Student read;
http://www-star.st-and.ac.uk/~kw25/teaching/nebulae/lecture08_linewidths.pdf
http://irina.eas.gatech.edu/EAS8803_Fall2009/Lec5.pdf
Prepare Lecture 
https://en.wikipedia.org/wiki/Absorption_spectroscopy
https://en.wikipedia.org/wiki/Spectral_line
 isolated atoms can absorb and emit packets of electromagnetic radiation having discrete energies dictated by the detailed atomic structure of the atoms
Continuum, Emission, and Absorption Spectra
The corresponding spectrum may exhibit a continuum, or may have superposed on the continuum bright lines (an emission spectrum) or dark lines (an absorption spectrum), as illustrated in the following figure.
[image: http://scientificjam.com/SCIENCE404WEB/presentationfiles/19_1stars.ppt_files/slide0007_image008.png]
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Three types of spectrums (spectra)
09/07/2013 by RhEvans
When we look at objects giving off light (or reflecting light) we find three types of spectra. They are produced in different ways, and can actually tell us about the physical properties of the materials producing the spectra. In many ways it was the development of studying and understanding the spectra of astronomical objects that led to the development of astrophysics as opposed to the more traditionalastronomy. This happened from the mid 1800s.
The three types of spectra are called “a continuous spectrum” (or continuum emission), “an emission line spectrum” and “an absorption line spectrum”. They look like the following
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UPDATE
You can read about these three types of spectra in more detail in my new book – see http://www.springer.com/astronomy/popular+astronomy/book/978-3-319-09927-9

A continuous spectrum
When Newton did his famous experiment with a prism and sunlight, he noted that the Sun produced a “rainbow” of colours. This is a continuous spectrum. (However, as I will discuss in a future blog, if he had been able to produce a more detailed spectrum he would have noticed some subtleties on this continuous spectrum). So, light from the Sun, and any star, produces a continuous spectrum.
We also get a continuum spectrum from a hot solid, so for example the light produced by incandescent light bulbs is a continuum spectrum. These kinds of bulbs give off light by a very thin coil of metal, the filament, (usually tungsten) getting extremely hot from having an electric current passed through it. When the filament gets to thousands of degrees, it gives off light.

[image: 20130705-111852.jpg]

An emission line spectrum
If, instead of looking at the spectrum of the Sun we were to look at the spectrum of an object like Messier 42 (the Orion nebula), we would notice a very different kind of spectrum. Rather than being a continuous spectrum, we would see a series of bright lines with a dark background. We would also see an emission line spectrum if we were to look at the spectrum from one of the fluorescent light sources which are now replacing the incandescent lights in houses.

[image: 20130705-113903.jpg]

« Murray ends the 77-year wait
The 500 greatest albums – no. 21 – “The Great Twenty-Eight” (Chuck Berry) »
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If, instead of looking at the spectrum of the Sun we were to look at the spectrum of an object like Messier 42 (the Orion nebula), we would notice a very different kind of spectrum. Rather than being a continuous spectrum, we would see a series of bright lines with a dark background. We would also see an emission line spectrum if we were to look at the spectrum from one of the fluorescent light sources which are now replacing the incandescent lights in houses.
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UPDATE
You can read about these three types of spectra in more detail in my new book – see http://www.springer.com/astronomy/popular+astronomy/book/978-3-319-09927-9
An absorption line spectrum
An absorption line spectrum is in some ways the converse of an emission line spectrum. Rather than seeing a series of bright lines on a dark background, one sees dark lines on a continuous spectrum.

[image: 20130705-113745.jpg]

ABSORPTION LINE
An absorption line will appear in a spectrum if an absorbing material is placed between a source and the observer. This material could be the outer layers of a star, a cloud of interstellar gas or a cloud of dust.
[image: absorptionlines.jpg]
Incoming light (left) passes through a cloud of absorbing material, such as a cloud of interstellar gas. The light that leaves the cloud (right) shows absorption lines in the spectrum at discrete frequencies.
According to quantum mechanics, an atom, element or molecule can absorb photons with energies equal to the difference between two energy states.
[image: energylevelsabsorption.jpg]
Photons with specific energies will be absorbed by an atom, ion or molecule if this energy is equal to the difference between the energy levels. In this example, three different photon energies are required to promote an electron from the ground state (n=1) to an excited state (n=2,3 and 4)
Absorption lines are usually seen as dark lines, or lines of reduced intensity, on a continuous spectrum. This is seen in the spectra of stars, where gas (mostly hydrogen) in the outer layers of the star absorbs some of the light from the underlying thermal blackbody spectrum.
[image: starspectrum.jpg]
The spectrum of a G5IV star showing absorption line features below the level of the star’s blackbody continuum spectrum. Wavelength is measured in Angstroms, while the flux is in arbitrary units.
Dataset: VizieR catalogue III/219, Spectral Library of Galaxies, Clusters and Stars (Santos et al. 2002)
n atomic physics, Doppler broadening is the broadening of spectral lines due to the Doppler effect caused by a distribution of velocities of atoms ormolecules. Different velocities of the emitting particles result in different Doppler shifts, the cumulative effect of which is the line broadening.[1] This resulting line profile is known as a Doppler profile. A particular case is the thermal Doppler broadening due to the thermal motion of the particles. Then, the broadening depends only on the frequency of the spectral line, the mass of the emitting particles, and their temperature, and therefore can be used for inferring the temperature of an emitting body.


	The Line Shape Produced by Doppler Broadening


A molecule has a variety of vibration modes. When radiation of the same frequency as one of these modes hits the molecule, the molecule vibrates and then reradiates that energy but in a random direction. Thus some of the impinging radiation will be radiated back in the direction it came from. This is the mechanism of the greenhouse effect. Radiation which is not of a frequency equal to one of the vibration modes of the molecule does not interact with the molecules.
The Broadening of the Spectral Lines
The discrete set of vibration frequencies of a molecule is called its spectrum; this is both a la Kirchhoff's Law its absorption spectrum and its emissions spectrum. If the impinging radiation had to have exactly the wavelength of the discrete spectral lines there would not be much interaction between the radiation and the molecules because of the small probability of the radiation having exactly that wavelength.
The spectrum is modified by the motion of the molecules. The Doppler effect is the modification of the perceived frequency of radiation due to the motion of the molecule. If the molecule is traveling in opposite direction from the incoming radiation the perceived frequency of the radiation is greater. Thus if radiation were slightly lower frequency than a vibration frequency of a molecule the Doppler effect could bring about a coincidence with the vibration frequency of the molecule. If a molecule were traveling in the same direction as incoming radiation the Doppler effect lowers its perceived frequency and thus could result in the absorption of radiation of a slightly higher frequency.
The relationship that prevails is that if V is the velocity of the molecule relative to the direction of propagation of the radiation then the perceived frequency νd is given by

νd = ν0(1 − V/c)-1 
 
where ν0 is the true frequency and c is the speed of light.
The Doppler Line Shape Function
The distribution of the velocities of the molecules in a gas is Gaussian; i.e., the normal bell-shaped curve. This leads to a distribution of the frequencies of the absorbed radiation which is also Gaussian; i.e.,

(1/√2πσ)exp(−(ν-ν0)²/(2σ²)) 
 
where σ is the line width.





In effect the lines of the absorption spectrum are broadened by the Doppler effect. The width of the broadened curve σ about the line at frequency ν0 is given by

σ = (ν0/c)(2kTln(2)/m)½ 
 
where m is the mass of the molecule and T is the absolute temperature of the gas.

For information on other line shape see Line Shapes

http://www.phy.ohiou.edu/~mboett/astro401_fall12/broadening.pdf

Following from:
http://irina.eas.gatech.edu/EAS8803_Fall2009/Lec5.pdf

Objectives: 1. Basics of atomic and molecular absorption/emission spectra. 2. Spectral line shapes: Lorentz profile, Doppler profile and Voigt profile 3. Absorption coefficient and transmission function.
1. Basics of atomic and molecular absorption/emission spectra. Atomic absorption/emission spectra: 9 Radiation emission (absorption) occurs only when an electron makes a transition from one state with energy Ek to a state with lower (higher) energy Ej: for emission: Ek - Ej = hcν
Bohr’s model of a hydrogen atom: The energy level is given as 2 n R hc E H n = − , n=1,2,3….. [5.1] where RH is the Ryberg constant ( =1.092x105 cm -1 for hydrogen); h is the Planck’s constant , and c is the speed of light. The wavenumber of emission/absorption lines of hydrogen atom: ) 1 1 ( 2 2 j k ν = RH − [5.2] where j and k are integers defining the lower and higher energy levels, respectively.



Molecular Absorption/Emission Spectra Molecular absorption spectrum is substantially more complicated than that of an atom because molecules have several forms of internal energy. This is the subject of spectroscopy and quantum theory. Three types of absorption/emission spectra: i) Sharp lines of finite widths ii) Aggregations (series) of lines called bands; iii) Spectral continuum extending over a broad range of wavelengths


Main underlying physical principles of molecular absorption/emission: 1) The origins of absorption/emission lie in exchanges of energy between gas molecules and electromagnetic field. 2) In general, total energy of a molecule can be given as: E = Erot+ Evib+ Eel + Etr Erot is the kinetic energy of rotation (energy of the rotation of a molecule as a unit body): about 1-500 cm-1 (in the far-infrared to microwave region) Evib is the kinetic energy of vibration: energy of vibrating nuclei about their equilibrium positions; about 500 to 104 cm -1 (in the near- to far-IR) Eel is the electronic energy: potential energy of electron arrangement; about 104 -105 cm -1 (in the UV and visible) Etr is translation energy: exchange of kinetic energy between the molecules during collisions; about 400 cm-1 for T =300 K • From Erot< Etr < Evib< Eel follows that: i) Rotational energy change will accompany a vibrational transition. Therefore, vibrationrotation bands are often formed. ii) Kinetic collision, by changing the translation energy, influence rotational levels strongly, vibrational levels slightly, and electronic levels scarcely at all. • Energy Erot, Evib, and Eel are quantized and have only discrete values specified by one or more quantum numbers (see below). Not all transitions between quantized energy level are allowed - they are subject to selection rules. 3) Radiative transitions of purely rotational energy require that a molecule possess a permanent electrical or magnetic dipole moment. NOTE: A dipole is represented by centers of positive and negative charges Q separated by a distance d: the dipole moment = Q d
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Doppler Broadening For moving molecules, the Doppler effect implies that the emission and absorption wavelengths are broadened.  This is  usually  described  by the so-called Doppler profile, centered at Ao, given by a Gaussian distribution with respect to the frequency  v = c/ J,,,
[image: ]
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where aD and SD stand for the half width of the line and the line strength, respec­ tively. The half width of the line is related to the velocity of the molecule in the direction  of the incident radiation,  and  is proportional  to ,/f . [image: ]
This shape is derived from the probability density function of the velocity, given  by the Maxwell  distribution

with m the molecule mass. The Doppler effect states that the frequency v appears shifted as seen by a stationary observer to the frequency v = v( l ± v/ c).
[image: ]
Pressure Broadening (Lorentz Effect) The collisions between the molecules contribute  to broaden  the lines. The distribution  function is then


[image: ]
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where aL and SL stand for the width and the strength of the line, respectively. The width is related to the collision frequency and is proportional to the product of the molecule  density,  11, by  the velocity  (proportional  to ,/f). With  the ideal gas  law,
11 0<  P/ T ( P is the pressure), and thus aL 0< Pj ,/T .
The Lorentz effect is a decreasing function of altitude. For a hydrostatic atmo­ sphere (Chap.  I ), supposed to be adiabatic (Chap. 3), the vertical profiles of pressure
and of temperature are indeed P (z) :,c Po exp( -z/ H) and T (z) :,c To - rz.
The typical shape of the Doppler  and Lorentz  profiles  is shown in Fig.  2.6.  Up to 40 kilometers, the Lorentz effect is the dominant effect (due to high  densities),  then the Doppler effect and, finally, the joint  impact  of both  effects (described  by the so-called Voigt profile ).
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Santa Barbara

· Absorption and Emission of Infrared
· Scattering of infrared wavelengths is negligible in atmosphere
· Schwarzschi ld's equation
, Absorption by layer follows Beer's law
· dI .i(absorption) = -J)c..prds  = -I..a.i
, Emission depends on Planck function and emissivity
· dl1 (emission) = B1(T )e1
· By Kirchhoffs law emissivity equals absorptivity
· dl.i = -(I.i  -B1(T) )k.i prds
, As radiation passes through isothermal layer, Intensity rapidly approaches blackbody value for layer temperature
· Maximum emission to space occurs around height where optical depth =  1
· Integrate through layer over path length s1
•  I.i ( s1 )= I..0 exp( -T.i (s1 ,0 ) )  + J:' k1prB.i  (T (s) )exp( -T1 (s1,s) )ds
, First term is amount of energy entering beginning of layer with attenuation
http://www.geog.ucsb. edu/-Joel/g266_s 10/lecture_notes/chapt04/oh1 0_4_3/oh10_4_3.html	214

912712015	Atmospheric Radiative Transfer
· Second term is amount emitted In layer before s1 with attenuation
· Plane-parallel approximation
· Assume atmospheric state and constituent concentrations vary only In vertical
· Infrared flux density in both directions Is:
· F H (r ) = f I H (r	cosB)cos BdmV	V	2,r  V	V '

· Expressed in terms of wavenumber by convention
· Optical depth is used as vertical coordinate
· Integrate over azimuth angle:
•  F,H (-r, ) = 2JZ" f :1;	r,,µ)µdµ, µ = cos e
· Components of flux are:
· Upward flux from surface not absorbed below
· Upward flux from lower layers
· Downward flux from layers above
· Components evaluated by equations for flux transmlssivlty like:
·T: = 2JZ" f 1ex p( -r,/ µ)µd µ"' ex p( -r,/ µ)0

· Where the "effective zenith angle" Is:
•-1 = sec 53° = 1.66µ



· Vertical Profiles of Radiative  Heating
· Impact of radiation budget on atmospheric temperature
· Depends on vertical change In net radiation flux

· pc  dT =-

p  dt

dF ( z )
dz

· Where F is net flux:
· F = Ft - F"
· Calculating heating Impact as function of wavenumber• (!l


= !:f 1 kv r( Iv -Bv )dµ , µ = cos B
· Assume radiation interactions with other layers approximately cancel
· Longwave cooling to space is only remaining effect
. (	l= -!:s:kv,,Sv exp( -)d µ
· Integrating over angle:
• (dT J	= _.!!_ kv,,Sv e-
df	V	Cp	µ
· Relationship indicates that maximum cooling occurs about where optical depth is 1
· Effects of water vapor. carbon dioxide. and  ozone

· Radiation at Top of Atmosphere
· Annual  Average Absorbed  Solar Radiation
· Greatest (over 300 wm-2) over tropical oceans - low zenith angle and low albedo
· Not as great over deserts - albedos above 0.2
· Decreasing to below 100 wm·2 over polar regions ·high albedo. low zenith angle. long dark periods
http://www.geog.ucsb.edul-joellg266_s10Aecture_notes/chapt04/oh10_ 4_31oh10_4_3.html
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Atmospheric remote sensing methods typically rely on calcu­ lations of quasi-monochromatic radiant intensity. This is  admit­ tedly a far simpler computational problem than that of broadband fluxes. Nevertheless, it is the detailed absorption behavior of vari­ ous atmospheric molecules that largely determine optimal channel wavelengths, spectral widths, and other instrument characteristics. Those who work with remote  sensing data and/or instrumentation, as many of us can expect to do at some point in our careers, should have at least a basic understanding  of  these issues.

[image: ]

The absorption of radiation by gases turns out to be one of those cases in which the quantized (particle) nature of radiation comes  to the forefront. Simply stated, interactions between radia tion and individual gas molecules -whether absorption or emission -are possible only for photons having energies satisfying certain criteria. Those criteria are largely determined by the arcane, and sometimes counterintuitive, laws of quantum mechanics. But don't despair: the consequences of those laws aren't difficult to grasp at the level targeted by th.is book.
When a photon is absorbed by a system, the energy originally carried by that photon must conh·ibute to a corresponding increase in the internal energy of the system. Likewise, when a photon is emitted, the system must give up an equivalent amount of its inter­ nal energy. There are many·different ways in which internal energy may increase or decrease. Examples include:
· Changes in the translational kinetic energy of molecules (i.e., temperatme).
· Changes in the rotational kinetic energy of polyatomic molecules.
· Changes in the vibrational energy of polyatomic molecules .
· Changes in the distribution of electric charge within a molecule, possibly including the complete separation (or re­ unification) of two components previously bound by electro­ static forces.
Collisions between molecules tend to equalize the distribution of the total internal energy in a gas among the various "storage" mechanisms listed above. Imagine, for example, that you were able to put  a  diatomic  gas like oxygen  into a tmusual  state in  which all of  its molecules had  translational  kinetic  energy but  no rota­
tional or vibrational kinetic energy. Subsequent collisions between the molecules would quickly set many of them to spinning and vi­ brating again. Before long, the total internal energy would be dis­ tributed between all available storage modes, reestablishing a con­ dition known as local thermodynamic equilibrium (LTE; see also Sec­ tion 6.2.3).
LTE can be taken as a given for most problems in the lower and middle atmosphere, where atmospheric density is comparatively high and collisions are therefore quite frequent. This assures us that knowledge of the physical temperature of the medium is suf­ ficient to accurately predict the distribution of the total internal en­ ergy among all possible modes. It also ensures that any radiative energy absorbed or emitted by a medium will quickly give rise to a commensurate change in the physical temperature of that medium.
Note, however, that the immediate consequence of the absorption or emission of any particular photon is usually a change in the inter­ nal energy of a single molecule. For example, the emission by a gas  of a single photon might  entail a reduction  in the rotational  energy  of one molecule of the gas"For another photon, the immediate con­ sequence of an absorption  event might  be  a simultaneous  increase in both the vibrational and rotational  energy  of  the molecule.  For yet anothe1 the response might be an increase in the electrostatic potential energy of one of the electrons in the molecule. Yet all of these energy changes evenh1ally get redistributed, via collisions, be­ tween all of the molecules in the vicinity, so that there is always a predictable distribution of the total internal  energy  in a gas among all available  storage modes.
Now here is the kicker: most modes of energy storage at the molecular level and smaller are quantized. That is to say, a given molecule cannot have just any vibrational energy,but rather only one of a discrete set of energy levels Eo, E1, . . . , Eoo permitted by the laws of quantum mechanics applied to that particular molecule. The same principle  applies to other modes  of  energy  storage, such as that as­
·sociated with molecular rotation and electron excitation.  Only the ' translational kinetic energy of molecules and other unbound parti­ cles is unquantized.
9.2    Absorption/Emission Lines

The consequences of the quantization of energy states are far­ reaching .    Basically,  it implies that  a  photon  can  be  absorbed or
emitted by a molecule only if the interaction leads to a transition from
the molecule's original state to one of its other allowed states. Thus, if a molecule is in energy state Eo, then it can absorb a photon whose energy t:..E = E11 - Eo but not one whose energy is some other value. Fmthermore, a molecule in energy state E1 can only emit a photon
with energy t:..E = E1 - Ea, since there is no other allowed transition
that results in a d,ecrease in the molecule's energy. A molecule in its base state Ea cannot emit anything. However, the condition of LTE ensures that, for any given temperatme above absolute zero, a pre­ dictable percentage of the molecules in a gas may be found in any given energy state. This ensures that a predictable set of allowed transitions (for both absorption and emission) is always available within any macroscopic  sample of  the gas in question.
Consider a hypothetical molecule with only three allowed en­ ergy states Ea, E1, and E2 (Fig. 9.la). There are then three h·ansi­ tions available for the absorption of an incoming  photon:  Ea  ----->  E1,  Ea  ----->   E2, and E1  ----->   E2 . Each of  these transitions corresponds  to a specilic  photon  energy  ll E  and  therefore,  according  to  (2.45),  to a specific wavelength A = c/ v = he/ !l E at which absorption may occur.  For  all  other  wavelengths,  the  molecule  is nonabsorbing
If we plot the absorption cross-section as a function of  wave­  length for our hypothetical molecule, we get an absorption line spec ­ trum similar to Fig. 9.lb. The positions of the lines are determined by energy changes associated with the allowed h·ansitions. The relative strengths of the lines are determined by a) the fraction of molecules
that  are  in  the particular  initial  state  required  for  the  transition and
b) the inh'insic likelihood that a photon having the right energy and encountering a molecule in the required energy state will actually produce the relevant transition.1
Itispossible for more than one transition to contribute to a single absorption line, if they correspond to the same change of energy. For example, if the energy levels for the above hypothetical molecule were equally spaced, then both the £0 --t £1and £1 ----t £2 transitions would correspond to the same photon wavelength. The absorption spectrum would then consist of only two  lines rather  than  tlu-ee, with one occurring at half ,the wavelength of the other one. The latte1 in this example, would be called degenerate, in that it is really two lines collapsed into one Multiple degeneracies occur in some real gases; the associated absorption lines are often quite sh·ong in comparison  to  their nondegenerate neighbors.
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Petty

9.2.1 Rotational Transitions Moments of Inertia of Molecules
Let's first begin with a quick review of some familiar relationships from freshman physics. All physical objects, including molecules, have mass. According to Newton's law the mass m is a measure of the object's resistance to linear.acceleration,  i.e.,
F = ma	(9.1)
where F is the applied for and a is the resulting acceleration. Also, the mass figures prominently in the object's translational kinetic en­ ergy product, which  is given by
where v is the speed. Inthe case of molecules in a gas, their average translational kinetic energy is proportional to the absolute tempera­ ture of the gas. Also, the linear momentum is given by
p = mv .	(9.3)
The above relationships all apply to linear motion by a mass; completely analogous relationships also exist for rotational motion. Inparticular, all physical objects that are not point masses have mo­ ments of inertia. Analogous to the role of mass in linear acceleration,
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the moment of inertia I is a measure of the object's resistance to ro­ tational  acceleration when subjected  to a torque   T:

Similarly, the rotational kinetic energiJ is given by

Ekr = 1	2 .	(9.5)2 Iw

Finally, the angular momentum is given by

L = Iw .	(9.6
The moment of inertia I depends not only on the mass m but also on how that mass  is distributed  in space  about  the object's  center of gravity. Specifically, it is the sum of the products of the masses c5m; of each volume element in the object with the squares of their respective  distance r ; from the axis of rotation: Thus, for two objects of equal mass, the more compact object will have the smaller moment of inertia. A hula hoop has about the same mass as a softball, but a hula hoop spinning about its axis at the rate of one revolution per second stores much more energy and angular momentum then does a softball spinning at the same rateIn one sense, the analogy between rotational and h·anslational measmes of energy and momenhun is very close -indeed, the respective equations for linear and rotational acceleration, kinetic energy, and momenhun all have similar algebraic forms. In two respects, however, the pich1re is slightly more complicated for rota­ tional motion than it is for translational motion.
First of all, translational motion is not quantized -a molecule is allowed to have any speed (how could this not be the case, since there is no absolute frame of reference for translational motion?). Rotational motion at the molecular level, on the other hand, is quan­ tized according to the laws of quanh1m mechanics, and this dis­ cretization of energyIangular momenhun states is responsible   for
the existence absorption/ emission lines in connection with rota­ tional transitions.
Secondly, any object has only one mass m, but it has three prin­ cipal moments of inertia Ii, h h Each of these corresponds to one of  three perpendicular  axes of  rotation  whose  overall orientation is
determined by the particular mass distribution (i.e., shape) of the object. Although the actual axis of rotation of an object is not con­ strained to coincide with one of the principal axes, the overall an­ gular momentum and/ or rotational  kinetic energy  can nevertheless be analyzed in terms of the projection of the angular velocity vector on each of the three principal  axes.
For objects having simple symmetry, it is often easy to guess the alignment of the principal axes and to judge the relative size of the corresponding moments of inertia. A rectangular brick, for exam­ ple, has principal axes passing at right angles through each face and through the center of mass. The corresponding moments of iner­ tia will be different for each axis: smallest for rotation about the longest axis of the brick (because the mass is most compactly dis­ tributed about that axis) and largest for rotation about the axis pass­ ing through the shortest dimension of the brick (because more of the mass is found at a greater distance from that axis).
For many common shapes, one or more of the moments of iner­ tia have the same value. For example, a pencil has one very small moment of inertia corresponding to rotation about its lengthwise axis and two much larger, identical moments of inertia correspond­ ing to rotation about any pair of  axes at right angles to the first.  A flat circular disk has one large moment of inertia about its radial axis and two smaller and equal moments of inertia about any pair of perpendicular axes that pass edgewise through the disk. A uniform sphere or a cube has three identical moments of inertia; moreover, it is irrelevant in these cases how you define the principal axes, be­ cause rotation about any axis is equivalent.
We are now ready to see how the above concepts apply to molecules. Let us start by considering an isolated atom. Virtually the entire mass of any atom is confined  to its nucleus which,  on  a molecular scale, has a vanishingly small radius. For all practi­ cal purposes relevant to atmospheric radiation, a single atom has effectively  zero moment  of  inertia for any axis  of  rotation; i.e.,

Ii = I2 = I3 "" 0. It follows that isolated atoms exhibit no rotational transitions of interest to us.
A diatomic molecule, on the other hand, consists of two bound atoms, each with finite mass, separated by a finite distance. More­ over, the distance separating the two atoms is quite large compared with the radius of the individual nuclei. One of the axes of rotation can be taken to pass through the two nuclei. For this axis, the mo­
ment of inertia Ii = 0. The remaining two axes are perpendicular to each other and to the first; for them the moments of inertia  are

nonzero and Ii = lJ. These properties also apply more generally to a linear polyatomic molecule -i.e., any molecule with all of its constituent atoms lying in a straight line.
Finally,we come to nonlinear polyatomic molecules, which have three nonzero moments of inertia. Depending  on the symmetry  of the molecule, there are three possible cases: 1) all moments of inertia equal, corresponding to a spherical top molecule, 2) two equal and one different in the case of a symmetric top molecule, and 3) all three different -the so-called asymmetric top.
The significance of the above distinctions lies in the number  of mechanically dissimilar modes of rotation available to a given molecule. There can be no rotational energy, and therefore no ab­ sorption or emission of radiation, in connection with a principal axis for which I = 0. Furthermore, axes of rotation for which the moments of inertia are equal are energetically indistinguishable and therefore give rise to identical absorption spectra. Thus, linear and spherical top molecules have the fewest distinct modes of rotation, and therefore the simplest absorption spectra due to rotational tran­ sitions, while asymmetric top molecules have the richest set of pos­ sible transitions, and therefore the most complex rotation spectra.
The following tabl ummarizes the different types of rotational symmetry, in order of increasing complexity, and lists the most im­ portant atmospheric molecules in each category (see also Fig. 9.2).
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111 and associated rotational quantum numbers J11 • Each quantum number J11 has its own distinct set of energy levels, the spacing of which is determined by the value of  111 •   Inthiscase, howeve1 the ab­
sorption or emission of a photon often entails a simultaneous change in two or more of the rotational quantum numbers. Because of the likelihood of simultaneous transitions, the rotation line spectnun of  a nonlinear molecule is considerably more complex and irregular than that of a linear  molecule.
There are additional complications that I will mention but not dwell on. For example, both vibrational and rotational motions can perturb the moments of inertia 111 from their static values -e.g., by slightly stretching the mean interatomic distance r. These interac­ tions can give rise to slight shif ts in the positions of lines relative to the "pure" case. Since the perturbing influence is itsell quantized,  the usual result is the splitting of what would otherwise be a single line into family of closely spaced lines.
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Dipole Moments

The above discussion hopefully gives you some insight into the ba­ sic nature of rotational linespectra, but there is one final issue that we have not yet considered. In order for a molecule to interact with an electromagnetic wave via rotational transitions, it must possess either a magnetic or electric d ipol e moment. That is to say, an exter­ nally applied magnetic or electric field, respectively, must have the capacity to exert a torque on the  molecule.
For example, the needle in a compass has a magnetic dipole moment. The earth's magnetic field exerts a torque on the needle that causes it to rotate tmtil it is aligned with the field. Likewise, a molecule with no net electric charge but with an asymmetric inter­ nal distribution of positive and negative charge can have an elech·ic dipole moment that allows it respond to an external electric field by changing its orientation.
A diatomic molecule  that is also homonuclear  -i.e., consisting 	9
of two identical atoms (e.g, N2  or 02) -has no permanent electric
dipole moment because of the symmeh·y of the distribution of pos­	1
itive and negative charge within the molecule. The same  applies to	a
a symmetric linear triatomic molecule at rest, such as CO2. A het-
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eronuclear diatomic molecule, such as carbon monoxide (CO), will generally have a permanent electric dipole. Also, with the excep­ tion of CO2 and CH4, all triatomic (and larger) molecules of interest to us for atmospheric radiation, such as H20, N20, and 03, have permanent electric dipole moments due to various asymmetries in their structure.
Here is the "bottom line" for rotational absorption by atmo­ spheric constih1ents:

· As noted previously, monoatomic constih1ents such as argon (Ar) and other noble gases have effectively zero moment of inertia  I and  therefore  no rotational transitions.
· Molecular nitrogen (N2), the most abundant atmospheric con­ stituent, has neither electric nor magnetic dipole moment and therefore has no rotational absorption spectrum.

· Oxygen (02) also has no elech·ic dipole moment but, unlike most other diatomic gases, it does have a permanent magnetic dipole moment. This property is what permits it to have rota­ tional absorption bands at 60 and 118GHz.
---...
· Carbon dioxide (CO2) and methane (CH4 ) have no perma- nent electric or magnetic dipole moment and are therefore ra­
diatively inactive with respect to pure rotational transitions. Howeve1 bending vibrational motions can break the linear symmetry of the molecule and introduce an oscillating dipole moment whose presence permits combined vibration-rotation transitions at shorter wavelengths (see Section 9.2.2).
· All other major molecules fotmd in the atmosphere exhibit permanent electric dipole moments and therefore also major rotational absorption bands.


[image: ]


[image: ]9.2.2     Vibrational Transitions
The covalent  bonds  between  two  atoms in a molecule  arise from  a balance of attractive and repulsive elech·ostatic forces. The for­ mer  dominates when  the  two atoms are relatively widely separated the latte1 due to mutual repulsion of the positively charged nuclei, takes over when the atoms get pushed too close together. The ar­ rangement of atoms in a molecule at rest corresponds to the posi­ tions for which all attractive and repulsive forces exactly cancel.
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Vibration/Rotation Spectra

There are two important points to note:

· Vibrational transitions tend to be associated with consider­ ably larger energies than rotational transitions. Therefore vi­ brational transitions give rise to absorption/ emission lines at much shorter wavelengths -e.g., in the thermal and near IR bands -than those due to pure rotational transitions, which are generally associated with the far IR and microwave bands.

· Vibrational and rotational transitions may, and often do, oc­ cur simultaneously. It follows from the previous point that the energy (and photon wavelength) of combined vibra­ tion/rotation transition is slightly greater or less than that of
· a pure vibrational h·ansition, depending on whether the rota­ tional quantum number J increased or decreased during the transition. The effect of rotational h'ansitions is therefore to split up vibrational absorption lines into a series of rather closely spaced separate lines.
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9.2.3   Electronic Transitions
Having discussed rotational and vibrational transitions, we now briefly consider a third transition type, which involves the energy levels of the electrons orbiting an atomic nucleus. Just as energy has to be added to a satellite in order to raise it to a higher orbit above the earth's smface, the energy associated with an elech'on increases with its mean distance from the nucleus. As before, the allowed en­ ergy levels of electronic orbits are quantized. Also, the more tightly
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