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Cooling and Heating by Laser
As the laser beam can carry high photon flux, it is not surprising if it creates temperature jump of the irradiated sample that absorbs the laser light. The rise of the temperature can be extremely high and may fuel potentially thermonuclear fusion of hydrogen atoms (Fig. 11.1). In biophysics, much less temperature jump in the physiological range is satisfactory that can be used to sudden shift of various equilibrium processes. Either the newly formed equilibrium state or its relaxation to the original state can be tracked and valuable information can be obtained from the energetics and from the physico-chemical nature of the processes. The most typical applications of the laser temperature jump method in biophysics are the studies of folding/unfolding/refolding of proteins. Their significance cannot be underestimated as the function (dynamics) of the proteins (enzymes) depends not only on the primary sequences but on the higher organization (conformation) of the biomolecules as well. A protein that is not folded properly cannot fulfill its physiological role and, in worst cases, can be even harmful for the organisms. The misfolded prions are responsible for the transmissible spongiform encephalopathies in a variety of mammals, including bovine spongiform encephalopathy (BSE, also known as "mad cow disease") in cattle and Creutzfeldt–Jakob disease (CJD) in humans (Fig. 11.2). 

After mentioning the natural heating effects of the laser in interaction with matter, it seems a little counter-intuitive, that the lasers can be used to cool the atoms (Fig. 11.3). The principle, however, does work (Nobel Prize in Physics 1997). Laser cooling has application presently in precision measurements of physics (e.g. time standards of atomic clocks, Fig. 11.4) and can have bright future in single molecule spectroscopy of the biophysics. 

Laser Cooling. The cooling process based on the well-known Doppler effect can be described on conservation of the laws of both energy and momentum. The Doppler effect causes the frequency of light to seem higher when the light source is approaching the receiver (atom). This mechanism cheats the atoms when they fly toward the laser light as they experience light frequency that is slightly higher and absorb photons with a frequency slightly lower than the resonance frequency (Fig. 11.5). Having absorbed photons and entered an excited state, these atoms spontaneously emit photons with the resonant frequency on average. Since the energy of a photon is proportional to its frequency, the atoms lose kinetic energy through this cycle of lower-energy absorption and higher-energy emission. As a result, they are decelerated or cooled down. The Doppler cooling is usually accompanied by a magneto-optical trap of the atoms and several cooling cycles can be carried out. After about ten thousand repetitions of the cooling cycle in less than a second, the temperature of the atoms becomes very low. The velocity of the atoms reaches less than 1 km/h, i.e., an atom flying like a bullet at room temperature is quickly decelerated to under the walking speed of a human being. That is a very rapid cooling from room temperature to about 10 µK which is two orders smaller than the lowest temperature achievable with state-of-the-art solid-state cooling (Fig. 11.6). 

The process of cooling can be described from the point of view of the conservation of momentum of the photon-atom system, as well. The force exerted by light on groups of atoms can be well documented by photographs (Fig. 11.7). If an atom is traveling toward a laser beam and absorbs a photon from the laser, it will be slowed by the fact that the photon has momentum p = E/c = h/λ. If we take a sodium atom as an example, and assume that a number of sodium atoms are freely moving in a vacuum chamber at 300 K, the rms (root-mean-square) velocity of a sodium atom from the Maxwell speed distribution would be about 570 m/s. Then if a laser is tuned just below one of the sodium d-lines (λ = 589.0 and 589.6 nm, about E = 2.1 eV), a sodium atom traveling toward the laser and absorbing a laser photon would have its momentum reduced by the amount of the momentum of the photon and its speed by Δv = pphoton/matom ≈ 3 cm/s (Fig. 11.8). A straight projection (570/0.03) requires almost 20,000 photons to reduce the speed (momentum) of the sodium atom to zero. That seems like a lot of photons, but a laser can induce on the order of 107 absorptions per second so that an atom could be stopped in a matter of milliseconds. By selection of different lasers from different directions, the speed of the atoms can be reduced uniformly in all directions and cooling in 3 dimension can be achieved (Fig. 11.9).  

The ideal picture of selective absorption and cooling is disturbed by several factors. 1) Upon absorption of the photon, the atom will be excited and will emit a photon soon spontaneously. By emission, the atom will be kicked by the same amount of momentum as by absorption but in a random direction. The absorption and emission processes reduce the speed of the atom, provided its initial speed is larger than the recoil velocity from scattering a single photon. This determines the Doppler cooling limit (for Rubidium 85, it is around 150 μK). 2) The continuous cycling cooling requires the tuning of the laser upward in frequency toward the atomic resonant frequency because the Doppler shift will be always smaller and smaller. This places a practical limit on how much cooling can be achieved, because the differential cooling rate is reduced and at a certain point the cooling mechanism is foiled by heating due to the random absorption and reemission of photons. This practical limit is characterized by 2·kBT = E, which at the low temperature of T = 240 K would correspond to photon energies around 4·10-8 eV. Such energies can characterize the Zeeman split energy levels of the atoms in the magnetic fields produced by the laser photons.
The Doppler cooling is by far the most common method of laser cooling but several somewhat similar processes are also in practice where photons are used to pump heat away from a material and thus to cool it. A famous method is called Sisyphus cooling after the legendary tormented man who was condemned to perpetually roll a rock up a hill, only to have it roll down again. It was found that the Zeeman splittings which limited the original laser cooling processes could be exploited to lower the ultimate temperatures below these limits. With the opposing laser beams with perpendicular linear polarization, atoms could be selectively driven or "optically pumped" into the lower energy levels. These lasers create a small region of space about a quarter wavelength in extent where the atoms can drift to a region where their energy is relatively higher, only to be pumped downward to a lower energy again. With the "optical molasses" and the polarization gradient in the region of opposing laser beams, temperatures as low as 35 K for sodium and 3 K for cesium were obtained. 

Attempts to cool molecules. Cooling molecules with lasers is harder than cooling individual atoms with lasers. The photons, instead of slowing and cooling the molecules, could actually excite internal motions such as rotations and vibrations. Consequently, to get cold molecules one method is to first cool atoms and then combine them into molecules. By choosing appropriate molecules (SrF), three lasers instead of the two typically needed for atoms and photon energies to avoid unwanted excitation of rotational motion, the cooling process could be proceeded. Molecular temperatures of 300 μK have been achieved, the lowest ever for direct cooling of molecules. This temperature pertains so far to motion along one selected dimension only, much as for the initial demonstrations of laser cooling for atoms.
Temperature jump. In equilibrium, the ratio of the populations NA and NB in the double well A-B is given by the Boltzmann’s distribution
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The equilibrium population depends on the temperature: if the temperature is shifted, the distribution of the population will also shift. The number of transitions between A and B are equal either way
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The two relations together give
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Experimentally, one desires to find the rate coefficients. When the temperature rise is not too large (there are no dramatic rearrangement in the populations of the two wells), the relaxation method can be used to find the rate coefficients: a sudden perturbation is applied to the system by changing the temperature from T to T + ΔT (Fig. 11.10). The system adjusts to the new temperature by transitions A ↔ B. The time dependence of the relaxation will in general show two parts, a very fast elastic component and a slower conformational component. Both components can be understood in terms of general properties of the sample (viscous fluids, proteins and glasses). The elastic component is caused by the thermal expansion of the system, without concomitant change in the structure of re-arrangement of the particles. The conformational component is due to a structural re-arrangement of the system (protein). The rate at which the new equilibrium is established gives information about the rate coefficients kAB and kBA. If the barrier between the wells has a unique height, the rate coefficient for relaxation is given by
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The observation of the relaxation function yields kAB + kBA, whereas the equilibrium coefficient (Eqs. (11.1) or (11.3)) yields kAB/kBA and consequently the individual rate coefficients are determined. In general, however, the relaxation function will not be (mono)exponential in time and it cannot be characterized by a unique rate constant kr.
Instrumentation. The study of fast processes requires fast perturbation of the system and fast probing its response. An infrared laser can deliver a pulse of energy that will be absorbed by an aqueous solution and converted to heat within picoseconds or nanoseconds, leading to a rapid temperature jump (T-jump). The response to this perturbation can then be monitored by a variety of optical techniques, such as IR spectroscopy, optical absorbance, fluorescence, or circular dichroism.

All modern laser T-jump instruments employ a near-infrared pulsed laser to induce local heating in an aqueous sample (Fig. 11.11). Typically this infrared pulse is generated from a Nd:YAG laser pulse (λ = 1,064 nm) that is shifted to longer wavelength through stimulated Raman conversion within a high pressure gas cell. The choice of the conversion gas determines the output IR pulse wavelength, which in turn determines the absorption of the pulse in the solvent (H2O or D2O). The sample following the T-jump may be probed by a broadband light source or a pulsed or continuous (CW) probe laser (IR, UV, or visible), and the detector employed may be a photomultiplier or semiconductor detector, a grating spectrometer and CCD camera, etc. IR absorbance is very widely used to probe protein folding reactions because it allows—through selective isotopic replacements in a peptide—studies of the dynamics of individual bonds in the peptide backbone. Fluorescence measurements—especially using FRET—offer the potential to time-resolve changes in the distance that separates two residues on the same molecule or on different molecules: the dynamics of these bimolecular interactions can be revealed. The T-jump facility can be built in fluorescence microscope where living cells can be the target of this technique (Fig. 11.12). The temperature jumps of variable amplitude (typically 4°C) are induced by an infrared laser pulse and the resulting temperature profile is monitored by direct fluorescence excitation using a green laser (the fluorescence quantum yield is temperature dependent) or a second infrared laser to probe the temperature dependent water absorption.
Optics and thermal physics of T-jump. The aqueous sample is pumped through a thin silica capillary of rectangular cross section (Fig. 11.13). The optimal dimensions for the capillary depend on the extinction coefficient of the IR pulses in the aqueous sample. The pulse energy decreases as exp(−κ·x) as the IR pulse penetrates a distance x into the sample, where the absorption coefficient κ for water is well-tabulated. If the IR beam must traverse too long a path through the sample, the heating will be greater at the entry than at the exit and so the final (i.e., post T-jump) temperature will be nonuniform throughout the sample. If the IR path is too short, then the perturbed sample volume is too small and the signal/noise ratio is degraded. One may improve the heterogeneity of the temperature perturbation by applying two counter propagating IR beams and selecting a capillary with a short enough path length that the amplitude of the temperature variation is not larger than ~10% across the volume that is probed by the excitation laser. The system in Fig. 11.11 uses a 1,064 nm Nd:YAG pulse laser (~7 ns pulse width) to drive a H2 Raman cell, which shifts the laser pulse energy to a wavelength λ = 1.9 μm, for which κ ~ 60 cm−1. If two counter propagating pulses at λ = 1.9 μm enter a capillary of width d = 100 μm, the T-jump perturbation at the center of the capillary will be (exp(−κ·d/2) + exp(-κ·d/2))/(1 + exp(−κ·d)) = 96% as large as at the capillary windows. Roughly ~15–20 mJ in the two pulses at λ = 1.9 μm is sufficient to generate a T-jump ΔT ~ 10°C in a ~1 mm2 area of the sample (Fig. 11.14).

Selection of proper repetition rate of the IR laser is needed. Reducing the time between consecutive T-jump IR pulses allows for faster signal averaging. The IR repetition rate should not however exceed the rate at which the sample temperature recovers to its initial value following each T-jump. To estimate the thermal recovery time, simple heat diffusion geometry can be used (Fig. 11.15). The IR heating pulse is focused to a spot of diameter d ~ 1 mm on the sample capillary with a path length of z = 0.1 mm. The heat exits the observation volume in the solvent only by diffusing (a) radially into the surrounding liquid or (b) axially toward the silica windows and then radially along the windows. From the thermal diffusivity of water (Dwater ≈ 1.4·10−7 m2/s) and the spot diameter d we can estimate the radial diffusion time as t ~ (d/2)2/2Dwater = 0.9 s, and the axial diffusion time as t ~ (z/2)2/2Dwater = 0.009 s. Heat reaching the silica window will likewise diffuse radially on a time scale t ~ (d/2)2/2/Dsilica = 0.16 s, where Dsilica ≈ 8·10−7 m2/s. The slowest of these processes is the radial diffusion process (~0.9 s). This suggests that the IR laser repetition rate should not exceed roughly 1 Hz. Although in principle one can predict the thermal kinetics from the physics of heat diffusion, in practice a simple experimental check is still necessary to verify that the IR pulses come slowly enough that the sample temperature recovers completely between pulses. In fact experimentation showed that a repetition rate of 2 Hz allowed sufficient thermal recovery of the sample. 

Folding of proteins. The primary sequence of amino acids of the protein encodes largely its three-dimensional structure. The forces that hold the structure together (hydrophobicity, hydrogen bonding, van der Waals contacts, or salt bridges) are less simple and less directional than chemical bonds. The assembly is principally done by the protein themselves but chaperons are evolved to help misfolded or large unwieldy proteins escape from incorrectly folded "traps".

There is a great question whether the proteins can fold randomly by trying out all possible conformations. The conformations are separated usually by energy barriers (see. Fig. 11.10 where states A and B can mean a protein with two different conformations) and it would take too much time to find the correct folding after all possible trials. In fact, proteins turn out to be extremely efficient at folding: some proteins can fold downhill (without free energy barriers) and a couple of basic motives are folded in nano- or microseconds.


The folding or misfolding of proteins is of great medical interest, as many diseases originate from proteins not doing their job correctly. Young-onset Alzheimer's disease and sickle cell anemia are two examples out of thousands of similar protein diseases. Some of these diseases involve the aggregation of many proteins into sheet-like structures (beta sheets). It is usually thought that these sheets require nucleation (a certain minimum size must be formed before spontaneous growth). Pieces of this sheet-like structure for nucleation may appear in unfolded proteins at elevated temperature (say a 40 oC fever) predisposing even the individual protein towards the formation of beta sheets.


Figure 11.16 shows the stability and folding rate of a mutant of the enzyme phosphoglycerate kinase (PGK) inside bone tissue cells as a function of temperature from 38 to 48 °C (see Fig. 11.12). The main difference between jump and by very slow change of the temperature is a slightly steeper temperature dependence of the folding rate in case of temperature jump that can be rationalized in terms of temperature-dependent crowding, local viscosity, or hydrophobicity. The observed rate

coefficients can be interpreted by an effective two-state model, even though PGK folds by a multistate mechanism which represents a complex free energy landscape.
Take-home messages. Laser cooling is a brand new method to cool atoms promptly to very low temperatures and successful attempts are carried out for small molecules. The application for biomolecules is expected in the near future. The laser temperature-jump methods belong to the present technology which allows the study of the kinetics and dynamics of very rapid solution-phase processes, including conformational dynamics of biomolecules on time scales of nanoseconds and microseconds. The combination of laser temperature-jump (T-jump) excitation and appropriate optical detection techniques such as fluorescence energy transfer makes possible to investigate the intramolecular and intermolecular conformational changes and interactions that occur during protein folding and binding. 
Home works
1. The atoms (particles) move in gases with the average speed of sound at room temperature. Prove that their average speed reduces to that of a bug in laser frozen condition at 100 μK.

2. What “kick” (increase of speed) a 87Rubidium atom gets at room temperature in photon direction when it absorbs a photon from the laser (λ = 780 nm) beam? What happens after spontaneous emission to the atom? Does the atom give the same “kick” but in random direction?
3. Based on the principle of the phase fluorometry, work out the method of dispersion techniques for temperature perturbation of a relaxing system. What are the limits of this method? Hint: A small and periodic perturbation of the temperature with frequency ω changes the equilibrium concentration periodically with amplitude Δc = Δc0·exp(iωt). The observed signal will also vary periodically with amplitude and phase: A(ω) = Δc0/(1+ω2τ2)½  and φ(ω) = -tan-1(ωτ), where τ is the relaxation time of the system which can be determined from the frequency dependence of the amplitude or the phase shift. 
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Fig. 11.3. Cooling by laser: Laser-cooled and magneto-optically trapped sodium atoms at temperature T = 200 μK. A cloud of cold sodium atoms (bright spot at center) floats in a trap.








Fig. 11.8. Doppler cooling. The laser is tuned slightly below the electronic transition from ground to excited state of the atom. The stationary atoms do not absorb, no force is generated. The Doppler effect changes the frequency seen by the moving atom and absorption may occur which will reduce the speed of the atom. The decrease of the speed can be attributed to a (cooling) force. The system behaves like a viscous fluid and opposes motion in either direction (F = -η·v): optical molasses.





Fig. 11.12. Scheme of the temperature-jump fluorescence imaging microscope. The enzyme phosphoglycerate kinase (PGK) inside bone tissue cancer (U2OS) cells is labeled with a green AcGFP1 (green fluorescence protein) donor at the N-terminus and a red mCherry acceptor at the C-terminus. The cells in the imaging chamber are illuminated by the blue LED or the argon ion laser to excite the FRET donor. A heating (infrared) laser initiates the temperature jump. The fluorescence switches from red towards green when the enzyme unfolds. The green laser probes the temperature (T probe) inside the cell by exciting the acceptor directly. The two-color fluorescent images are projected onto a CCD camera capable of recording millisecond time resolution movies of kinetics in the cell. (Ebbinghaus et al. Nature Methods 7, 319-323, 2010).





Fig. 11.1. Heating by laser: National Ignition Facility. Simultaneous laser pulses from 192 directions irradiate a very small volume (< 1 mm diameter) of  mixture of deuterium and tricium rising the temperature transiently to 3.3·106 K (top) and generating (uncontroled) thermonuclear fusion for less than a milliseconds (bottom). 








Fig. 11.2. Secondary structure of normal (PrPC) and aberrant (PrPSc) prions. In mammals, prions are found in the highest concentration in cells of the central nervous system. The function of normal prions is unknown and the aberrant prions are thought to be the causative agents of a set of neurological disorders, among which are � HYPERLINK "http://en.wikipedia.org/wiki/Bovine_spongiform_encephalopathy" \o "Bovine spongiform encephalopathy" �bovine spongiform encephalopathy� (BSE) in cows and Creuzfeldt-Jacob Disease (CJD) in humans. The term prion comes from “proteinaceous infectious particles”. The term was coined during early research of the sheep disease called scrapie. Here the difference in the secondary structure of the harmless and infectious proteins is demonstrated.








Fig. 11.9. Optical molasses and Doppler cooling of (Na+) atoms along line and in space. 1D cooling (left) by use of two lasers in opposite directions and � HYPERLINK "http://hyperphysics.phy-astr.gsu.edu/hbase/phyopt/polclas.html" \l "c2" �linearly polarized� at 90° with respect to each other. The cooling force is one-dimensional. 3D cooling (right) by counter-propagating 3 pairs of laser beams. Low velocities in all directions. Sodium atoms are in optical molasses (from National Institute of Standards and Technology, USA). The effectively "viscous" effect of the laser beams in slowing down the atoms is dubbed "optical molasses".





Fig. 11.7. Photographic evidence of light force on atoms. Light scattering exerts force on atoms. Laser shines on Bose Einstein condensate and the atoms move in direction of the incident photons. The temperature is close to absolute zero. 





Fig. 11.6. Logarithmic scale of absolute emperature.





Fig. 11.5. Scheme of (Doppler-) cooling atoms by using laser light.





Fig. 11.11. Scheme of laser T-jump system for fluorescence spectroscopy. Two counterpropagating IR laser pulses at λ = 1,900 nm (separated by ~10 ns) are generated by Raman conversion of a λ = 1,064 nm pulse from a Nd:YAG laser. The IR beams are focused onto the sample, which is pumped through a fused silica capillary. A UV laser at λ = 266 nm is fired at time t and excites the fluorescent emission, which is collected by an objective lens and directed to a photomultiplier (that measurs the total emission intensity) and (via a diffraction grating) dispersed onto a CCD array (camera), allowing to collect the fluorescence emission spectrum for each value of the delay time t.  





Fig. 11.10. Approach of the population corresponding to the new (shifted) equilibrium after a temperature jump: elastic and conformational relaxations. 





Fig. 11.4. History of NBS (National Bureau of Standars, USA) and NIST (National Institute of Standards and Technology, USA) clocks. The accuracy of the laser cooled atomic clock is less than 0.1 ns/day.





Fig. 11.13. (a) Schematic of sample holder. The sample flows through a rectangular fused silica capillary (1 mm wide × 100 μm pathlength), which is mounted on an aluminum block that is temperature-controlled by a thermoelectric stage. The counterpropagating IR laser beams and the UV excitation beam strike the capillary from the sides as shown, while fluorescent emission is collected from the front. (b) Adjustment of the pulse energy from a Nd:YAG laser (4th harmonic, λ = 266 nm, 5–7 ns pulse duration) to achieve saturation of the fluorescent emission from a sample of NATA (N-acetyl-l-tryptophanamide) in phosphate buffer. As the fluorescence lifetime of tryptophan is typically only ~1–4 ns and the quantum yield is rarely more than ~0.3, a UV excitation pulse (~5–7 ns duration) is unlikely to extract more than one fluorescence photon from a tryptophan residue, regardless of the pulse intensity. Therefore if the UV laser is tightly focused on the sample, the fluorescence emission F becomes insensitive to the UV pulse energy E at large values of E. This saturation improves the signal-to-noise in F in the presence of shot-to-shot fluctuations in UV laser energy. The figure shows measured data and an exponential fit, F = F 0 (1 − exp(−kE)) with k ≈ 0.0059, F 0 ≈ 110.





Fig. 11.14. (a) Fluorescence emission F of a sample of NATA (34 μM in 100 mM phosphate, pH 7) before and after a laser T-jump at time t = 0. The magnitude of the fluorescence change and the equilibrium temperature coefficient of the reference sample (d (lnF)/dT = −0.0185/°C) indicate a T-jump amplitude ΔT = 11.7 ± 0.5°C, relative to the initial temperature T = 22°C. (b) Time-dependence of the temperature perturbation ΔT following a laser T-jump at t = 0, as measured from the fluorescence emission of a NATA sample. From its initial temperature T = 50.8°C, the sample heats to ΔT ≈ 10°C within an interval ~30 ns. It remains at the elevated temperature until t > 100 μs.  





Fig. 11.15. Diffusion of heat in the cylindrical volume of the aqueous solution in the cuvette heated up by IR laser pulse.





Fig. 11.16. Fast and slow temperature jump measurements (see Fig. 11.12). The power of the 2,200 nm heating laser and, hence, the temperature (in red, measured using mCherry), yields donor (AcGFP1, green), and acceptor (mCherry, red) fluorescence intensity curves upon FRET-PGK unfolding. Fast temperature stepping (blue, <2 min) and conventional stage heating (grey, 90 min) produce similar melting temperatures, but fast stepping produces larger donor-acceptor ratios D∕A due to reduced aggregation above 40 °C. The insets show ribbon structures of FRET-PGK folded and unfolded with fluorescent labels symbolized by green and red cylinders.
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