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Abstract—Noise and random fluctuations play an important As Shimodeet al.[2] understood early on, photons in an op-
role in quantum electronic devices and systems. Such fluctuations tical amplifying medium may undergo birth (stimulated emis-
reside, for example, in the random creation of photons in optical sion) or death (absorption). The third process attendant to op-

amplifying media and in the generation of electron—hole pairs in tical lification is i arati t . |
ionizing regions of semiconductor devices. We provide an overview ical amplification is immigration (spontaneous emission). In a

of the fundamental random branching processes that underlie traveling-wave configuration, the photon amplifier is described
optical and electronic gain. We describe branching processes asby the birth—death—immigration (BDI) process, a special case of

concatenations of basic elements that comprise filtered Poissonpranching theory. The initial photon distribution is determined

processes (shot noise) driving secondary Poisson processes. Ipy the statistical character of the light presented to the ampli-
the presence of feedback, these elementary processes becom@y

self-exciting in nature; they are then suitable for characterizing Ing medwm [3]. ) )
squeezed light and sub-Poisson photon emissions. A classical laser oscillator operates on the basis of these same

Index Terms—Avalanche photodiode, branching process, three processes but the photons are trapped by the optical res-
cascaded stochastic process, cascaded-Poisson process, comnator that provides the feedback. The ensuing gain saturation
pound-Poisson process, doubly Poisson process, doubly stochastigesults in a suppression of the exponential intensity growth that
process, filtered Poisson process, fluctuations, gain, laser, mul- characterize the laser amplifier. Nevertheless, the equilibrium

tiply-Poisson process, noise, nonclassical light, optical amplifier, ) P
photomultiplier tube, Poisson process, quantum electronics, photon-number distribution that results bears the stamp of the

self-exciting process, shot noise, squeezed light, sub-Poisson lightBD! branching process that underlies it [4].
twin-photon beams. Photodetectors with gain are also characterized by branching
processes. In this case, the birth, death, and immigration
processes are associated with charged carriers (electrons and
holes) rather than with photons [5]. Indeed, the very first
HE OPTICAL amplifier, the laser, and the avalanch@pplication of branching-process theory to the field of quantum
photodiode are devices that lie at the heart of quantusfectronics was set forth in the context of photodetection. In
electronics. And the heart of these devices lie processesg, when branching processes first found their way into
involving the sequential generation of cascades of particlefe physical sciences [1], [6], [7], [8], Shockley and Pierce
photons or electrons, in a chain-reaction-like branching fashign] used a branching-process model to calculate the gain and
Whether it is photons in an optical amplifying medium, opoise properties of the electron-multiplication cascade in a
electrons and holes in a semiconductor device, the underlyipigotomultiplier tube (PMT).
cascading process is described by the theory of branchingrhe pranching-theory descriptions of these three devices
processes [1]. This mathematical construct, first set forfharacterize not only the physics underlying their operation,
by Irénée Bienaymé in 1845, is probably best known for if§yt also provide a measure of their noisiness. From an engi-
successes in describing cosmic-ray showers and nuclear Chﬁ@ring perspective, this allows the performance of systems
reactions. However, it is also ideally suited to describing Opticfﬂcorporating these devices to be determined. One example
amplification in laser media and electronic gain in avalanchg g optical receiver incorporating an avalanche photodiode
photodiodes (APDs). It permits us to determine the gain, timgo). The beauty of the avalanche process is that every carrier
response, and noise characteristics of these devices. Indeggh generated by a photon incident on the depletion region
various aspects of branching theory have appeared in QfiRjergoes a chain-reaction cascade that results in hundreds
form or another in the quantum electronics literature since {iore carriers being added to it by the time the carriers exit the
Inception. multiplication region and produce a current in the circuit. For
sufficiently small values of the photon flux, this process has
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POISSON PROCESSES A. Shot Noise

A Poisson process of raje passed through a deterministic
Poisson Process linear filter with impulse-response functior(¢) gives rise to
shot noise. Campbell obtained values for the mean and variance
of this continuous process in 1909 and used it to characterize
the emission of light [15]. The process was extensively studied,
It l and namedhot effectby Schottky in 1918 [16]. When the im-
P LI P N E pulse-response function is of finite duratiep and the emis-
Generalized s_ions are denseu, > }), the s_h(_)t-noise amplitude distribu-
Shot Noise tion approaches Gaussian statistics [17].
Generalized shot noise arises when a Poisson process is
passed through a linear filter whose impulse response is a
\ P T Self-Exciting Process random function chosen from a common distribution, as illus-
w | trated in Fig. 1(b). It has been shown [18], [19] that an ensemble
of stochastic impulse-response functions has an equivalent
(©) deterministic impulse-response function that is suitable for
calculating the first-order statistics of the shot-noise process.

Fig. 1. (a) Poisson generalg? generates a Poisson point process with \ypen the impulse-response function assumes the form of a
constant ratg:. (b) A random linear filterC following P leads to generalized

shot noise. (c) The evolution of a self-exciting point process depends on @@caying power law, its characteristic time can become arbi-
occurrence times of past events. An arbitrary point process, with variabili[ya_rily |arge or small. Such fractal (power-law) shot noise can

greater or less than that of the Poisson, can be cast in the form ofaself-excitfﬁ%n violate the conditions of the central limit theorem where-
process. upon the amplitude distribution does not approach Gaussian
form for any value of the Poisson rate The behavior of fractal

an avalanche photodiode in an optical receiver is useful fehot noise, and its generalized cousin, have been extensively

enhancing performance. studied for a variety of parameters of the process [20]. For cer-
Branching theory can also be of help in the design of superigiin parameters, the power spectral density exhibité-type

quantum electronic devices. For APDs, as an example, a deadhavior over a substantial range of frequencies, so that the

space-modified version of branching theory [11] tells us th@tocess serves as a sourcé pf* shot noise fory in the range

thin devices should exhibit superior noise properties, and tllis< « < 2. For other parameters, the amplitude probability

expectation is indeed borne out in practice [12]. density function is a Lévy-stable random variable with an order
This paper provides an overview of fluctuation processes parameter less than unity. This process then behaves as a fractal

quantum electronics that involve cascading and branching. 8ot noise that fails to converge to a Gaussian amplitude distri-

make use of an approach that we have found to be usefulbintion in the asymptotic limit as the driving rate increases. Inthe

our own work. Branching processes are considered as concai@main of optics, fractal shot noise provides a suitable model for

nations of elements comprising singly and doubly stochastiescribing the intensity statistics Gerenkov radiation arising

Poisson processes and shot noises [13]. Along the way, the irfethm a random stream of charged particles.

vidual elements themselves provide the photon statistics for var-

ious sources of light, which is also of interest in quantum eleg: Self-Exciting Processes

tronics. We begin with the most elemental of such conceptions: ) _ _
the homogeneous Poisson process, shot noise, and self-excitinfy? arbitrary regular point process can be cast in the form of

point processes. We end with cascaded and branching Pois3&iPisson process with arate controlled by past events, as illus-
processes. trated in Fig. 1(c). In its most general form, the future evolution

of such a self-exciting point process depends on the occurrence
times of past events as well as on their total number [14].
Il. POISSONPROCESSES A special but useful case occurs when the process has limited
memory; in particular, the interevent intervals of a homogeneous
The homogeneous Poisson point process [14], which is illuself-exciting Poisson process with a memory that reaches back
trated in Fig. 1(a), is perhaps the simplest of random cascades{actly one event form a sequence of statistically independent
ements. Itis characterized by a single quantity, its gat®hich random variables (a renewal process) [14]. The dead-time-mod-
is constant. Its distinguishing feature is that it is memorylesdied Poisson process, a renewal process, is of particular in-
the occurrence times and numbers of events before an arbitrmnest in quantum electronics [21]. The circuitry at the output
time have no bearing on the subsequent occurrence times ahd photodetector, such as a photomultiplier tube operated in
numbers of events. Because of its simple properties, it formshee photon-counting mode, generally exhibits a fixed period of
suitable building block for more complex point processes attitne 74 following the registration of an event, during which itis
cascades. In optics, a light source of constant intensity, suchirasapable of registering another event, i.e., it is dead. Whether
an ideal amplitude-stabilized laser, leads to photoelectron stiae dead time assumes nonparalyzable or paralyzable form [22],
tistics characterized by the homogeneous Poisson point prodéespresence serves to substantially regularize the photoelectron
[10]. point process. This, in turn, results in a photoelectron counting

rate —— .o o
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DOUBLY-STOCHASTIC B. Doubly Stochastic Shot Noise

POISSONPROCESSES The calculation of the statistical properties of doubly sto-

chastic generalized shot noise, illustrated in Fig. 2(c), was car-
P Doubly-Stochastic ried out by Picinbonet al. [28]. To incorporate the effects of
Poisson Process gain fluctuations inherent in the photomultiplication process,
they modeled the photomultiplier-tube anode-current pulses as
a sequence of independent nonstationary brief random impulse-
) response functions drawn from a single probability distribu-
\ P Doubly-Stachastic tion. They established that in the limit of dense photoemissions,
w Self-Exciting Process ; : ;
up > 1 wherey is the rate of photoelectron arrivals angdis
their effective duration at the anode, the asymptotic photocur-
rent resulting from such a filtered doubly stochastic Poisson

@

: B

(b)

/}MW .. lt h point process in general fails to converge to Gaussian form.
- ] P : L _L — They therefore concluded that the central-limit theorem is not
Doubly-Stochastic applicable in this circumstance. They likened this behavior to
Generalized Shot Noise the result of finding the limit of a random number of indepen-
(© dent random variables, and cited Robbins’ 1948 study [28].

Among the specific results derived in this paper are the

Fig. 2. (a) A Poisson point procegd whose rate is a stochastic processsingle- and two-fold anode current distributions when thermal
in its own right, is termed a doubly stochastic Poisson point process. (b) A

self-exciting point process whose rate is a stochastic process. (c) A rand@ht is incident at the faceplate of a photomultiplier tube. The
linear filter £ following a doubly stochastic Poisson process leads to doubhesulting generalized shot noise was found to be characterized

stochastic generalized shot noise. by an asymptotic probability distribution proportional to the
zeroth-order modified Bessel function of the second kilgg,
distribution whose normalized variance (count variance dividéd recent years, a number of important studies have elaborated
by count mean) can reach substantially below unity, the valueast the emergence of thE, distribution in this context [33].
which it is fixed for a homogeneous Poisson process [22]. Su€he same distribution emerges repeatedly in quantum elec-

counting statistics are therefore calkaab-Poisson tronics; it is useful for characterizing the field and intensity
fluctuations of scattered light, as well as light that has been
I1l. DOUBLY STOCHASTIC POISSONPROCESSES transmitted through a random medium such as the turbulent

The doubly stochastic Poisson process has a rate that tal tenéosphere [34]

on a stochastic nature of its own. This process was first exam-
ined by Wold [23]. Cox [24] studied this process extensively IV. DouBLY POISSONPROCESSES

and provided an example of its use in textile technology. The ¢ designatiodoubly Poissoindicates the participation of
designatiordoubly stochastievas introduced to emphasize thag pair of Poisson processes. The simplest of the doubly Poisson
two kinds of randomness are operative: randomness associgiggtesses, illustrated in Fig. 3(a), concatenates a homogeneous
with the point process itself and an independent randomngssisson process, a deterministic linear filter, and a second
associated with its rate, as illustrated in Fig. 2(a). The doubgisson process. Since the output of the linear filter is shot
stochastic Poisson process, often called the compound PO'SﬁS&e, this construct is given the appelati&hot-noise-driven
process, has become the basis for understanding photoelecggidson procesE35]. It is a special kind of doubly stochastic
statistics of all orders that result from the detection of clagyisson process as can be understood by comparing Fig. 3(a)
sical light of all forms [25]. The rate of the point process is thgiip, Fig. 2(a). A representative example of the applicability
squared magnitude of the complex field. Particular attention Wginis process in optics is provided by cathodoluminescence.
devoted early on to unraveling the photoelectron statistics fg[;ch light is generated when a Poisson stream of electrons (the
thermal light, which is characterized by a circularly symmetrig,c; Poisson) impinges on a phosphor whereupon it splays out,
complex Gaussian field [25]-{28], and for interfering SUperpoSiyer a small range of times of duratient,, (the linear filter), a

tions of thermal and amplitude-stabilized (ideal-laser) light [25}gngom cluster of photons (the second Poisson). The statistical

(28], [29]. properties of cathodoluminescence photons are well described
) . by the shot-noise-driven Poisson process [35].
A. Doubly Stochastic Self-Exciting Processes A number of variations on this construct have been set

The effects of dead time on a doubly stochastic Poisson pofatth. A nonstationary version of the shot-noise-driven Poisson
process, illustrated in Fig. 2(b), are substantial and dramaticocess has been developed [36], as has a fractal shot-noise
Though the complexity of the calculations quickly escalates, exersion [37]. Moreover, general analysis, synthesis, and esti-
pressions for the dead-time-modified count mean and varianoation techniques have been developed for such fractal-rate
have been obtained for thermal light [30], for shot-noise lighttoint processes [38].

[31], which is a doubly Poisson form of light that will be dis- Unfortunately, expressions for the photocounting distribu-
cussed in some detail subsequently, and for fractal-Gaussitions associated with shot-noise light are rather complex. This
noise driven Poisson light [32]. is because they depend on a number of features of the process:
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DOUBLY-POISSON PROCESSES TRIGGERED OPTICAL EMISSIONS
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Fig.3. (a) APoisson point proceBs(right) whose stochastic rate is shot noise- 4

is termed a shot-noise-driven Poisson process. (b) A self-exciting process driﬁ ] () A homogeneous Poisson point procBsgleft) followed by a

rministic (stochastic) linear filtef generates ordinary (generalized) shot
B%e. In this case, the shot noise represents the offied@l rather than the

Ncal intensity as in Fig. 3, so it must be squared before serving as the rate
the second Poisson proce$3 &t right). This sequence serves as a model

for Poisson-triggered classical emissions and gives rise to photon statistics that
are noisier than those of the homogeneous Poisson process. (b) Poisson events

: ST , in the alternative, trigger nonclassical photon emissi@n&.g., single
the means of the two Poisson distributions, the spectrum ;@fgtons), modeled by a self-exciting process. This construct cannot generate

the light, and the detector counting time. It turns out, howtationary nonclassical light however. (c) The generation of unconditionally
ever, that a simple two-parameter distribution, the Neymanb-Poisson (photon-number-squeezed) light requires a concatenation in
type-A [39], provides a remarkably good approximation t%?fé‘sesﬁgg g;fzgﬂ_g;’gigfgt;?gfg szte’gfpo'sson emissions, both of which are
the photocounting statistics of shot-noise light with arbitrary
spectral properties and arbitrary counting times [40]. Thjs .. L . .
distribution therefore plays the role for shot-noise light that thl]JeUtlon [47], of shot-noise light in the presence of dead time.

negative-binomial distribution plays for thermal light [41]. An_ "0 optics experiments for which the shot-noise-driven self-ex-

accurate method for computing the tails of the Neyman types&tmg process provides an excellent description are betalumi-

distribution has been developed [42]. Conditions under whid§Scence in transparent materials [31] and the interspike-in-

it converges in distribution to the fixed-multiplicative Poisso(rflerval histogram recorded from a cat retinal ganglion cell in

and to the Gaussian have been established [43]. darkness [47]'. . .
. o Another variation, the Thomas process [48], is illustrated
In the context of quantum electronics, shot-noise light pro-

. ) - ) . ialf Fig. 3(c). This point process is a modified version of the
vides a suitable description for the statistical properties of lig . : . . . .
. . ) 7 ot-noise-driven Poisson process in which primary events are
generated by a number of mechanisms, including cathodolu-". s o o
: X 2 o carried forward. In the limit of long counting times, it yields
minescence as described above [3gyenkov radiation from the Thomas counting distribution [48], [49], whence its hame
a random stream of charged particles [37], [43], betalumines- . 9 T ’
. e,auch like the Neyman type-A distribution, the Thomas also
cence photons generated by high-energy electrons at the glass A ! L .
" . - ~converges in distribution to the fixed-multiplicative Poisson
faceplate of a photomultiplier tube [44], beta and radiolumines- o A
o . .. _~and to the Gaussian in certain limits [43].
cence noise in star-scanner detection systems operating in ion-
izing-radiation environments of space [31], [43], and bending-
magnet light produced at the Brookhaven National Laboratory
vacuume-ultraviolet electron storage ring [45]. In the context of Many processes associated with the generation of light, clas-
visual neurophysiology, the Neyman type-A distribution is alssical and nonclassical alike, take place via the triggering of op-
useful for understanding how a brief flash of Poisson phototisal emissions by point excitation events [50], [51].
at the cornea is transformed into a sequence of neural events ifihe shot-noise rate function considered in the previous sec-
the visual system [46]. tion comprised a superposition of brief intensity flashes gener-
In certain cases, such as when detector dead time is presated, for example, by luminescence emissions. This construct
superior agreement with experiment is obtained by replacing tisesatisfactory when interference is absent so that intensities
second Poisson process in Fig. 3(a) with a self-exciting procesgy be added. A more general approach to shot-noise light
as illustrated in Fig. 3(b). This representation is also a spesnsiders the superposition of brief nonstationary opfiedd-
cial case of Fig. 2(b), since shot noise is a special stochastiavepackets which may interfere with each other. The shot-
rate. Analytical results have been obtained for the count meanise intensity rate function is then obtained as the absolute

and variance [30], [31], and for the interevent-interval distrsquare of the superposed analytic signal, as shown in Fig. 4(a).

by a shot-noise rate is, by analogy, referred to as a shot-noise-driven self-exci
process. (c) The Thomas process emerges when the initial shot events not g
excite linear-filter responses but are also carried forward to the output; it i§
variation on the shot-noise-driven Poisson process.

V. TRIGGEREDOPTICAL EMISSIONS
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MULTIPLY-POISSON PROCESSES

1 1
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Fig. 5. (@) Series cascade of Poisson processes linked by linear filters. (b) Series cascade of Thomas processes. The trigger events areccsoribdiftimea
resultis a Poisson branching process. (c) Parallel excitation of fully correlated Poisson processes such as occurs in spontaneous opitaidwamesrsion.
(d) Fully correlated parallel shot noises arising from the simultaneous detection of twin photon beams.

The statistical nature of the emission times introduces fluctua-It is clear from the foregoing that the direct generation of
tions manifested in the relative contributions of different emistationary sub-Poisson (photon-number-squeezed) light cannot
sions at a given observation time. This results in the introduse accommodated using Poisson trigger times. We have de-
tion of an additional particle-like contribution to the normalizedeloped a more general theory in which the trigger times
second-order correlation function of the light and a concomitaate determined by a self-exciting process, as illustrated in
increase in the photocount variance [50]. Fig. 4(c). In particular, results have been derived using trigger

The emissions may be deterministic or stochastic, as indimes that fluctuate in accordance with a stationary renewal
cated in Fig. 4(a). For coherent or thermal wavepacket emint process (which can assume sub-Poisson form), and indi-
sions at Poisson trigger times, interference between the raidual emissions that are coherent, thermal; @tate in nature
domly delayed emissions produces additional wave-like noigb1], [52]. Spatial effects are incorporated into the model by
In the limit when the emissions overlap strongly,, > 1, the choosing the positions of the emissions to be independent and
field exhibits the correlation properties of thermal light, whataniformly distributed over the source volume. The normal-
ever the statistics of the individual emissions. This is a coized second-order correlation function that emerges from this
sequence of the central limit theorem. In the opposite limitpnstruct contains the usual form for thermal light, but has
when emissions seldom overlap, the light intensity is descritwo additional terms. The first of these is determined by the
able by a superposition of intensities as considered in the psgatistical nature of the individual emissions (it is positive for
vious section, and the photocounts show enhanced particle-ld@herent and thermal, and zero for single-photon, emissions).
noise which exhibits its largest value when the counting tinEhe second term is governed by the statistics of the trigger
is long. The photocounts then obey the Neyman type-A apdocess (it is positive for super-Poisson, zero for Poisson, and
generalized Polya—Aeppli distributions for coherent and thermaggative for sub-Poisson excitations). Both additional terms
emissions, respectively [50]. become small for light with a high degeneracy parameter

For nonclassical emissions, neither the intensity represenfaany total photons per emission lifetime), in which case the
tion nor the Poisson-photon generation process embodiedight is asymptotically Gaussian. In the opposite limit, when
Fig. 4(a) is applicable [51]. Rather, these must be replaced btha degeneracy parameter is small (or the emissions are instan-
guantum photon-generation proc&€ssepresented by a self-ex-taneous), the correlation properties of the trigger process are
citing process, as shown in Fig. 4(b). This admits the possibilitirectly transferred to the correlation properties of the photons.
of triggering single photons, or sub-Poisson clusters of photoiite first-order spatial-coherence properties of the field are
However, even when the individual emissions comprise numhdentical to those of thermal light (the van Cittert—Zernike the-
states, the Poisson trigger times result in the reduction or eliorem is obeyed), although the second-order properties differ.
ination of their nonclassical character. Indeed, when the emighe photon-counting distribution reflects the character of the
sions overlap strongly the asymptotic behavior of the field is thedrrelation function. Thus, sub-Poisson primary excitations,
of thermal light, just as if the individual emissions were classicédgether with single-photon emissions, leads to sub-Poisson
[50]. This perspective provides a physical underpinning for thghoton counts under appropriate conditions. Such nonclassical
ubiquity of Gaussian light, which can be generated in variolight may be made arbitrarily intense if interference effects are
ways. eliminated by detecting many spatial modes [52].
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This theory is applicable to the Franck—Hertz experimefitters mediating them has been investigated. Cascaded versions
excited by a space-charge-limited electron beam. If the electrointhese elements give rise to a rich hierarchy of branching
excitations are represented as a sub-Poisson renewal ppioicesses that are suitable for characterizing many important
process, and the photon emissions as single-photon statgdical and optoelectronic processes in quantum electronics.

the light generated should be antibunched and sub-PoissAmong these are photon multiplication in laser amplifiers and
This indeed does turn out to be the case [53]. Ultraviolesscillators, secondary emission in photomultiplier tubes, and
(253.7-nm) sub-Poisson photons were generated in mercaharged—carrier multiplication in avalanche photodetectors.

vapor by inelastic collisions with a space-charge-limited
electron beam. This first stationary and unconditionally
photon-number-squeezed source, dating from 1985, was only;
weakly sub-Poisson. However, the same excitation-control
approach has been successfully used in a number of labo?]
ratories, in the form of suppressed-noise current sources, to
produce strongly sub-Poisson light from semiconductor laserd3]
and light-emitting diodes. This and other related techniques for
generating nonclassical light have been summarized in severgk

review articles [51], [54]-[57]. -
5

VI. BRANCHING PROCESSES

The analysis of doubly Poisson processes can be extendel!
to multiply-Poisson processes. The multifold statistics of the[7]
events at the output of a series cascade of an arbitrary number of
Poisson processes have been determined [58]. A linear filter foll8
lowing the output of each stage converts the pulsatile sequencg
of events into a stochastic rate function suitable for driving the
next Poisson process, as illustrated in Fig. 5(a). The greatéjr0
the number of stages of the cascade, the longer the tail of the1
counting distribution.

If, instead, the cascade comprises Thomas processes, so th%
trigger events are carried forward as illustrated in Fig. 5(b), the
result is the Poisson branching process [59]. This process char-
acterizes electron multiplication at the dynodes of a photomul[—13
tiplier tube. A useful limiting process of the Thomas cascade is
obtained when the number of branching stages is infinite, whilél4]
the average number of added events per event of the previoH%]
stage is infinitesimal. In particular, when the branching is instan-
taneous, the limit of continuous branching yields the Yule—Furry16]
branching process with an initial Poisson population [1], [59]. [17]

Parallel, rather than series, configurations of mul-
tiply-Poisson processes can also be constructed, as displayedifl
Fig. 5(c) (the doubly Poisson form is illustrated). In the context
of quantum electronics, photon streams with precisely thesgoj
properties are generated by optical spontaneous parametric
downconversion. A pump laser beam emits photons in accor-
dance with a Poisson process; each of these photons splits ira;
an entangled pair in a nonlinear optical crystal such that energy
and momentum are conserved. The resultant twin photon bea
are marginally Poisson, but are fully correlated with each other
[60], [61]. Filtered versions of these photon streams, illustrated
in Fig. 5(d), correspond to correlated shot-noise processes.

[24]
VIl. CONCLUSION
The Poisson point process and its variations are useful fo[r
describing many phenomena in optics, including the statistic&6l
of photon emissions by various sources of light. The cascadingn
and concatenation of two or more such processes with linear

REFERENCES

T. E. Harris, The Theory of Branching ProcessesNew York: Dover,
1963/1989.

K. Shimoda, H. Takahasi, and C. H. Townes, “Fluctuations in amplifica-
tion of quanta with application to maser amplifier3,Phys. Soc. Japan
vol. 12, pp. 686-700, 1957.

P. Diament and M. C. Teich, “Evolution of the statistical properties
of photons passed through a traveling-wave laser amplifi&EE J.
Quantum Electron.vol. 28, pp. 1325-1334, 1992.

R. Loudon,The Quantum Theory of Lighsrd ed. New York: Oxford
Univ. Press, 2000.

M. C. Teich, K. Matsuo, and B. E. A. Saleh, “Excess noise factors for
conventional and superlattice avalanche photodiodes and photomulti-
plier tubes,”IEEE J. Quantum Electronvol. QE-22, pp. 1184-1193,
1986.

K. B. Athreya and P. E. NeyBranching Processes New York:
Springer-Verlag, 1972.

S. Asmussen and H. Herinddranching Processes Boston, MA:
Birkh&user, 1983.

] S. K. SrinivasanPoint Process Models of Cavity Radiation and Detec-

tion. New York: Oxford Univ. Press, 1988.
W. Shockley and J. R. Pierce, “A theory of noise for electron multi-
pliers,” Proc. IRE vol. 26, pp. 321-332, 1938.

] B. E. A. Saleh and M. C. Teictfundamentals of Photonics New

York: Wiley, 1991, ch. 17.

M. M. Hayat, B. E. A. Saleh, and M. C. Teich, “Effect of dead space on
gain and noise of double-carrier-multiplication avalanche photodiodes,”
IEEE Trans. Electron Devicesol. 39, pp. 546-552, 1992.

M. A. Saleh, M. M. Hayat, B. E. A. Saleh, and M. C. Teich, “Dead-space-
based theory correctly predicts excess noise factor for thin GaAs and
AlGaAs avalanche photodiode$EEE Trans. Electron Devicegol. 47,

pp. 625-633, 2000.

M. C. Teich and B. E. A. Saleh, “Cascaded stochastic processes in op-
tics,” Traitement du Signakol. 15, pp. 457—-465, 1998.

D. Snyder,Random Point ProcessesNew York: Wiley-Interscience,
1975.

N. Campbell, “Discontinuities in light emissionProc. Cambridge
Philosophical Sog.vol. 15, pp. 310-328, 1909.

W. Schottky, “Uber spontane Stromschwankungen in verschiedenen
Elektrizitatsleitern,”Annalen Phys.vol. 57, pp. 541-567, 1918.

S. O. Rice, “Mathematical analysis of random noigell Syst. Tech. ).

vol. 23, pp. 282-332, 1944.

B. Picinbono, “Tendance vers le caractére gaussien par filtrage sélectif,”
Comptes Rendus de I'’Académie des Sciena#s250, pp. 1174-1176,
1960.

E. N. Gilbert and H. O. Pollak, “Amplitude distribution of shot noise,”
Bell Syst. Tech. Jvol. 39, pp. 333-350, 1960.

] S. B. Lowen and M. C. Teich, “Power-law shot nois¢EEE Trans.

Inform. Theoryvol. 36, pp. 1302-1318, 1990.

B. I. Cantor and M. C. Teich, “Dead-time-corrected photocounting dis-
tributions for laser radiation,J. Opt. Soc. Amervol. 65, pp. 786—791,
1975.

M. C. Teich and G. Vannucci, “Observation of dead-time-modified
photocounting distributions for modulated laser radiatidh Opt. Soc.
Amer, vol. 68, pp. 1338-1342, 1978.

] H. Wold, “Sur les processus stationnaires ponctuels|’drcalcul des

probabilités et ses applications Paris, France: Centre National de la
Recherche Scientifique, 1949, pp. 75-86.

D. R. Cox, “Some statistical methods connected with series of events,”
J. Roy. Stat. Soc. Ser, #ol. 17, pp. 129-164, 1955.

25] B. E. A. SalehPhotoelectron Statistics Berlin, Germany: Springer-

Verlag, 1978.

L. Mandel, “Fluctuations of photon beams: The distribution of the photo-
electrons,”Proc. Phys. Sogvol. 74, pp. 233-243, 1959.

G. Bédard, “Photon counting statistics of Gaussian ligRtys. Rey.
vol. 151, pp. 1038-1039, 1966.



1456

IEEE JOURNAL ON SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 6, NO. 6, NOVEMBER/DECEMBER 2000

[28] B. Picinbono, C. Bendjaballah, and J. Pouget, “Photoelectron shof55] ——, “Squeezed and antibunched lighthys. Todayvol. 43, no. 6, pp.
noise,”J. Math. Phys.vol. 11, pp. 2166-2176, 1970. 26-34, 1990.

[29] J. Péina, “Superposition of coherent and incoherent field®ys. Lett. [56] M. C. Teich, B. E. A. Saleh, and F. Capasso, “Generation of
vol. 24A, pp. 333-334, 1967. photon-number-squeezed light by semiconductor incoherent light

[30] G. Vannucci and M. C. Teich, “Dead-time-modified photocount mean sources,” inCoherence, Amplification, and Quantum Effects in Semi-
and variance for chaotic radiationJ. Opt. Soc. Amervol. 71, pp. conductor Lasers New York: Wiley, 1991, ch. 12, pp. 539-560.
164-170, 1981. [57] P.J.Edwards, “Sub-Poissonian electronic and photonic noise generation

[31] B.E.A.Saleh,J. T. Tavolacci, and M. C. Teich, “Discrimination of shot- in semiconductor junctionsAustral. J. Phys.vol. 53, pp. 179-192,
noise-driven Poisson processes by external dead time: Application to 2000.
radioluminescence from glas$EEE J. Quantum Electronvol. QE-17, [58] K. Matsuo, B. E. A. Saleh, and M. C. Teich, “Cascaded Poisson pro-
pp. 2341-2350, 1981. cesses,J. Math. Phys.vol. 23, pp. 2353-2364, 1982.

[32] S. B. Lowen and M. C. Teich, “Refractoriness-modified fractal sto- [59] K. Matsuo, M. C. Teich, and B. E. A. Saleh, “Poisson branching point
chastic point processes for modeling sensory-system spike trains,” in processes,J. Math. Phys.vol. 25, pp. 2174-2185, 1984.

Computational Neuroscience: Trends in Research 19%an Diego, [60] T.S. Larchuk, M. C. Teich, and B. E. A. Saleh, “Statistics of entangled-
CA: Academic, 1996, pp. 447-452. photon coincidences in parametric downconversigknh. New York

[33] E. Jakeman, “On the statistics Af-distributed noise,J. Phys. Avol. Acad. Sciencewvol. 755, pp. 680-686, 1995.

13, pp. 31-48, 1980. [61] B. M. Jost, A. V. Sergienko, A. F. Abouraddy, B. E. A. Saleh, and M.

[34] M. C. Teich and P. Diament, “Multiply stochastic representationgsfor C. Teich, “Spatial correlations of spontaneously down-converted photon
distributions and their Poisson transforma, Opt. Soc. Amer. Aol. 6, pairs detected with a single-photon-sensitive CCD camédaf. Ex-
pp. 80-91, 1989. press vol. 3, pp. 81-88, 1998.

[35] B.E.A. Saleh and M. C. Teich, “Multiplied-Poisson noise in pulse, par-
ticle, and photon detectionProc. IEEE vol. 70, pp. 229-245, 1982.

[36] , “Statistical properties of a nonstationary Neyman—Scott cluster
process,|EEE Trans. Inform. Theoryol. IT-29, pp. 939-941, 1983.

[37] S.B.Lowen and M. C. Teich, “Doubly stochastic Poisson point process
driven by fractal shot noisePhys. Rev. Avol. 43, pp. 4192-4215, 1991.

[38] S. Thurner, S. B. Lowen, M. C. Feurstein, C. Heneghan, H. G. Fe-
ichtinger, and M. C. Teich, “Analysis, synthesis, and estimation of
fractal-rate stochastic point processdgactals vol. 5, pp. 565-595,

1997.

[39] J. Neyman, “On a new class of ‘contagious’ distributions, applicable in
entomology and bacteriologyAnn. Math. Statist.vol. 10, pp. 35-57,

1939. Malvin Carl Teich (S'62-M'66—-SM'72—F'89) has

[40] M. C. Teich and B. E. A. Saleh, “Approximate photocounting statistic been teaching and pursuing his research interests at
of shot-noise light with arbitrary spectrum]’ Mod. Opt, vol. 34, pp. Boston University since 1995, as a Faculty Member
1169-1178, 1987. with joint appointments in the Departments of

[41] G.Bédard,J.C. Chang, and L. Mandel, “Approximate formulas for phc Electrical and Computer Engineering, Physics, and
toelectric counting distributionsPhys. Rey.vol. 160, pp. 1496-1500, Biomedical Engineering. He is a Member of the
1967. Quantum Imaging Laboratory, the Photonics Center,

[42] C.W. Helstrom and S. O. Rice, “Computation of counting distribution and the Center for Adaptive Systems. He also serves
arising from a single-stage multiplicative proces3,"Comput. Phys. as a Consultant to government and private industry.
vol. 54, pp. 289-324, 1984. He is most widely known for his work in photonics

[43] M. C. Teich, “Role of the doubly stochastic Neyman type-A and and guantum optics. His current efforts in photonics
Thomas counting distributions in photon detectioAfpl. Opt, vol.  are associated with the reduction of noise in avalanche photodiodes and
20, pp. 2457-2467, 1981. fiber-optic amplifiers; his efforts in quantum optics are directed toward devel-

[44] M. C. Teich and B. E. A. Saleh, “Fluctuation properties of multi-oping imaging systems that make use of the correlation properties of entangled
plied-Poisson light: Measurement of the photon-counting distributiophoton pairs generated in nonlinear optical parametric downconversion.
for radioluminescence radiation from glasBfiys. Rev. Avol. 24, pp. Dr. Teich’s academic credentials include an S.B. degree in physics from the
1651-1654, 1981. Massachusetts Institute of Technology, an M.S. degree in electrical engineering

[45] M.C. Teich, T. Tanabe, T. C. Marshall, and J. Galayda, “Statistical profrom Stanford University, and a Ph.D. degree from Cornell University.
erties of wiggler and bending-magnet radiation from the Brookhaven His first professional association, in 1966, was with MIT Lincoln Labora-
vacuum-ultraviolet electron storage ringhys. Rev. Lettvol. 65, pp.  tory. He joined the faculty at Columbia University in 1967, where he served as
3393-3396, 1990. a Member of the Electrical Engineering Department (as Chairman from 1978

[46] B.E.A.Salehand M. C. Teich, “Multiplication and refractoriness in theo 1980), the Applied Physics Department, and the Columbia Radiation Labo-
cat's retinal-ganglion-cell discharge at low light levelBjbl. Cybern,  ratory. During his tenure at Columbia, he carried out extensive research in the
vol. 52, pp. 101-107, 1985. areas of noise in avalanche photodiodes and fiber-optic amplifiers, photon sta-

[47] M.C.TeichandB.E. A. Saleh, “Interevent-time statistics for shot-noiseistics and point processes, and the generation of squeezed light. In 1996, he
driven self-exciting point processes in photon detectidn,Opt. Soc. was appointed Professor Emeritus of Engineering Science and Applied Physics
Amer, vol. 71, pp. 771-776, 1981. in Columbia University.

[48] K. Matsuo, M. C. Teich, and B. E. A. Saleh, “Thomas point process Dr. Teich is a Fellow of the Institute of Electrical and Electronics Engineers,
in pulse, particle and photon detection®ppl. Opt, vol. 22, pp. the Optical Society of America, the American Physical Society, the American
1898-1909, 1983. Association for the Advancement of Science, and the Acoustical Society of

[49] M. Thomas, “A generalization of Poisson’s binomial limit for use inAmerica. He is a Member of Sigma Xi and Tau Beta Pi. In 1969, he received the
ecology,”Biometrikg vol. 36, pp. 18-25, 1949. IEEE Browder J. Thompson Memorial Prize for his paper “Infrared Heterodyne

[50] B.E.A. Saleh, D. Stoler, and M. C. Teich, “Coherence and photon stBetection.” He was awarded a Guggenheim Fellowship in 1973. In 1992, he was
tistics for optical fields generated by Poisson random emissiétig;s. honored with the Memorial Gold Medal of Palacky University in the Czech Re-
Rev. Avol. 27, pp. 360-374, 1983. public and in 1997, he was the recipient of the IEEE Morris E. Leeds Award.

[51] M. C. Teich and B. E. A. Saleh, “Photon bunching and antibunchingfe has authored or coauthored some 300 technical publications and holds two
Progress Opt.vol. 26, pp. 1-104, 1988. patents. He is the coauthor Bindamentals of PhotonigsViley, 1991).

[52] M. C. Teich, B. E. A. Saleh, and J. frea, “Role of primary excitation ~ Among his professional activities, he served as a member of the Editorial Ad-
statistics in the generation of antibunched and sub-Poisson ligi@gt.  visory Panel for the journ®ptics Letterdrom 1977 to 1979, as a member of the
Soc. Amer. Bvol. 1, pp. 366—389, 1984. Editorial Board of theJournal of Visual Communication and Image Represen-

[53] M. C. Teich and B. E. A. Saleh, “Observation of sub-Poissomationfrom 1989 to 1992, and as Deputy Editor@éiantum Opticérom 1988
Franck—Hertz light at 253.7 nmJ. Opt. Soc. Amer. Bvol. 2, pp. to 1994. He is currently a Member of the Editorial Board of the joudeahna
275-282, 1985. Mechanika a Optikaand a Member of the Advisory Board of the IEEE Press

[54] —, “Squeezed states of lightQuantum Opt.vol. 1, pp. 153-191, SeriesEmerging Technologies in Biomedical Engineerikig is a Member of

19809. the Scientific Board of the Czech Academy of Sciences’ Institute of Physics.



TEICH AND SALEH: BRANCHING PROCESSES IN QUANTUM ELECTRONICS 1457

Bahaa E. A. Saleh(M'73-SM’'86-F'91) received
the B.S. degree from Cairo University in 1966 and
the Ph.D. degree from the Johns Hopkins University
in 1971, both in electrical engineering.

He has been Professor and Chairman of the
Electrical and Computer Engineering Department
at Boston University since 1994. He held faculty
and research positions at the University of Santa
Catarina in Brazil, Kuwait University, the Max
Planck Institute in Germany, the University of Cal-
ifornia, Berkeley, the European Molecular Biology
Laboratory, Columbia University, and the University of Wisconsin-Madison,
where he was a Faculty Member from 1977 to 1994, and served as Chairman
of the Department of Electrical and Computer Engineering from 1990 to
1994. His research contributions cover a broad spectrum of topics in optics
and photonics including statistical and quantum optics, optical communica-
tions and signal processing, nonlinear optics, photodetectors, digital image
processing, and vision. He is the author of two bodXsptoelectron Statistics
(Springer—Verlag, 1978) arfdundamentals of Photonid¥Viley—Interscience,
1991, with M. C. Teich), chapters in seven books, and more than 180 papers in
technical journals. He served as Editor-in-Chief of doe@irnal of the Optical
Society of America A&rom 1991 to 1997, and is presently Chair of the Board
of Editors of the Optical Society of America.

Dr. Saleh is a Fellow of the Institute of Electrical and Electronics Engineers,
the Optical Society of America, and the Guggenheim Foundation. He is the re-
cipient of the 1999 Optical Society of America Esther Hoffman Beller Award
for outstanding contributions to optical science and engineering education. He
is a member of Phi Beta Kappa, Sigma Xi, and Tau Beta Pi.




