14. Introduction to Photonics
Absorption, Spontaneous and Stimulated Emission
a. Black-body radiation. Planck’s Radiation Theorem

3.2. A fekete test sugarzasa

Altalénos tapasztalat, hogy minden géz, folyadék és szilard anyag -273 Kelvinnél maga-
sabb hémérsékleten elektromégneses hulldmokat sugdroz, masnéven sugdrzdst emittal.

A minden sugérzést elnyeld (abszorbedld), Ggy nevezett fekete test (13. dbra) sugédrzésa
fiiggetlen a sugérzé test anyagétdl, illetve alakjatdl.

13. dbra.

Azért nyel el minden sugérzést, mert a fényforrés csak egy nagyon kis résen tud bejutni
a test belsejébe, és ott a folyamatos visszaver8désekkor energiét veszit, és matematikailag
nagyon kicsiny az esélye, hogy a hullim bérmikor pontosan gy érkezzen a réshez, ahogy
befele érkezett, tehat pongyolan megfogalmazva ”sosem jon ki”.

A kisérletekben rogzitett hémérsékleten mérték a feliiletegységen (vagy hulldmhosszon)
hulldmhosszegységre es8 kisugérzott intenzitdst, amit S(\,T)-vel jelolink. A mérések utdn
a kovetkezd gorbét kapték:
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14. ébra.
A mérésekkel kapcsolatban tobb megfigyelés, illetve torvény sziiletett
1. Wien-térvény
2. Stefan-Boltzmann-torvény
3. Planck-torvény

Wien megfigyelése, vagy torvénye kimondja, hogy a gérbe maximumhelyének és a hémérsékletnek
(amin a kisérletet elvégezték) szorzata llandé, és

AnazT = 2.898 - 1073 mK.

Stefan-Boltzmann-t6rvény azt mondja ki, hogy a feliiletegységen sugarzott Gsszteljesitmény
az abszolit hémérséklet negyedik hatvanyéval né, tehat

AmaeT = 2.898 - 107°mK.

Stefan-Boltzmann-t6rvény azt mondja ki, hogy a feliiletegységen sugérzott 6sszteljesitmény
az abszolit hémérséklet negyedik hatvanyéval né, tehét
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Planck a méréseket prébélta zart alakban lefrni. Tudték, hogy az ideélis fekete test, min-
den szint tokéletesen elnyel, és és minden szint sugdroz. Az intenzitds csak a homérséklettol
fiigg, a test alakjatdl, illetve anyagdtdl nem.

Planck taldlt rd egy formuldt, amely egyszerti, és csupdn egyetlen paramétertdl fiigg,
amelyet a mért gorbékre valé illesztéssel hatdrozott meg, ez a Planck 4llandé.

Feltette, hogy a sugérzdst az iiregben 1év6 "oszcillatorok”, az iireg rezondns médusai
nyelték el, és sugdrozték vissza a kis nyildson &t.

Adott T hémérsékleten, egyensiilyban, minden szabadsédgfokra %kT energia jut, ahol
k a Boltzmann-dlland6. A médusok szdma a frekvencia négyzetével ardnyosan né, ez az
ultraibolya paradox.

A mérésekkel egyezé formula azonban egy komoly ”gondra” mutatott rd, ugyanis csak tgy
sikeriilt megegyeznie a mérésekkel, hogy Planck feltette, hogy az oszcillatorok csak ”kvantalt”
energidjiak lehetnek, mégpedig

E=nh,n=0,1,2.

Ezek utén pedig a formula:




b. Photon gas. Bose-Einstein statistics.

In physics, a photon gas is a gas-like collection of photons, which has many of the same properties of a conventional gas like hydrogen or neon - including pressure, temperature, and entropy. The
most common example of a photon gas in equilibrium is black body radiation.

A massive ideal gas with only one type of particle is uniquely described by three state functions such as the temperature, volume, and the number of particles. However, for a black body, the energy
distribution is established by the interaction of the photons with matter, usually the walls of the container. In this interaction, the number of photons is not conserved. As a result, the chemical
potential of the black body photon gas is zero. The number of state functions needed to describe a black body state is thus reduced from three to two (e.g. temperature and volume).

A very important difference between a gas of massive particles and a photon gas with a black body distribution is that the number of photons in the system is not conserved. A photon may collide
with an electron in the wall, exciting it to a higher energy state, removing a photon from the photon gas. This electron may drop back to its lower level in a series of steps, each one of which
releases an individual photon back into the photon gas. Although the sum of the energies of the emitted photons are the same as the absorbed photon, the number of emitted photons will vary. It
can be shown that, as a result of this lack of constraint on the number of photons in the system, the chemical potential of the photons must be zero for black body radiation.



Massless Bose-Einstein particles (e.g. black body radiation) |edit)
For the case of massless particles, the massless energy distribution function must be used. It is convenient to convert this function to a frequency distribution function:
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where A is the thermal wavelength for massless particles. The spectral energy density (energy per unit volume per unit frequency) is then
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Other thermodynamic parameters may be derived analogously to the case for massive particles. For example, integrating the frequency distribution function and solving for N gives the number of
particles:
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N = —Lig (e*/*7).
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The most common massless Bose gas is a photon gas in a black body. Taking the "box" to be a black body cavity, the photons are continually being absorbed and re-emitted by the walls. When

this is the case, the number of photons is not conserved. In the derivation of Bose—Einstein statistics, when the restraint on the number of particles is removed, this is effectively the same as setting

the chemical potential (1) to zero. Furthermore, since photons have two spin states, the value of fis 2. The spectral energy density is then
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which is just the spectral energy density for Planck's law of black body radiation. Note that the Wien distribution is recovered if this procedure is carried out for massless Maxwell-Boltzmann
particles, which approximates a Planck's distribution for high temperatures or low densities.

U, dv= dv

In certain situations, the reactions involving photons will result in the conservation of the number of photons (e.g. light-emitting diodes, "white" cavities). In these cases, the photon distribution
function will involve a non-zero chemical potential. (Hermann 2005)



c. Thermal equilibrium of a system of matter and photon gas. Photon absorption, spontaneous and stimulated emission. The Einstein coef-
ficients.

Photon gas equilibrium most common example: Black body radiation

Thermal equilibrium of a system of matter:

Two physical systems are in thermal equilibrium if no heat flows between them when they are connected by a path permeable to heat. Thermal equilibrium obeys the zeroth law of
thermodynamics. A system is said to be in thermal equilibrium with itself if the temperature within the system is spatially and temporally uniform.

Systems in thermodynamic equilibrium are always in thermal equilibrium, but the converse is not always true. If the connection between the systems allows transfer of energy as heat but does not
allow transfer of matter or transfer of energy as work, the two systems may reach thermal equilibrium without reaching thermodynamic equilibrium.

Relation of thermal equilibrium between two thermally connected bodies | edit)

The relation of thermal equilibrium is an instance of a contact equilibrium between two bodies, which means that it refers to transfer through a selectively permeable partition, the contact path.['] For
the relation of thermal equilibrium, the contact path is permeable only to heat; it does not permit the passage of matter or work; it is called a diathermal connection. According to Lieb and Yngvason,
the essential meaning of the relation of thermal equilibrium includes that it is reflexive and symmetric. It is not included in the essential meaning whether it is or is not transitive. After discussing the
semantics of the definition, they postulate a substantial physical axiom, that they call the "zeroth law of thermodynamics", that thermal equilibrium is a transitive relation. They comment that the
equivalence classes of systems so established are called isotherms.?]

Photon absorption, spontaneous and stimulated emission: 15.tétel



Einstein coefficients are mathematical quantities which are a measure of the probability of absorption or emission of
light by an atom or molecule.in The Einstein A coefficient is related to the rate of spontaneous emission of light and
the Einstein B coefficients are related to the absorption and stimulated emission of light.

An atomic spectral line refers to emission and absorption events in a gas in which Mg is
the density of atoms in the upper energy state for the line, and 11 is the density of

atoms in the lower energy state for the line.

The emission of atomic line radiation at frequency v may be described by an emission
coefficient € with units of energy/time/volume/solid angle. € dt dV dQ2is then the energy

emitted by a volume element 1/ in time ({{ into solid angle (). For atomic line
radiation:
hv

€= '—’n.gf'lm
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where ‘-121 is the Einstein coefficient for spontaneous emission, which is fixed by the

intrinsic properties of the relevant atom for the two relevant energy levels.

d. Light Amplification by Stimulated Emission of Radiation (LASER)

15.tetel

The absorption of atomic line radiation may be described by an absorption coefficient K
with units of 1/length. The expression k' dx gives the fraction of intensity absorbed for a
light beam at frequency v while traveling distance dx. The absorption coefficient is
given by:

,  hv

K = A (n1B12 = n2321)

where B, and By, are the Einstein coefficients for photo absorption and induced
emission respectively. Like the coefficient ,4-‘121, these are also fixed by the intrinsic
properties of the relevant atom for the two relevant energy levels. For thermodynamics
and for the application of Kirchhofi's law, it is necessary that the total absorption be
expressed as the algebraic sum of two components, described respectively by Bu
and Bgl, which may be regarded as positive and negative absorption, which are,
respectively, the direct photon absorption, and what is commonly called stimulated or
induced emission. ©EI10]


https://en.wikipedia.org/wiki/Spontaneous_emission
https://en.wikipedia.org/wiki/Absorption_spectroscopy
https://en.wikipedia.org/wiki/Stimulated_emission

