

Equilibrium radiation has the following properties: the density of radiant energy and its distribution frequency depend only on the temperature of the system. Equilibrium radiation is uniform; its density is the same at all places. It is isotropic and unpolarized, i.e. all directions of the radiation are equally probable.

1.1.1. Kirchhoff's Law

Gustav Kirchhoff, who based his ideas on thermodynamic considerations, showed that the equilibrium spectral density 
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 depends on frequency and temperature T and does not depend on the nature and properties of bodies.

The validity of this statement follows from the second principle of thermodynamics. Let us take two different systems with the same temperature. Connect it by a small hole through which radiation from one system can get to the other and vice versa. However, the two systems have the same temperature; they cannot obtain different temperatures because it is prohibited by the second principle of thermodynamics.

Thermal radiation is characterized by the radiant exitance (emittance): 
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 [W / m2]; it is the power emitted by a body at a given temperature per the surface unit area throughout the frequency range in all directions within the solid angle 
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, i.e. within a hemisphere. Radiant exitance is the temperature function.

Thermal radiation consists of different frequencies; the spectrum segment emission is described by the spectral radiation density: 
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where 
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 is the radiant exitance per frequency interval (
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The spectral radiation density is characterized by certain radiation frequency; it is a function of both frequency and temperature 
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[W/ m2·s-1 = J/m2]. It is called radiating ability of the body. Radiant exitance of all frequencies is determined as
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Relation of the total incident energy to the energy that does not reflect but remains inside the body and is converted into heat is called the absorptive capacity of the body:
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 is the energy absorbed by the body surface per time unit in the frequency range from 
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 is the total energy of incident radiation per time unit on the same surface in the same frequency range.

Dimensionless value 
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 depends on the frequency and temperature; so, the spectral absorption capacity is a function of frequency and temperature
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. Reflectance (or reflection factor) of a body is introduced similarly to the concept of absorptive capacity 
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In 1859 Gustav Kirchhoff has established the important rela​tionships:
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where c is the speed of light in vacuum. The ratio (1.8) represents the Kirchhoff's law. Since the equilibrium spectral density of radiation does not depend on the nature and properties of solids, the ratio (1.8) means that in the state of equilibrium ratio of the emissivity of the body to its absorption capacity is the same for all bodies and is the universal function of frequency and temperature.
An important conclusion from Kirchhoff's law: a body at a given temperature mostly emits rays of the frequencies that this very body mostly absorbs at the same temperature. 

1.1.2. Blackbody radiation

According to Kirchhoff's law (1.8), the greater emissivity of the body the greater the body absorption capacity. A body has the maximum emissivity if its absorption capacity is equal to one: 
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G. Kirchhoff called a body perfectly black if it completely absorbs the incident radiation of all frequencies at any temperature. Obviously, the black body does not reflect (
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) but only absorbs and emits light (do not confuse radiation with reflection). All other bodies are called gray (
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Perfectly black bodies do not exist. For example, an ash absorption capacity is close to one only in a limited frequency range; its absorption capacity in the infrared region of frequencies is significantly less than one. However, we can make a black body as opaque cavity with a small hole (Fig. 1.1). Rays that get into the cavity through the hole are almost completely absorbed due to multiple reflection and absorption on the inner walls of the cavity and very few of them come out through the hole. For this reason, open windows in the house seem dark at a sunny day; a room in the house performs the role of the cavity.
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The laws of thermal radiation were experimentally studied using the blackbody model. The curves of energy distribution in the spectrum of blackbody at various temperatures are shown in Fig. 1.2. Note that it is easier to work with wavelengths than with frequencies in the experiments. The​refore, we must go from 
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Fig. 1.2 shows that the radiant exitance of the blackbody M (T) (the area under the curve) significantly increases with the temperature incre​asing. The maximum emissivity in​creases and is shifted toward shorter wavelengths if the temperature in​creases. Emphasize that the visible wavelength range 0.4–0.76 microns occupies a small part of the area under the curves (about 
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5

3

-

), the part of ultraviolet radiation is even smaller than the part of visible light. The main part of the area falls on invisible infrared light.

Classical physics was not able to explain the experimental curves shown in Fig. 1.2. Individual cases for very small frequencies have been theoretically grounded by Rayleigh-Jeans equation; the cases for large frequencies were described by Wien equation. The general equation for the entire frequency (wavelength) range was found by Max Planck. It was the beginning of the quantum theory development.

1.1.3. Stationary electromagnetic field in the cavity 
as a set of standing waves

If the cavity temperature is constant, the energy emitted by oscillators (cavity walls) per unit of time is equal to the energy absorbed by the same oscillators (walls). Thus, equilibrium with a uniform distribution of energy and with a stationary electromagnetic field in the volume of the cavity is established.

Stationary electromagnetic wave field in the cavity can be regarded as a set of standing waves formed during reflection of the rays on the walls of the cavity. Let us calculate the number of standing waves in the cavity. The form of the cavity is unconditioned; so, we consider it as a cube with the reflex internal walls.
The condition of the standing waves existence is accordance of an integer number of halves waves with the cube edge length l: 
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It is suitable to take the three mutually perpendicular edges of the cube as the axis of coordinates. The appearance of standing waves in a cubic cavity is determined by three conditions:


[image: image41.wmf]2

/

λ

cos

1

n

l

=

a

; 
[image: image42.wmf]2

/

λ

cos

2

n

l

=

b

; 
[image: image43.wmf]2

/

λ

cos

3

n

l

=

g

,             (1.10)

where 
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 are integer positive numbers, every three of them correspond to one system of standing waves. Cosines of angles in the orthogonal coordinate system are interconnected by the equation:
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Substituting cosine value from the equations (1.10) into this equation, we obtain
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The equation (1.11) describes a sphere with radius
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By combining the equations (1.11) and (1.12), we obtain:
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The equation (1.13) shows that every three numbers
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 squared is the same, the frequency is the same too. However, the same frequencies belong to different systems of standing waves as they have different directions. Thus, the same frequencies correspond to different points in the space. Let us calculate the number of standing waves in the frequency range (
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The spherical layer volume is 
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According to (1.12), 
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The unpolarized ray transfers energy equivalent to two rays polarized in mutually perpendicular planes; so, the total concentration of standing waves is twice bigger:

 
[image: image78.wmf]3

2

2

ω

π

ω

ω

c

d

dn

=

.                                       (1.16)

Each standing wave is called the oscillation mode; the number of modes (1.16) is equal to the number of degrees of freedom of the oscillation system. If 
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1.1.4. Rayleigh-Jeans equation

John William Rayleigh and James Jeans applied the law of uniform distribution of energy by degrees of freedom for equilibrium radiation in the cavity. According to the law, each degree of freedom in a steady state has an average kinetic energy
[image: image83.wmf]2

/

kT

. However, a harmonic oscillator (radiating atom) is associated with the presence of both kinetic and potential energies. Therefore, we have to take the sum of two energies, which is the average of the total energy. The harmonic oscillator average kinetic energy is equal to the average potential energy; then, each oscillational degree of freedom has energy 
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The same result we obtain if we take into account that the energy of the electromagnetic field of standing waves consists of average energies of electric and magnetic fields, each of which is 
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The ratio (1.19) is cal​led Rayleigh-Jeans equation. As shown in Fig. 1.4, the equation (1.19) describes adequately the experimen​tal curves only for large  
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Moreover, integration of (1.19) gives for total radia​tion density an infinite va​lue that is:
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Paul Ehrenfest named this absurd result «ultraviolet catastrophe». According to the classical physics, deduction of Rayleigh-Jeans equation is perfect because it is based on well-established laws of thermodynamics. Therefore, a significant disagreement between classical physics theory and experiment is obvious.

1.1.5. Wien law

William Wien has suggested that each oscillation mode is a carrier of energy 
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Hence, the average energy per mode with frequency is: 
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Using the thermodynamic considerations, Wien concluded that the mode energy is proportional to the frequency: 
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Ratio (1.23) is called Wien's equation. Unlike Rayleigh-Jeans equation, it gives maximum and describes adequately the experiment for large frequencies (small 
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); however, the intermediate frequencies segment explanation fails.

So, in the late ХІХ century, there were two equations corresponding to experimental data in limited parts of the spectrum. However, they cannot describe the entire experimental curve shown in Fig. 1.2.

1.1.6. Planck's equation

In 1900, Max Planck found a function corresponding to the experimental data throughout the frequency spectrum. He put forward an idea incompatible with classical physics: linear oscillators (emitting atoms) radiate energy not continuously but by separate portions - quanta, which energy is proportional to the frequency of radiation:
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A coefficient of proportionality 
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Thus, the oscillator cannot have arbitrary values of energy, it has only discrete values of energy: 
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As h is very small quantity, the discreteness of radiation is undetectable in the macroscopic phenomena.

Let us consider an ensemble of N quantized oscillators. In equilibrium, distribution of fluctuations for energy is described by Boltzmann distribution. Since the energy of the oscillator can take only discrete values, the Boltzmann distribution has the form: 
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where 
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Substitution of A from the equation (1.26) in the equation (1.25) gives the Boltzmann distribution for the case of discrete energy values:
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The probability that the oscillator with frequency 
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 has energy 
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Knowing 
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To simplify the calculations, we enter a symbol 
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The denominator in (1.30) is an endless downward exponential geometric progression which first term is 
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The numerator of (1.30) is the derivative of the denominator for x taken with the opposite sign:
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Substituting the equations (1.31) and (1.32) in the equation (1.30) and considering that 
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, we get the final equation for the average energy of the oscillator:
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The density of energy per frequency range 
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Hence, we can find the spectral density of thermal energy (1.35)
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or, using 
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, we get the spectral emissivity of a black​body (Kirchhoff function):
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Equations (1.35) and (1.36) are called Planck's equation. It correctly describes blackbody radiation in the frequency range from 0 to
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. In particular, for large frequencies (or low temperature) 
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In the case of small frequencies (or high temperature) 
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), the equation (1.35) becomes Rayleigh-Jeans equation (1.19):
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1.1.7. The laws of blackbody thermal radiation

Stefan-Boltzmann law. Radiant exitance of a blackbody is 
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(asterisk indicates that the source of radiation is the blackbody). Introducing the dimensionless variable of integration 
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The definite integral in equation (1.38) is known. It is equal to 
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where 
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The calculated value 
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 coincides with the experimental value. Using the constant, Max Planck first evaluated the value of Planck constant 
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Wien's displacement law. Considering correlation between function 
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To find the maximum wavelength 
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of spectral density of radiation, we have to take derivative 
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which is called Wien's displacement law. The theoretical value of the constant b coincides with its experimental value.
Temperature measurement. Wien and Stefan-Boltzmann laws are widely used to measure high temperatures by optical method; it is used in astrophysics to determine the temperature of stars, including the sun. The experimental curve of energy distribution in the solar spectrum is compared with curves of the blackbody at various temperatures (see Fig. 1.2). It turns out that the biggest similarity between the positions of the maxima of the curves is observed for the blackbody with temperature 
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. This temperature is considered as the solar surface effective temperature. 

On the other hand, we can use the Stefan-Boltzmann law. Measuring the amount of radiant energy of the sun falling on the upper limit of the earth's atmosphere gives  
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). Knowing the distance to the Sun and its area (i.e. the radiated surface area); it is easy to calculate the total amount of energy emitted from the solar surface unit area. If we assume that the Sun radiates as a blackbody, we find the similar effective temperature of the Sun surface – 
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, which is based on the Stefan-Boltzmann law. Correlated values of these temperatures indicate that solar radiation is alike the blackbody radiation.

Analysis of Planck's equation showed that it correctly describes the experimental curves of the blackbody throughout all range of frequencies and temperatures. Therefore, the hypothesis of Planck about quantization of energy is justified experimentally.
1.2. Photoelectric effect. Einstein's equation

The experimental facts. Generating electromagnetic wave in an open circuit with a spark-gap, Heinrich Hertz (1887) observed that the length of the spark between metal electrodes increases if the cathode is illuminated by the ultra-violet light. Negatively charged metal body which is illuminated by ultraviolet rays loses its negative charge. If a positively charged body is illuminated by the same light rays, loss of electric charge is not observed. In addition, if an uncharged body is illuminated by the light, it becomes charged to a positive potential of several volts. These experimental facts suggest that the illuminated bodies lose negative charge. In 1900, F. Leonard and James Thomson have found that falling on the cathode ultraviolet radiation knocks electrons from the cathode material.

The phenomenon of knocking out the electrons from a metal surface by light radiation is called photoelectric effect; the electrons are called photoelectrons. It is the external photoelectric effect. 
Internal photoelectric effect was discovered later; it consists in electrons redistribution through the energy states; however, they remain inside the substance. Therefore, the substance remains neutral.

Dielectrics, semiconductors, and electrolytes also have photoelectric properties. It is established that the photoelectric effect is observed not only in the case of radiation by ultraviolet rays, also it can be caused by soft X-rays. Alkali metals (lithium, sodium, potassium, rubidium, and cesium) are quite sensitive to the action of the visible spectrum.

The device for the external photoelectric effect study is shown in Fig. 1.5, a. 
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Fig. 1.5
The electrodes (the anode A and the cathode K) are placed in a vacuum container. Monochromatic ultraviolet light passing through the quartz window (unlike ordinary glass, quartz transmits ultraviolet rays) falls on the cathode. The knocked out by the ultraviolet light electrons move under the action of the electric field from the cathode to the anode. As a result, they create a photocurrent measured by the galvanometer G. The voltage between the cathode and anode can be changed by the potentiometer П. The graph of dependence of the photocurrent I on the voltage between the electrodes U is shown in 
Fig. 1.5, b. It is called the volt-ampere characteristic of the photoeffect. 
Fig. 1.5, b shows that the photocurrent reaches saturation (
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) at some small accelerating voltage. It occurs because all the photoelectrons emitted by the cathode reach the anode. Consequently, saturation of the photocurrent is determined by the number of electrons emitted from the cathode per unit time under the influence of light.

The photocurrent curve decrease to the left of the saturation area indicates that the electrons are emitted from the cathode at different speeds and not all of them can reach the anode. 
Let us note that the photocurrent exists even if 
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; it does not depend on the incident light intensity. Photoelectrons cannot overcome the retarding electric field and reach the anode if 
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. Even the maximum kinetic energy of the photoelectrons is not enough to overcome the retarding field attraction and they come back to the cathode. Therefore, we can write that 
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where 
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 is the electron rest mass; e is its charge.

Thus, by measuring 
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, we can determine the maximum speed of photoelectrons.

Summarizing the experimental data, we present the main laws of the photoelectric effect:

a) the saturation photocurrent is directly proportional to the light flux of the light falling on the cathode (O. Stoletov, 1888). This means that the number of photoelectrons per unit time is proportional to the light flux;

b) for each metal at a certain state of the surface, there is a minimum frequency 
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 (or a maximum wavelength 
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) after which the photoelectric effect does not occur. This value is specific for each metal and is called photoelectric threshold of the photoelectric effect;

c) photoelectrons leave the surface of the cathode with energies from zero to 
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; the maximum energy increases linearly with the radiation frequency increasing and is independent of the light intensity (F. Leonard, 1902);

d) photoelectric effect is a phenomenon with a very small time delay. Measurements indicate that the time between the start of the light exposure and the appearance of the photocurrent is 
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. Hence, photoeffect is a noninertial phenomenon.
Contradictions between laws of the photoeffect and classical physics. The electron receives energy from the light wave, then, according to classical physics, the electron kinetic energy should be increased with the incident light intensity increasing. However, Lenard experiments showed that the maximum photoelectrons speed does not depend on the incident light intensity; the intensity increase leads only to the increase of the number of photoelectrons (photocurrent intensity).

Classical wave theory failed to explain the very small time delay of the photoeffect. At the low intensity of the incident wave, the electron takes some time to accumulate the required energy. Thus, according to the classical theory, the photoeffect should occur with a noticeable delay. But, the experiments show that photocurrent appears simultaneously with the illumination of the cathode. Photocells are widely used in engineering due to this very useful property of the photoeffect.

Einstein’s equation. In 1905, Einstein showed that all laws of the photoelectric effect are easily explained by assuming that the light is absorbed by the same portions 
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, as it is emitted by Planck hypothesis. According to Einstein's assumption, absorbed energy of the photon is entirely transferred to only one free electron. Thus, the electrons in the metal get energy not gradually but instantly. If the energy is great enough, the electron is able to overcome the potential barrier that keeps it in the metal and get out. Obviously, the energy conservation law is suitable for this process:
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where A is the metal work function (a few electron volts) that is the minimal energy necessary to knock out one electron from the metal surface; 
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 is the maximum kinetic energy of a photoelectron. Ratio (1.43) is called the Einstein’s equation. It entirely explains all photoelectric effect laws.

1. The maximum kinetic energy of photoelectrons (maximum speed in second power) linearly depends on the frequency of the incident light and does not depend on its intensity. 
2. There is a minimum frequency (maximum wavelength) when the photoelectric effect stops. This frequency according to (1.43) corresponds to the equality 
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), the photon energy is not enough to knock out an electron from the metal. This is a method of determining the metal work function.

Frequency 
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 corresponds to the photoelectric threshold (maxi​mum wavelength) 
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In particular, cesium has 
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3. Einstein's theory explains proportionality between the intensity of photocurrent saturation and luminous flux F of the incident light. The light flux is determined by the number of photons of light falling on the surface of the cathode per unit time; the number of photoelectrons is proportional to the number of absorbed photons (incident light flux). So, the saturation current is proportional to the incident light flux:
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Only a few quanta transfer their energy to the photoelectrons. Energy of other quanta increases the body internal energy.

The probability of absorption of two photons by one electron is too small, so the electron absorption of only one photon is called a single-photon.

Multiphoton processes became possible after invention of lasers that generate large power light beams. The use of lasers made it possible to observe multiphoton photoelectric effect, in which the photoelectron receives energy from N photons (N = 2 - 5).

Einstein's equation for multiphoton photoelectric effect looks like:
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Photoelectric threshold of the multiphoton photoelectric effect is shifted towards low frequencies (the wavelength 
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increases N times). Equation (1.44) for multiphoton effect takes the form:
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1.3. The braking X-rays
It is believed that X-rays were discovered by Wilhelm Roentgen (1895), for which he received the first physics Nobel Prize (1905). The nature of the radiation was unknown, and Roentgen called it X-rays. Note that our compatriot Ivan Pul'uj made the first photographs using unknown rays long before the discovery of Roentgen. He built the so-called «Pul'uj lamp» – the prototype of modern X-ray tubes; it has received a silver medal at the International Electrotechnical Exhibition in Paris in 1881.

In 1912 Theodore Max von Laue received the first X-ray diffraction in monocrystalline sample of copper sulphate; it clearly indicated its wave nature. Thus, X-rays have the same electromagnetic nature as visible light, but differ from it by considerably smaller wavelengths. Diffraction on crystals indicates that their wavelengths are comparable with a crystal lattice constant 
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 (1 nm = 10-9m). Keep in mind that the wavelength of visible light 
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. X-rays take place between ultraviolet light and gamma radiation in the scale of electromagnetic waves (X-rays approximate wavelength ranges from 10 to 0.01 nm). Natural sources of X-rays are the solar corona and radioactive elements. 

According to classical electrodynamics, any accelerated charge emits electromagnetic waves. The radiation power is proportional to the square of the charge and the square of the acceleration: 
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As it can be seen from the equation (1.47), the radiated power is directly proportional to the square of the number of charges (protons) in the nuclei (
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) and inversely proportional to the square of the electron mass. Electrons are the lightest charged particles, so the radiation is more powerful when braking anode material has a high Z.
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The energy is greater if the initial velocity of the electrons is greater and the braking time is smaller. This means that a significant radiation occurs in the case of abrupt braking of fast electrons.

Such conditions are created in the X-ray tube. It is a vacuum cylinder containing a candescent cathode as a thermoelectron source and a metal anode located opposite. The electrons are accelerated in the X-ray tube by high potential difference of 50 kV (velocity of electrons in the tube reaches 
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). Fast electrons are braked on the metal anode and generate braking X-rays. The spectrum of this radiation is continuous, so it is also called white X-rays.

[image: image244.wmf] 

 

 

l

I

 

 

 

U, 

kV

 

 

λ

,relative unit

I

During the bombardment of the anode by the electrons, almost all of their energy is converted into heat and only a small fraction of 0.1–1% is converted into X-rays. For this reason, the anode of X-ray tube is intensively cooled by running water.

Experimental intensity 
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 at bombardment of the tungsten anode by electrons is shown in Fig. 1.6, which clearly shows that each voltage has its 
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Classical electrodynamics can explain maximum of the continuous spectrum but the presence of a short-limit it cannot explain.

The existence of short-limits arises from the quantum nature of light. According to quantum ideas, the braking electron generates a photon flying out from the anode; that is the inverse to photoelectric effect process.

An electron in the X-ray tube due to the accelerating potential difference U gets the maximum kinetic energy:
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The photon energy cannot exceed the energy of the electron: 
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. If conversion of the electron energy into photon radiation energy is complete, the photon gets the maximum energy:
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Substituting for the constants h and s in the equation (1.50) gives
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where 
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 is expressed in angstrom (
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The method of measuring 
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 for determining Planck's constant is the most precise; it is called isochromatic method. The essence of it is the following. The X-ray spectrometer is lightened by monochromatic radiation of the wavelength 
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 is measured depen​ding on the applied to the X-ray tube voltage U. This dependence for various 
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 is shown in Fig. 1.7.
Extrapolating each curve to the intersection with the abscissa, we can find 
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). Using the equation (1.50), we obtain the equation for the Planck's constant calculation:
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1.4. Compton effect 
According to the classical theory, the incident wave causes oscillations of electrons of the substance with the frequency of the incident wave. As a sequence, the oscillating electrons emit secondary (scattered) waves of the same frequency; hence, the scattered light frequency remains the same.
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However, Arthur Compton (1922) investigated the scattering of hard X-rays by substances, consisting of light atoms (graphite, wax), and found that scattered radiation consists also of rays of the longer wavelength than the incident radiation: 
[image: image213.wmf]λ

λ

>

¢

.
Compton device for the experi​ment is shown in Fig. 1.8.

The source of monochromatic X-rays is a tube with moly​bdenum anode (characteristic 
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 create a narrow beam that falls on the sample O. The spectral composition of the scattered radiation is investigated by means of X-ray spectrometer, which consists of a crystal K and a counter C (an ionization chamber or a photoplate).

Experimental data of the scatte​ring on the graphite for different angles are shown in Fig. 1.9. The image above is a line of incident radiation, i.e. the angular distribution of intensity of the 
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-line. The images below are lines for the scattered radiation at different angles 
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. The following features are clearly seen: a) the scattered radiation has an additional line (
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) deflected by the crystal K towards larger diffraction angles; b) the deflection increases with the angle 
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 increasing; c) the increase of the scattering angle is accompanied by the reduction of intensity of the initial line and increasing intensity of the deflected line.

The appearance of scattered radiation of the longer wavelength than the length of the incident wave is called Compton effect. Classical theory could not explain the Compton effect. This effect was explained by Arthur Compton and independently by Peter Debye on the base of quantum concepts.
Photons. Light is a beam of photons with the energy 
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. Photons move at the speed of light. According to the theory of relativity, the total energy of any relativistic particle moving at the speed 
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where 
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 is the particle mass of rest. If 
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, the denominator of (1.53) becomes zero and relativistic mass becomes  infinite. Therefore, we should assume that the photon mass of rest is zero.

Photon is a special particle that unlike electrons, protons, neutrons, and other particles has no rest mass. Single photon state is a motion at the speed of light. 

In the state of motion, photons have relativistic mass, which is defined by the law relating mass and energy. In the case of movement along the gravitational field (
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), we can write down
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For the light rays with the maximum sensitivity for the human eye 
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 (green light), the relativistic mass of a photon is 
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, the hard X-ray photon mass is comparable with the electron mass (
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), the mass of 
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-radiation photon is bigger than the electron mass.

The momentum of a photon is:


[image: image234.wmf]phph

ν/ω/c2π/λ

pmchck

=====

hhh

,               (1.55)

where 
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 is the wave vector 
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 module. The vector indicates the light direction. The equation (1.55) in vector form is 
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Thus, the photon as a particle has energy and momentum. These values characterize particle properties of light. It should be noted that modern quantum physics does not use the concept of the photon mass (massless particle).[image: image238.png]
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Fig. 1.2
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Fig. 1.3
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Fig. 1.4
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Fig. 1.6
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Fig. 1.7
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Fig. 1.8
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Fig. 1.9
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