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frequency of radiation, sometimes written as {

/ giving expression E = hi.
E — hV Quantum energy
— of a photon.
34 15

h = Planck's constant = 6.626 x 10 Joule-sec=4.136x 10 eV-s

Relativistic Energy

mc?
E =

— ——
This equation says that an object at rest has energy, which is
why it is sometimes called the rest energy equation. It also says
that the reason an object at rest has any energy at all is because

it has mass, which is why this equation is also known as the
mass-energy equivalence.
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Black body radiation quantum mechanics pdf. Importance of black body radiation in quantum mechanics. What is the black body radiation. What is a black body radiation in physics.
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A black body is one that absorbs all the EM radiation (light...) that strikes it. To stay in thermal equilibrium, it must emit radiation at the same rate as it absorbs it so a black body also radiates well. (Stoves are black.) Radiation from a hot object is familiar to us. Objects around room temperature radiate mainly in the infrared as seen the the graph
below. If we heat an object up to about 1500 degrees we will begin to see a dull red glow and we say the object is red hot. If we heat something up to about 5000 degrees, near the temperature of the sun's surface, it radiates well throughout the visible spectrum and we say it is white hot. By considering plates in thermal equilibrium it can be shown
that the emissive power over the absorption coefficient must be the same as a function of wavelength, even for plates of different materials. It there were differences, there could be a net energy flow from one plate to the other, violating the equilibrium condition. A black body is one that absorbs all radiation incident upon it. Thus, the black body
Emissive power, , is universal and can be derived from first principles. A good example of a black body is a cavity with a small hole in it. Any light incident upon the hole goes into the cavity and is essentially never reflected out since it would have to undergo a very large number of reflections off walls of the cavity. If we make the walls absorptive
(perhaps by painting them black), the cavity makes a perfect black body. There is a simple relation between the energy density in a cavity, , and the black body emissive power of a black body which simply comes from an analysis of how much radiation, traveling at the speed of light, will flow out of a hole in the cavity in one second. The only part that
takes a little thinking is the 4 in the equation above. Rayleigh and Jeans calculated t he energy density (in EM waves) inside a cavity and hence the emission spectrum of a black body. Their calculation was based on simple EM theory and equipartition. It not only did not agree with data; it said that all energy would be instantly radiated away in high
frequency EM radiation. This was called the ultraviolet catastrophe. Plank found a formula that fit the data well at both long and short wavelength. His formula fit the data so well that he tried to find a way to derive it. In a few months he was able to do this, by postulating that energy was emitted in quanta with . Even though there are a very large
number of cavity modes at high frequency, the probability to emit such high energy quanta vanishes exponentially according to the Boltzmann distribution. Plank thus suppressed high frequency radiation in the calculation and brought it into agreement with experiment. Note that Plank's Black Body formula is the same in the limit that but goes to
zero at large while the Rayleigh formula goes to infinity. It is interesting to note that classical EM waves would suck all the thermal energy out of matter, making the universe a very cold place for us. The figure below compares the two calculations to some data at degrees. (It is also surprising that the start of the Quantum revolution came from Black
Body radiation.) So the emissive power per unit area is We can integrate this over frequency to get the total power radiated per unit area. * Example: What is the temperature at the solar surface? Use both the the intensity of radiation on earth and that the spectrum peaks about 500 nm to get answers.* * Example: The cosmic microwave background
is black body radiation with a temperature of 2.7 degrees. For what frequency (and what wavelength) does the intensity peak?* Jim Branson 2013-04-22 By the late 19th century, many physicists thought their discipline was well on the way to explaining most natural phenomena. They could calculate the motions of material objects using Newton’s laws
of classical mechanics, and they could describe the properties of radiant energy using mathematical relationships known as Maxwell’s equations, developed in 1873 by James Clerk Maxwell, a Scottish physicist. The universe appeared to be a simple and orderly place, containing matter, which consisted of particles that had mass and whose location
and motion could be accurately described, and electromagnetic radiation, which was viewed as having no mass and whose exact position in space could not be fixed. Thus matter and energy were considered distinct and unrelated phenomena. Soon, however, scientists began to look more closely at a few inconvenient phenomena that could not be
explained by the theories available at the time.One experimental phenomenon that could not be adequately explained by classical physics was blackbody radiation (Figure 1.2.1 ). Attempts to explain or calculate this spectral distribution from classical theory were complete failures. A theory developed by Rayleigh and Jeans predicted that the intensity
should go to infinity at short wavelengths. Since the intensity actually drops to zero at short wavelengths, the Rayleigh-Jeans result was called the ultraviolet catastrophe (Figure 1.2.1 dashed line). There was no agreement between theory and experiment in the ultraviolet region of the blackbody spectrum. In 1900, the German physicist Max Planck
(1858-1947) explained the ultraviolet catastrophe by proposing that the energy of electromagnetic waves is quantized rather than continuous. This means that for each temperature, there is a maximum intensity of radiation that is emitted in a blackbody object, corresponding to the peaks in Figure 1.2.1, so the intensity does not follow a smooth
curve as the temperature increases, as predicted by classical physics. Thus energy could be gained or lost only in integral multiples of some smallest unit of energy, a quantum (the smallest possible unit of energy). Energy can be gained or lost only in integral multiples of a quantum. Quantization Although quantization may seem to be an unfamiliar
concept, we encounter it frequently in quantum mechanics (hence the name). For example, US money is integral multiples of pennies. Similarly, musical instruments like a piano or a trumpet can produce only certain musical notes, such as C or F sharp. Because these instruments cannot produce a continuous range of frequencies, their frequencies
are quantized. It is also similar to going up and down a hill using discrete stair steps rather than being able to move up and down a continuous slope. Your potential energy takes on discrete values as you move from step to step. Even electrical charge is quantized: an ion may have a charge of —1 or —2, but not —1.33 electron charges. A continuous vs.
a quantized (gravitationaly) potential energy system. In the continuous case (left) a system can have any potential energy, but in the quantized case (right), a system can only have certain values (other values are not allowed). (CC BY-NC; Umit Kaya via LibreTexts) Planck's quantization of energy is described by the his famous equation: \[ E=h u
\label{Eq1.2.1} \] where the proportionality constant \(h\) is called Planck’s constant, one of the most accurately known fundamental constants in science \[h=6.626070040(81) \times 10~ {—341}\, J\cdot s onumber \] However, for our purposes, its value to four significant figures is sufficient: \[h = 6.626 \times 10~ {—-34} \,J\cdot s onumber \] As the
frequency of electromagnetic radiation increases, the magnitude of the associated quantum of radiant energy increases. By assuming that energy can be emitted by an object only in integral multiples of \(hv\), Planck devised an equation that fit the experimental data shown in Figure 1.2.1 . We can understand Planck’s explanation of the ultraviolet
catastrophe qualitatively as follows: At low temperatures, radiation with only relatively low frequencies is emitted, corresponding to low-energy quanta. As the temperature of an object increases, there is an increased probability of emitting radiation with higher frequencies, corresponding to higher-energy quanta. At any temperature, however, it is



simply more probable for an object to lose energy by emitting a large number of lower-energy quanta than a single very high-energy quantum that corresponds to ultraviolet radiation. The result is a maximum in the plot of intensity of emitted radiation versus wavelength, as shown in Figure 1.2.1 , and a shift in the position of the maximum to lower
wavelength (higher frequency) with increasing temperature. At the time he proposed his radical hypothesis, Planck could not explain why energies should be quantized. Initially, his hypothesis explained only one set of experimental data—blackbody radiation. If quantization were observed for a large number of different phenomena, then quantization
would become a law. In time, a theory might be developed to explain that law. As things turned out, Planck’s hypothesis was the seed from which modern physics grew. Max Planck explain the spectral distribution of blackbody radiation as result from oscillations of electrons. Similarly, oscillations of electrons in an antenna produce radio waves. Max
Planck concentrated on modeling the oscillating charges that must exist in the oven walls, radiating heat inwards and—in thermodynamic equilibrium—themselves being driven by the radiation field. He found he could account for the observed curve if he required these oscillators not to radiate energy continuously, as the classical theory would
demand, but they could only lose or gain energy in chunks, called quanta, of size \(hu\), for an oscillator of frequency \(u\) (Equation \(\ref{Eql1.2.1} \)). With that assumption, Planck calculated the following formula for the radiation energy density inside the oven: \[ \begin{align} d\rho(u,T) &= \rho u (T) du \\[4pt] &= \dfrac {2 hu"~3}{c"2} \cdot
\dfrac {1 }{\exp \left( \dfrac {hu}{k B T}\right)-1} du \label{Eg2a} \end{align} \] with \(\pi = 3.14159\) \(h\) = \(6.626 \times 10" {-34} J\cdot s\) \(c\) = \(3.00 \times 10~ {8}\, m/s\) \(u\) = \(1/s\) \(k_B\) = \(1.38 \times 10~ {-23} J/K\) \(T\) is absolute temperature (in Kelvin) Planck's radiation energy density (Equation \(\ref{Eq2a}\)) can also be
expressed in terms of wavelength \(\lambda\). \[\rho (\lambda, T) d \lambda = \dfrac {2 hc”~2}{\lambda ~5} \dfrac {1}{ \exp \left(\dfrac {hc}{\lambda k B T} \right) - 1} d \lambda \label{Eg2b} \] Planck's equation (Equation \(\ref{Eq2b}\)) gave an excellent agreement with the experimental observations for all temperatures (Figure 1.2.2 ). Figure
1.2.2 : The Sun is an excellent approximation of a blackbody. Its effective temperature is ~5777 K. (CC-SA-BY 3.0; Sch). Max Planck (1858-1947) Planck made many substantial contributions to theoretical physics, but his fame as a physicist rests primarily on his role as the originator of quantum theory. In addition to being a physicist, Planck was a
gifted pianist, who at one time considered music as a career. During the 1930s, Planck felt it was his duty to remain in Germany, despite his open opposition to the policies of the Nazi government. (left) The German physicist Max Planck had a major influence on the early development of quantum mechanics, being the first to recognize that energy is
sometimes quantized. Planck also made important contributions to special relativity and classical physics. (Public Domain; Library of Congress via Wikimedia) (left) The society's logo features Minerva, the Roman goddess of wisdom. (Fair use) One of his sons was executed in 1944 for his part in an unsuccessful attempt to assassinate Hitler and
bombing during the last weeks of World War II destroyed Planck’s home. After WWII, the major German scientific research organization was renamed the Max Planck Society. Exercise 1.2.1 Use Equation \(\ref{Eq2b}\) to show that the units of \(p(A,T)\,dA\) are \(J/m~ 3\) as expected for an energy density. The near perfect agreement of this formula
with precise experiments (e.g., Figure 1.2.3 ), and the consequent necessity of energy quantization, was the most important advance in physics in the century. His blackbody curve was completely accepted as the correct one: more and more accurate experiments confirmed it time and again, yet the radical nature of the quantum assumption did not
sink in. Planck was not too upset—he didn’t believe it either, he saw it as a technical fix that (he hoped) would eventually prove unnecessary. Part of the problem was that Planck’s route to the formula was long, difficult and implausible—he even made contradictory assumptions at different stages, as Einstein pointed out later. However, the result was
correct anyway! The mathematics implied that the energy given off by a blackbody was not continuous, but given off at certain specific wavelengths, in regular increments. If Planck assumed that the energy of blackbody radiation was in the form \[E = nh u onumber \] where \(n\) is an integer, then he could explain what the mathematics represented.
This was indeed difficult for Planck to accept, because at the time, there was no reason to presume that the energy should only be radiated at specific frequencies. Nothing in Maxwell’s laws suggested such a thing. It was as if the vibrations of a mass on the end of a spring could only occur at specific energies. Imagine the mass slowly coming to rest
due to friction, but not in a continuous manner. Instead, the mass jumps from one fixed quantity of energy to another without passing through the intermediate energies. To use a different analogy, it is as if what we had always imagined as smooth inclined planes were, in fact, a series of closely spaced steps that only presented the illusion of
continuity. The agreement between Planck’s theory and the experimental observation provided strong evidence that the energy of electron motion in matter is quantized. In the next two sections, we will see that the energy carried by light also is quantized in units of \(h \bar {u}\). These packets of energy are called “photons.”
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