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                2. lecture
   Use of coherence of laser light: photon counting mechanisms
   Since its construction half a century ago, lasers as powerful light
   sources have been commonly used in optical investigations of
   biological systems. In contrast to classical (thermal or cold) light
   sources, most lasers have very large energy, short exposure time,
   small divergence and narrow spectral band. The last two properties
   originate from the principle of their operation: the electromagnetic
   fields of the lasers designed for that purpose may be described by
   large degrees of spatial and temporal coherence. Lasers of carefully
   stabilized operation could have very long distance (in the range of
   several km) and time (in the range of several seconds) of interference
   creating complex and stable interference patterns of large scales.
   Although that could be disturbing in some practical cases, this unique
   property of the laser light will find some important applications in
   life processes.
   Photon statistics (Fig.2.1). According to the quantum optics, the
   statistics of photons depends on the nature (coherence) of the light
   source. For a coherent source, like a laser, the probability p(n,)
   to measure n photons when the average (mean) number of photons amounts
    can be given by the Poisson law:
    . (2.1)
   The standard deviation of the distribution is
    . (2.2)
   The photons follow Poisson statistics: the individual events
   (appearance of photons) are rare and random and the outcomes are
   discrete (cf. normal (Gaussian) distribution for continuous
   variables). The numbers of rain drops, radioactive decays or photons
   from starlight within definite time of observation can be described by
   the Poisson distribution, as well.
   For a chaotic (incoherent) light source, like a light bulb, the
   numbers of detected photons are distributed according to a
   Bose-Einstein distribution:
    . (2.3)
   The standard deviation of the Bose-Einstein distribution is larger
   than that of the Poisson distribution (super Poisson distribution):
    . (2.4)
   The statistical distributions of photons can change during startup of
   the laser oscillation. Initially, the source is chaotic and the
   distribution is of Bose-Einstein type. Later, the source takes an
   intermediate distribution and gradually becomes to operate as a
   coherent laser. Finally, the distribution turns to Poissonian (Fig.
   2.2).
   Second order intensity correlation functions: photon bunching. The
   determination of the photon statistics of the light sources is usually
   a hard task. The best way to decide whether a light source is a laser
   or a thermal source with a very narrow band width is to measure the
   second order correlation function. The correlation function is
   obtained from the probabilities that photons arrive in coincidence at
   two photon detectors as a function of the arrival time difference
   (Fig. 2.3):
    . (2.5)
   For coherent radiation, g2(τ) = 1 for all τ. No special events occur
   at τ = 0 if photons come one by one. However, for a thermal source,
   there is an augmentation of the coincidence rate when the coincidence
   (observation) time (τ) is smaller than the coherence time (τc). For
   all classical light sources g2(τ = 0) ≥ 1 and g2(0) > g2(τ) for all τ.
   If the chaotic light has a Gaussian distribution, then the analytical
   form of the second order correlation function is
    . (2.6)
   The augmentation can be interpreted by the fact that photons emitted
   by a chaotic source have the tendency to arrive in packets (bunches)
   to the detector whereas the photon emission by a laser is always
   regular. Bunched light is generated by chaotic light sources. Clumping
   of photons can be observed within an observation time smaller than the
   time of coherence (τ < τc). At longer time of exposure (τ > τc), the
   bunching of photons becomes negligible and the photons arrive
   regularly. It is important to note that the statistics is a property
   of the source and not of the photons.
   Pseudo-thermal light source. It was demonstrated that coherent and
   incoherent lights had different photon statistics. To utilize this
   property, a light source is required whose coherence time relative to
   the time of exposure should be changed over a wide range without
   altering the intensity (the mean photon number) and the geometry of
   the illumination. These conditions may be fulfilled by passing the
   light of a coherent laser (e.g. He-Ne laser operating in a single
   TEM-00 mode or Nd:YAG laser (Fig. 2.4)) through a moving ground glass
   disc (“Martinssen-Spiller lamp”, 1964). The diameter of the diaphragm
   should be set much smaller than the size of a single scattered
   speckle. It can be shown that the monochromatic laser beam undergoes a
   Gaussian spectral broadening (Δν) due to the scattering on the
   randomly distributed grains of the ground glass. This spectral profile
   of the speckle is characteristic of the thermal light. The coherence
   time of the scattered field may be deduced from Δν:
    , (2.7)
   where r0 is the radius of the incident beam, v is the velocity of the
   illuminated area on the rotating disc, k is the wave number and f is
   the focal length of the focusing lens. Eq. (2.7) shows that the
   coherence time of this special light source may be varied in a rather
   simple way: using an arrangement with constant k, r0 and f, the
   coherence time τc can be varied by altering the angular speed of the
   rotating disc.
   Generalized photon distributions of the pseudo-thermal light. The main
   question is how the photon distribution depends on the ratio of τ/ τc.
   The generalization of the Bose-Einstein distribution and consequently
   the intercorversion of the statistics can be established by
   introduction of the degree of freedom M (Mandel 1967). The fluctuation
   of the number of bosons (photons) within one cell of the phase space,
   which is equivalent of τ << τc, is described by the Bose-Einstein
   distribution. The probability of finding n photons over a number of
   phase cells M (≥1) is
    . (2.8)
   This should hold for light of arbitrary spectral density. Eq. (2.8)
   gives Bose-Einstein distribution for M = 1 and Poisson distribution
   for M → ∞. The degree of freedom M can be expressed by
    . (2.9)
   where γ(τ’) is the normalized autocorrelation function of the
   amplitude of the optical field and can be approximated by
    . (2.10)
   Introducing Eq. (2.10) into Eq. (2.9) the analytical expression
    (2.11)
   is obtained. M performs sharp turn around τ ≈ τc: M ≈ 1 (the
   distribution is Bose-Einstein) if
   τ / τc < 1/10, and may be approximated by M ≈ τ / τc (approaching the
   Poisson distribution) if
   τ / τc > 10 (Fig. 2.5).
   We know explicitly how the photon distribution depends on τ / τc. In
   order to make the variation more clear, we can calculate the standard
   deviation of the Mandel’s distribution:
    (2.12)
   Starting (M = 1) from a broad distribution characteristics of the
   Bose-Einstein statistics, the intermediate distributions become
   gradually narrower and reach the sharpest (Poisson) distribution
   finally (M → ∞). The transition from one limiting distribution to the
   other occurs within one or two orders of magnitude of τ / τc around 1.
   Coincidence photon counter models in biophysics. In a general chemical
   reaction, reactants interact and will result in a product. If one of
   the reactants is a photon, then a photochemical reaction would take
   place. Although the stoichiometry of the reaction can change on a wide
   range, special attention should be paid if more than 1 photon is
   required to the reaction. In that case, the product will come out only
   if the proper (stoichiometric) number of photons will be available
   within a definite period of time (“time of coincidence”). The term
   “time of coincidence” is hard to define explicitly because it is
   determined by the rates of the consecutive reactions in the cycle. The
   photons should arrive in narrow time gaps: not too early (after the
   establishment of the relevant precursors) and not too late (before the
   relaxation of the previous transient states) to drive the reaction
   properly. The excess photons will not be utilized. In other words, the
   reaction serves as a photon counting process: (chemical) product will
   be issued as soon as the required number of photons has been
   accumulated (the threshold is reached) within the time of coincidence
   and the photons above the threshold value will be lost. The rate of
   production of the photon counting mechanism (reaction) should be
   sensitive to the photon statistics of the illumination of identical
   mean values. This is the idea behind the application of coherent and
   (variable degree of) incoherent radiation (pseudo-thermal light
   source) to photon counting processes.
   Let’s consider a hypothetical photon counting mechanism of nth
   threshold value and, for the sake of simplicity, select the time of
   exposure (τ) to be equal to the time of coincidence. The probability
   that the counter receives n ≥ nth photons, is
    . (2.13)
   This probability as a function of the mean photon number is
   illustrated for nth = 4 in the two extreme cases of Poisson (M → ∞)
   and Bose-Einstein (M = 1) distributions in Fig. 2.6. In accordance
   with the clumping effect of photons in the Bose-Einstein statistics:
   states of smaller photon numbers are more probable in cases of small M
   (e.g. Bose-Einstein distribution) than in those of great M (e.g.
   Poisson distribution). The photon counter mechanism is sensitive on
   this difference at appropriate mean photon number (illumination
   time/intensity). The difference between the outcomes of the photon
   counter due to the different statistics of the light sources is small
   at small mean photon number but becomes much larger and changes its
   sign at increasing average photon numbers. At very high light
   intensities (mean photon numbers), the difference will be substantial.
   Some light-driven reactions in the life sciences will be considered
   from the point of view of possible application of the coincidence
   photon counter model.
   Quinol production by photosynthetic bacteria. During the initial steps
   of photosynthesis, the light energy is converted to electrochemical
   free energy of reduced (and oxidized) substances. The quinone system
   is a generally used redox system in bioenergetic processes. The
   quinone (Q) is fully reduced to quinol (hydroquinone, QH2) via a
   reduction cycle depicted for bacterial photosynthetic reaction center
   in Fig. 2.7. The redox reaction needs the cooperation of two
   electrons, two protons and two light quanta:
    . (2.14)
   The two photons should be received at appropriate conditions of the
   reaction center protein. The time of coincidence is determined mainly
   by the forward electron (and proton) transfer rates. As the precursor
   state (PQB-) of the second excitation is highly stable (in the order
   of even minutes), the time of coincidence is practically not limited
   from above (from the longer time range). The lower limit is determined
   by the rate of the first interquinone electron transfer (QA-QB → QAQB-)
   which sets the lower value to about 100 μs. This means that photons
   which follow the first one closer than 100 μs, would be ineffective,
   i.e. they will be lost from the point of view of the quinol
   production. That includes that a single strong but short (< 100 μs)
   flash cannot reduce quinone fully to hydroquinone QH2 (but to half or
   to “semiquinone” (Q-) only). The quinone reduction cycle operates as
   coincidence photon counter with nth = 2 threshold value and τ > 100 μs
   time of coincidence (exposure). Excitation by pseudo-thermal light
   source with these characteristics would result in differences in
   quinol production.
   Blackening of photographic layers. The light sensitive part of the
   photographic plate is silver chloride crystals. Upon exposure of the
   plate, oxidized silver atoms become reduced (Ag+ → Ag) and form the
   black image of the object. The blackening of the plate follows a
   cooperative event of 4 photons: the silver chloride crystal gets
   reduced if 4 photons are available within the coincidence time of the
   photochemical reaction (Rosenblum 1968). Therefore, the photographic
   plate acts as a coincidence photon counter. Nowadays, the importance
   of the photographic plates decreased in science and in routine
   photography significantly due to the invasion of different sorts of
   CCD-based digital techniques.
   Photosynthetic oxygen evolution. Green plants and algae are capable to
   evolve oxygen by photosynthesis through splitting water molecule in
   expense of absorption of 4 photons according to the following scheme:
    . (2.15)
   On global scale, this reaction has established the high (~ 20%) oxygen
   level of the atmosphere of the Earth gradually for a couple (2-3) of
   billion years and is essentially the basis of our life. On microscopic
   scale, the reaction takes place in the oxygen evolving molecular
   complex (OEC) of photosystem II, a unique and outstanding achievement
   of the nature (Fig. 2.8). To split water and to evolve oxygen, 4
   oxidizing equivalents should be accumulated on the so called “S
   states” of the OEC. Under ideal conditions, when there are no
   photochemical/photophysical losses and the arrivals of the photons
   correspond to the reaction rates depicted in the cycle, the absorption
   of 4 photons can do this job. Therefore, the OEC works as a
   coincidence photon counter with threshold value of nth = 4 and with
   appropriate coincidence time: while the lower limit is determined by
   the forward reaction rates of the cycle (it should be between 30 μs
   and 1 ms), the upper limit should correspond to the stability
   (relaxation rates) of the different S (oxidizing) states (it can
   amount to several seconds). If the OEC is driven by a pseudo-thermal
   light source of these characteristics, differences in the evolved
   oxygen should be observed. The possible magnitude of the effect due to
   different photon statistics at the same mean photon numbers is well
   demonstrated in Fig. 2.6 where the threshold value of 4 was selected.
   Electrophysiological response of rod photoreceptor cells of the retina.
   The rod cells are responsible for night vision and represent
   miniaturized photodetectors containing a photosensitive element
   (rhodopsin pigment) along with a ”built-in” chemical power supply (ATP
   produced by mitochondria). Using coherent and pseudo-thermal light
   sources, the response of a single isolated rod cell could be analyzed
   to different statistics of impinging photons in the whole dynamic
   range (up to saturation, Fig. 2.9). The saturation of the average
   amplitude for the coherent (Nd:YAG laser) source is significantly
   steeper than for the pseudo-thermal one. The explanation for the
   difference can be found from the different photon statistics of the
   light sources. At relatively low number of impinging photons, the rod
   operates in a linear regime, and the statistics of its responses
   displays the statistical features of the incoming light. However, when
   the rod is stimulated by bright flashes, its saturation causes damping
   of response fluctuations and modifies the light statistics. For the
   coherent source, the photon numbers are well localized around their
   average value (Poisson distribution), and the majority of response
   amplitudes to bright flashes are close
   to the saturation amplitude. In contrast, for the pseudo-thermal
   source with the same average photon number, the probability of
   emission of pulses with relatively low photon numbers remains
   non-negligible (see Eq. 2.8). Hence the amplitude probability
   distribution gets significantly broader than in the case of the
   coherent source, resulting in smoother saturation of the average
   response. The experiments clearly reveal the capabilities of isolated
   rod visual photoreceptor cells in measurement of photon statistics
   thus acting as photon counter.
   Take-home messages. Coherent light sources have Poisson photon
   distribution. The photons from thermal light sources show
   super-Poisson (in special case Bose-Einstein) statistics when the
   illumination time is smaller than the time of coherence.
   Pseudo-thermal light source can convert Poisson statistics to
   Bose-Einstein in a well controlled way by keeping the mean number of
   photons and the illumination conditions constant. It can be used to
   study mechanisms of various coincidence photon counters in biophysics
   (photosynthesis and electrophysiology).
   Home works
   1. What is the average number of photons in 30 cm section of a He-Ne
   laser beam (λ = 633 nm) of 1 nW power? What is the probability of
   finding 5 photons here?
   2. Prove that Mandel’s generalized distribution (Eq. 2.8) involves the
   Poisson and Bose-Einstein statistics as special cases!
   3. Determine the responses of a photon counter of threshold value of nth
   = 2 (see e.g. the quinol production in the turnover cycle of
   photosynthetic systems) for chaotic (Bose-Einstein statistics for τ 
   τc) and coherent (laser) radiations of identical intensities as a
   function of the mean photon numbers (light intensities).
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   Figure 2.1. Poisson and Bose-Einstein photon distribution for
   identical mean photon number  = 10 according to Eqs. (2.1) and
   (2.3), respectively. Note the significant clumping of photons
   (increase of p) in the Bose-Einstein statistics relative to Poisson
   statistics at low photon numbers.
   
   Figure 2.2. Statistical distributions of photons detected at different
   times following the startup of the laser oscillation. At short times
   (< 3 μs), the source is chaotic and the distribution is of
   Bose-Einstein type. At longer times (> 8 μs), the source is a laser
   and the distribution becomes Poisson. In the intermediate time, the
   distribution is a mixture of the two main statistics.
   
   Figure 2.3. Schematic arrangement to determine the second order
   intensity correlation function (g2(τ)) of the optical field after the
   pioneering experiments from R. Hanbury Brown and R. Twiss (1955-56).
   The photons in the splitted beams are detected by D1 and D2
   photodetectors which initiate and terminate the counter after an
   arbitrary time interval τ, respectively. From the histogram, the
   second order correlation function can be derived that indicates the
   bunching of photons delivered by chaotic light source in less time
   than the time of coherence.
   
   Figure 2.4. Pseudo-thermal light source. The laser light is focused by
   a lens of focal length f on a rotating ground glass disc and a small
   section from the speckles in the scattered field will be selected by a
   small diaphragm. By changing the velocity v of the scattering centers,
   the coherence (and the statistics) of the laser light can be
   controlled.
   
   Figure 2.5. Advantages of the pseudo-thermal light source. Correlation
   between the degrees of freedom (M) and the ratio of the exposure time
   (τ) to the time of coherence (τc) (top) and the square of the standard
   deviation (σ2) of the photon distribution as a function of τ/τc at the
   average photon number of 2 (bottom).
   Figure 2.6. Difference in outputs of a photon counter of a threshold
   value of 4 upon illumination with light source of Poisson and
   Bose-Einstein statistics at different light intensities (average
   photon numbers). The number of counts of the photocounter is slightly
   higher upon Bose-Einstein distribution than upon Poisson distribution
   at low light intensity (    high light intensities.
   
   
   Figure 2.7. Quinone reduction cycle (left) in reaction center protein
   of photosynthetic bacteria (right) as coincidence photon counter. Two
   photons at appropriate kinetic sequence are required to reduce the
   quinone (Q) fully to quinol (QH2). The gap (coincidence time) between
   the first and second photons is determined by the reaction rates of
   the cycle. The bacteriochlorophyll dimer (P) on the periplasmic side
   of the membrane can be oxidized by light and subsequently reduced by
   an external electron donor (D). The two quinones on the cytoplasmic
   side (QA and QB) make one- and two-electron chemistry, respectively.
   The reduction of the different species results in either internal
   proton rearrangement in the protein (“internal protons”) and/or uptake
   of protons from the aqueous environment (“Bohr protons”).
   
   Figure 2.8. Water splitting reaction cycle (left) in molecular
   complexes of Photosystem II of green plants (right). The accumulation
   of 4 oxidizing equivalents on S states is required to evolve 1 oxygen
   molecule. The photons drive the reaction forward step by step. The
   coincidence time among photons is determined by the forward and
   backward (relaxation) reaction rates.
   
   Figure 2.9. Microscope image (top view) of the optical fiber with
   light from pseudo-thermal light source that stimulates the visual rod
   cell constrained in a suction micropipette (left). Dependence of the
   normalized average amplitude of the rod photocurrent on the average
   number of impinging photons for coherent (red squares, solid line) and
   pseudo-thermal (black circles, dashed line) sources (right). Each data
   point is an average response to 80-100 light pulses. Amplitudes are
   normalized by the saturation value and the numbers of photons are
   normalized by values (in the range of 550-2,500 photons/pulse) which
   initiated a response of a half saturation amplitude. Inset shows raw
   waveforms of the rod photocurrent in response to coherent pulses of
   different average intensities (adapted from Sim et al. 2012).
   10
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