1. lecture

Introduction: principles and properties of laser radiation
Laser (light amplification through stimulated emission of radiation) is a special light source whose unique properties have been widely utilized in biophysics. Before studies of its interaction with biomolecules and living organisms to investigate structure and dynamics, we must discuss the principles of laser operation and the most important features of the laser light that makes distinct from thermal light.
Absorption and emission in a two-state system; The Einstein coefficients. Three processes can happen to the molecule (atom) when electromagnetic radiation of frequency ν12 (energy E = h·ν12 where h is the Planck constant) impinges (Fig. 1.1). i) Induced absorption. The incident radiation can excite the molecule by moving it from the lower (ground, 1) to the higher (excited, 2) energy state with the transition probability B12. ii) Spontaneous emission. The molecule in the excited state can decay spontaneously to the ground state with emission of a photon of energy h·ν21 = h·ν12. The corresponding transition probability is A21. iii) Induced emission. The excited molecule can be forced to the ground state by the incident (external) radiation with transition probability B21. While the first two processes are easily understood, the third one requires some adjustments. The fact that incident radiation can lead to the additional emission of photons is not immediately obvious. However, it is a real process which constitutes the basis of laser operation. The transition probabilities are called Einstein coefficients and we will find relation among them.

Because of the detailed balance or microscopic reversibility, symmetry exists between the two states: 
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If the molecular system is in equilibrium with the radiation field, as many transitions 1→2 occur as 2→1. If n1 and n2 denote the number of molecules that are in states 1 and 2, respectively, the equilibrium condition reads
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(1.2)

Here ρ(ν) denotes the density of light energy per unit frequency of the radiation field given by the  Planck expression at temperature T:
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(1.3)

where c is the speed of light in vacuum and kB is the Boltzmann constant. Taking into account the Bolzmann equation related to the populations of the two states:
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we get
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All three Einstein coefficients are thus related by Eqs. (1.1) and (1.5). The ratio between the transition probabilities of the spontanous and induced emissions 
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indicates that the spontaneous emission dominates if E is large, and the induced emission is the major form of emission if E is small. An additional characteristic difference between induced and spontaneous emissions lies in the directional and phase dependence. The direction and phase of the induced emission are the same as those of the incident radiation. In the  spontaneous emission, however, neither the phase nor the direction are correlated to those of the external radiation; the direction is determined by the orientation of the molecule.
Spectral line width. The energy states were considered infinitely sharp. In reality, however, they will have finite width. Assume that at time t = 0 all molecules are in the excited state, and that no external radiation field is present. The molecules will then decay spontaneously (ecponentially) to the ground state with rate constant A21 = 1/τ, where τ denotes the lifetime (mean life) of the excited state. The Heisenberg uncertainty relation connects the mean life and the energy uncertainty ΔE = h· Δν:
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The excited state will therefore have an uncertainty in energy (ΔE), or a width (Δν) given by
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(1.8a-b)

From the line width, one can determine the transition rate of the spontaneous emission and the other Einstein coefficients using Eqs. (1.1) and (1.5). 

The complete quantum-mechanical treatment indicates that the spectral line indeed has such a width, but it also yields that the line shape is a Lorentzian (not Gaussian), with distribution
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If the lower (ground) state is not stable, but also has a finite lifetime, its width also enters Eq. (1.9). Additionally, if the molecular system is not isolated, other factors can broaden the line. One particular broadening influence comes from the motion of the molecule, the Doppler broadening. If the excited state can decay into more than one way, the rates for all these channels add:
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(1.10)
The line can therefore be very much broader than the natural line width.
Optical gain. If light passes through the system of molecules (medium), it will induce both absorption and emission (the spontaneous emission will be neglected). Depending on whether the absorption or the emission are the dominating processes, the transmitted light will loose or gain intensity, respectively. When the light propagates in one direction (x), according to the Beer’s law the intensity and the intensity gradient are proportional: dI/dx = - k(ν12)·I(x), where k(ν12 ) is the absorption coefficient of the two-level system. It can be expressed by the B21 (= B12) Einstein coefficient for induced emission (absorption) and the populations of the two states n1 and n2:
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Here, c’ is the speed of light in the medium. When n1 > n2, the absorption coefficient is positive k(ν12 ) > 0 and the absorption (loss of intensity) is the dominating process. If, however, the population is inverted, i.e. n1 < n2, then k(ν12 ) < 0 and the induced emission will exceed the absorption of the medium. Consequently, the transmitting light will be not diminished but amplified: the intensity will be greater at the exit than was at the entrance. The population inversion that can be achieved by (optical, electrical or chemical) pumping of the active medium is the basic requirement of the optical gain and thus the laser operation.
Principal properties of the laser light. The stimulated emission and the resonator cavity within which the amplifying medium is kept lead to several special properties of the laser light.
Directionality. The laser beam comes in the form of a highly parallel (pencil) of rays and, depending on the laser types, propagates with usually very small half angle of divergence (Θ ~ 10-7 radians) limited by diffraction (Fig. 1.2). For a perfect gaussian beam  
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where λ is the free space wavelength and r0 is the radius of the cross section of the laser beam. This extremely small divergence leads to the many applications of the laser in surveying, remote sensing, lidar, etc. 
For a low gain system, the use of a Fabry - Perot resonator with parallel feedback mirrors, imposes some directionality on the output of the laser that is equivalent of producing beam with large divergence close to the diffraction limit (Eq. 1.12). For a high gain system (single pass laser; super radiance), generally larger divergence is produced (many times of the diffraction limit).
Examples. 1) If a laser operating at 500 nm has a beam spot size of 10 cm i.e. r0 = 5 cm, then the diffraction limited beam divergence amounts Θ = 3.18 ·10-6 rad. By illuminating the surface of the Moon at distance R = 3.84·105 km from the Earth, the spread in diameter would be D = 2·θ·R = 2.4 km. 2) Apollo 11 (1969) placed corner cube reflector on the moon surface to measure the exact distance between the Earth and the moon. The measurement was done by time delay with an accuracy of about 1 ns i.e. 30 cm. The round trip of the light took ∼ 2.5 s.
Small spot size (tight focusing). Because of highly directional properties of the laser beams, they can be focused to very small areas of a few (μm)2. The limits of focusing are again

determined by diffraction effects (more on this in gaussian optics). When a laser beam of radius of the cross section r0 falls on a convex lens then the radius of the focused spot r is directly proportional to the wavelength and to the f-number (the ratio of focal length to the diameter f/r0), provided the laser beam fills the entire area of the lens (Fig. 1.2):
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The smaller are the wavelength and the f-number of the lens, the smaller is the size of the focused spot. This property leads to applications in surgery, imaging, material processing, compact discs, etc.
Example. If we take a converging lens of an f-number of 2 (i.e., the focal length is twice the lens diameter), then for a laser wavelength of 600 nm the radius of the focused spot will be about 1.5 μm. Thus, the area of such a focused spot would be about 7 μm2.
High energy, power, intensity and brightness. In a laser system, large energy can stored and released in a very short time resulting in enormous output power. The extremely high power can also be focused to very small areas generating extremely high-intensity values. Continuous wave lasers having power levels ~ 105 W and pulsed lasers having a total energy ~ 50 kJ have applications in welding, cutting, laser fusion, etc. Figure 1.3 shows how the intensity of laser beams has increased every year. At intensities of 1021 W/m2, the electric fields become so high that the electrons accelerate to relativistic velocities (approaching that of light) and at even higher light intensities the photons of the crossing light beams will get into interactions (the light paths are mutually influenced) leading to very interesting and useful non-linear effects.
Examples. 1) Compare the brightness of the Sun with that of a typical He-Ne gas laser. The Sun has a surface temperature of ~ 6,000 K and the power density of its radiation is ρ = σ T4 = 5.6696·10−8 ·(6,000)4 W·m-2 = 7.4·107 W·m-2 derived from the Stefan-Boltzmann’s law. Thus, the brightness of the sun (power density in unit of solid angle) amounts ρ/4π = 5.9·106 W/m2/sr. 
A typical He-Ne laser has a spot size 2·r0 = 1 mm, power P = 1 mW and divergence Θ = 0.5 mrad. The power density of the laser amounts ρ = P/(r02π) = 1273 W/m2. The solid angle is Ω = A/d2 = π·Θ2 = 7.85·10−7 sr, after replacing the area A = r2π = (d·Θ)2π at distance d from the laser. Thus, the brightness of the He – Ne laser is ρ/Ω = 1.62·109 W/m2/sr which is about 300 times larger than that of the Sun. 
2) Looking at a 20 W bulb at a distance of about 5 m, the eye produces an image of the bulb on the retina of an intensity of only about 10 W/m2. On the other hand, a low-power (≈ 2 mW) diffraction-limited laser beam incident on the eye gets focused to a very small spot and can produce an intensity of about 106 W/m2 on the retina which could damage the retina. Thus, whereas it is quite safe to look at a 20 W bulb, it is very dangerous to look directly into a 2 mW laser beam. (Similarly dangerous looking directly at the sun not only because of the high power density of the image formed in the retina (~ 3·104 W/m2) but also because of the large ultraviolet

content of the sunlight). As the laser beam can be focused to very narrow areas, it has found important applications in areas like eye surgery and laser cutting.

Monochromaticity (spectral purity). The lasers, in general, generate light in a very narrow band (Δλ) around a single, central wavelength λ (Fig. 1.1). The degree of monochromaticity can be quantitatively described in terms of wavelength bandwidth (or frequency bandwidth). Typically, the wavelength bandwidth of a commercial He-Ne laser is about 0.01nm = 10 pm, which is in the range of the thermal spectral light sources as sodium lamps. There are frequency stabilized lasers with much smaller bandwidths in the order of Δλ = 0.1 fm. On the other hand, the Nd:YAG laser used in most laser designators, generates a typical bandwidth of Δλ = 0.45 nm at output beam of 1.064 μm corresponding to 0.04 percent of the central wavelength. The bandwidth of a typical diode laser with a wavelength of 900 nm is about Δλ = 1 nm as compared to LED, which has a bandwidth of approximately Δλ = 30 - 60 nm.
The stimulated emission process in the optical resonator is responsible for the very small spectral widths. In general, the laser may oscillate in a number of frequencies simultaneously unless special techniques are adopted. This includes Fabry–Perot filters in the laser cavity to allow only one frequency to oscillate. Even in a laser oscillating in a single frequency, there could be random but small variations in the frequency of oscillation due to temperature fluctuations and vibrations of the mirrors of the cavity. Stabilization of the frequency is achieved by using various techniques, for example, the laser is coupled to another very stable cavity and the emission from the laser gets locked to this stable cavity. Frequency-stabilized lasers with frequency stability of better than 10–8 (i.e., fractional frequency shift of less than 10 parts per billion) are commercially available. 
The property of monochromaticity has excellent applications in high-resolution spectroscopy to observe specific transitions in a molecule. A practical application is the separation of isotopes in the nuclear industry where the fissionable isotope of Uranium, 235U, is separated from the non-fissionable one 238U by exploiting the minute difference in their energy levels. The spectral purity of the laser light is utilized in several fields of the holography and optical communications.
Coherence. The concept „coherence” describes the internal order of the light. In coherent light, all of the constituting individual wave pockets are in step or "in phase" with one another at every time and every point. Using another approach, the coherence is a measure of the ability of a light source to produce high contrast interference fringes when the light is interfered with itself in an interferometer. High coherence means high fringe visibility with excellent contrast; low coherence means washed-out fringes, and zero coherence means no fringes. There are two types of coherence: spatial and temporal. Correlation between the waves at one place at different times, or along the path of a beam at a single instant, are effectively the same thing, and are called temporal coherence. Correlation between different places (but not along the path) is called spatial coherence. The directionality and monochromaticity of the laser light are often (though loosely) referred to as spatial coherence and temporal (spectral) coherence, respectively. The two types of coherence are independent of each other, i.e. an electromagnetic wave with small temporal coherence can have perfect spatial coherence. For example, if the laser supports the oscillation of multiple longitudinal modes but no higher-order transverse modes, then the laser output will have finite temporal coherence but perfect spatial coherence.
Temporal coherence. As the emission of a photon occurs within a finite (life) time Δt, we can visualize the photon as a wave packet of a finite spread in time with several oscillations (Fig. 1.4). Because the life time Δt is related to the linewidth Δν as Δt = 1/Δν (see Eq. (1.8b)), we can introduce the time of coherence as τc ≈ Δt or more precisely
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We can similarly visualize the extension of the wave packet in space and define the (longitudinal) length of coherence as
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By increasing the difference of the two light paths between the two branches of the Michelson interferometer, the contrast in the fringes of the interference pattern will be gradually poorer and eventually the fringes will disappear at distances greater than the length of coherence. 

The temporal coherence, according to the definition in Eq. (1.14), comes from the monochromaticity of the laser beam. The narrower the line width Δλ or Δν of the light source, the better is its temporal coherence. An 800 nm laser diode with a Δλ = 1 nm spectral width would have a coherence length of about lc = 0.64 mm. A 600 nm LED with a spectral width of Δλ = 60 nm would have a coherence length of around lc = 6 μm. In contrast to Δν ~ 1010 Hz for a commercial thermal source of light, Δν ~ 500 Hz can be obtained for a well-controlled laser, which gives τc ~ 2 ms. The corresponding length of coherence is about lc ~ 600 km. Because a laser can oscillate in many modes, the monochromaticity depends obviously on the number of oscillating modes. For a pulsed laser, the minimum linewidth is limited by the duration of the pulse. Thus, for a 1 ps pulse, the coherence time is 1 ps and the spectral width would be about 1012 Hz.

The Doppler velocity measurements include the measurement of the frequency shift caused by the moving targets. If the frequency of the laser itself is shifting (because of poor coherence) during the time of flight, broadening or error in the frequency of the returned beam would be created that would limit the accuracy of the determination of the Doppler velocity.

Spatial coherence. The electromagnetic wave has perfect spatial coherence when the phase difference remains the same for any two points anywhere on the wave front. If this is true only for a specific area, then the field of radiation has only partial spatial coherence. The spatial coherence is related to the directionality and to the uniphase wave fronts. A plane wave is highly directional, the phase difference between two points is constant (if the two points are on the wave front, then the difference is 0) and remains so at all time. This is characteristic for a coherent laser beam. At spontaneous emission, however, the wave front is distorted, the phase difference between two points will change and therefore the spatial coherence is highly limited. Spatial coherence refers to how spherical the wave front is. If every portion of the wave front appears to have exactly the same center of curvature, then the wave is coherent. As the spatial coherence is high for sphere waves and plane waves, the spatial coherence of light will increase as it travels away from the source and becomes more like a sphere or plane wave. Light from distant stars, though far from monochromatic, has extremely high spatial coherence.

By use of the Young’s double slit interferometer (Fig. 1.4), the length of the spatial coherence of the light source can be estimated. Since the two slits are being illuminated coherently by two distinct points of the light source at distance l, the individual interference fringes will be of good contrast. However, the observed interference pattern will be their superposition and it will be washed away at particular separation of the two emitting points. Good interference fringes will be observed as long as
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Since l/D is the angle α subtended by the source at the slits, Eq. (1.16) gives d << λ/α. The distance
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is referred to as the spatial (lateral) coherence width. It can be seen that lw depends inversely on α. Looking at remote street light at night through a wet umbrella, one can see nice interference pattern although the street lamp has small spatial coherence width but can be increased by reduction of α to offer enjoyable interference pattern.
The angle subtended by sun on the earth is 32 s of arc which is approximately α = 0.01 radians. Assuming a wavelength of λ = 500 nm, the lateral coherence width of the sun would be lw = 50 μm. If we have a pair of pinholes separated by a distance much less than 50 μm, and illuminated by the sun, interference pattern of good contrast will be obtained on the screen.

The spatial coherence is related to the size of the light source. A point source emits spatially coherent light, while the light from a finite source has lower coherence. The spatial coherence can be increased with a spatial filter that could be a very small pinhole preceded by a condenser lens. 
Take-home messages. In generation of laser light, induced emission and optical gain in the resonator determine the principal properties of the radiation distinct from those of the thermal light sources: directionality, monochromaticity, high power and coherence. Coherent beams are both directional and monochromatic.  
Home works.

1. A CO2 laser of wavelength λ = 10.6 μm operates in a pulse regime. The pulse duration is Δt = 0.1 s and the frequency of repetition is ν = 3 s–1. The power of the laser during individual pulses is P = 30 W. (a) What is the energy of one pulse? (b) What is the mean power? (c) What is the number of photons in one pulse?

2. What would be the approximate spectral width of the laser pulse of duration 100 fs? What will be the physical length of the optical pulse in free space?

3. Calculate the minimum divergence (full angle) that can be theoretically achievable for the most well known lasers, i.e. Nd:YAG (λ = 1.06 μm with 3mm diameter) and He-Ne laser (λ = 0.6328 μm with 1mm beam diameter) and compare these values with the divergence of the light from a torchlight of 20° (or more).
4. The breakdown electric field of the dry air is 30 V/μm. What intensity level of a (focused) laser light does result in a spark in the air? (Hint: ~ 14 TW/cm2 intensity leads to 109 V/m electric field.)
5. A surgical CO2 laser (λ = 10.6 μm) emits pulses of power P = 20 W and duration Δt = 0.1 s. The  laser beam is focused onto the tissue under treatment to give a round spot of diameter d = 0.4 mm. a) What is the laser light intensity at the focus and compare it with that of the of bright sunshine (( 100 W/m2)? b) What is the thickness of the tissue layer that absorbs 90% of the pulse energy? The attenuation coefficient of the tissue at the wavelength of the laser is k = 800 cm-1, and processes other than absorption (e.g. light scattering) are neglected. c) How would the temperature of the absorbing layer be raised during one pulse? The warming-up is presumed to be uniform in this volume, and all other effects (e.g. heat conduction) are neglected. The diameter of the laser beam in the layer is considered to be constant. The specific heat of the tissue is c = 3.8 kJ/(kg(K), and its mechanical density is ρ = 1,040 kg/m3. 
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Figure 1.1. Absorption and emission transitions and the Einstein coefficients in a two-level system. The line broadening is due to distribution of energies of the excited state. 








Figure 1.2. Diffraction limited divergence and convergence of a laser beam due to a converging lens: spatial distribution profile of the laser intensity at Imax/e2 (note, this is not the path of the ray). The diameter of the beam at its narrowest point (d) is called the "beam waist".








Figure 1.3. Increase of achievable light intensity with the year. The increase has a large slope around 1960 due to the invention of the laser and then again after 1985. (Adapted from Mourou and


Yanovsky (2004)).








Figure 1.4. Schemes of Michelson and Young’s double slit interferometers to measure the temporal (lc = cΔt = c·τc) and spatial (lw) coherence of light sources, respectively.
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