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Photoelectron counting distributions are obtained for sources which obey compound Poisson statisties.
Various cases are considered in which the sources (semiconductor lasers) emit coherent light and their inten-
sity fluctuates in accordance with a Gaussian distribution of operating temperatures. The lasers are other-
wise assumed to be ideal, and the quantum efficiency of the detector is assumed to be unity. This paper rep-
resents an ideal situation where the source is the only concern in the calculation of the photoeleciron count-
ing distributions. It is found that for large temperature fluctuations (¢ > 1¢ K), a substantial downward
shift of the peak of the photon probability density function is observed. The function becomes more asym-
metric and the mean value decreases as the standard deviation of the temperature increases.

I. introduction

Statistical photon counting distributions for coherent

sources of radiation have been discussed by many au-
thors (see, for example, Refs. 1-4). However, in their
determination of these distributions, these studies
usually considered sources either with constant am-
plitudes or with specific types of modulation (ie.,
. pulsed, triangular, sine wave?). In this paper, on the
other hand, the modulation is in the form of a stationary
random process which arises from fluctuations in op-
erating temperature.

Since the advent of the laser and specifically the
semiconductor laser, development of the photon/pho-
toelectron distributions and of the experimental de-
termination of these distributions has been of great
interest. Intrinsic fluctuations of the output intensity
of semiconductor lasers have been dealt with by Paoli.5¢
These intensity fluctuations are usually attributed to
noise in the lasers. Modal, shot noise, and noise due to
spontaneous emission in the laser can all account for
stochastic fluctuations in the output intensity. Flue-
tuations in the operating temperature of the device will
also give rise to intensity fluctuations.™® Given that the
temperature of a certain environmental condition is
stochastic, the intensity fluctuations due solely to
changes in the temperature will be stochastic.

Il. Theory

‘We consider first a monochromatic source that is il-
luminating an ideal detector, whose internal quantum
efficiency is unity. Since the nature of the source is
being explored, we assume that the area of the detector
is much smailer than the coherence area of the source.
The detected photons will have a statistical distribution
about a mean value with a characteristic coherence time.
This is simply due to the statistical nature of the arrival
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rate of the photons. There will then be a particular
probability associated with the detection of n photons
within a certain time interval A, This distribution is
given by the Mandel formula?® (simple Poisson statistics)
in the absence of intensity fluctuations (i.e., constant
value)3

Ag” exp(—Ao)

plnfio} = :
nl

(1

where A = {(n} is the time average of the distribution
over the interval A (i.e., the average intensity),

r+4A
Ao = f Keydrr, )

and where I = the intensity of the laser.

Now consider the situation where the time-averaged
value )g is not constant over the time interval of interest
A. We assume here that the time-averaged value is
described by a stochastic process. This could be anal-
ogous to the random intensity fluctuations that are in-
herent in semiconductor lasers. _

It has been found” that the output intensity I and
subsequently the time-averaged intensity A of a semi-
conductor laser (well above threshold) vary linearly with
the laser diode current density /. We have

A=k, (3)

k1 = a constant of proportionality,
A = time-averaged laser intensity, and
. J = laser diode current density.
The threshold current of the source varies exponen-
tially with temperature.®

Jin = k2 exp(T/To), 4

where Jy, = threshold current density of the laser,
ks = a constant of proportionality,
T = temperature, and
Ty = constant dependent upon the laser
type
Over a wide range of temperatures the variation in
threshold current due to fluctuations in temperature
will produce a corresponding change in the operating
current of the source. The relationship between the
variation in threshold current and the operating current

where
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was assumed to be linear over the range of interest.
From the data of Tsang et al.,10 for GaAs—Al, Gay_; As
buried stripe lasers, the range of operating temperatures
that would produce this linear variational relationship
was found to be 25-100°C. Therefore, within this
range, the operating current and subsequently the
output intensity of the laser will vary exponentially with
temperature. By letting J = k3Jy, and by substituting
Eq. (4) into Eq. (3) we obtain

X =k exp(T/To), (5)

A = time-averaged laser intensity,
T = temperature, and
k = a constant of proportionality.

The value of the parameter T, plays an important
role in the final determination of the photon distribu-
tion. It describes the temperature sensitivity of the
laser source.ll The current available literature offers
no concise theory of its origin. It is dependent on a
number of variables that makes its theoretical deter-
mination almost impossible. Therefore, a phe-
nomenological/experimental approach has been
taken.

Experimentally, the value of T has been found to be
60-70 K for T > 250 K and 110 K for T < 250 K for In-
GaAsP-InP double-heterostructure (DH) lasers.12-17
For GaAs-Al,Ga;_.As DH lasers Ty =~ 150-180 K for
the 100 K < T < 350 K temperature range.1>!®8 The
value of Ty in this paper was chosen to be within the
experimental range.

If a Gaussian probability density function pr{¢) is
assumed, as defined by the following relation,!?

where

Prit) = t <0,
—-erfc (\/.... )6(1‘) t=0, {6)
)2
=\/%_ exp[—(tQ?)] t>0,
o &

where ¢ = the standard deviation of temperature flue-
tuations (K) and £y = mean temperature or operating
heat sink temperature (K). The probability density
function of the output intensity pr(A) will then be given
by

priA) = A<k,
v =
L SO —k A=k, 7
Zkercﬁa’ ( ! @
2
Ty 1 [T“in(%'“’)]
1]
= - —_—— >k,
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where (A — k) = Dirac delta function. Equation (6),
for the case of ¢ = 0, indicates a truncated Gaussian
probability density function.

Note that the expecied value of A is

< - t
A=Xx=EN = ‘I‘_w Apr(AdA = k exp {T—Z) ., (8}
and the constant of proportionality £ becomes
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“markedly.

k= dofexp {F o
]
Now Eq. (7) may be rewritten in the following form:
pr(d) = A<k,
_To ) - -
= ™ exp( Jerfc e A —k) A=k, (1O
__ 1t [1n()\/7\o)2]]
T VIme A p{ 207 A>k,

where a1 = ¢/T and A = the random variable. The
photoelectron probability density function is then given
by

prin) = _j; " pnNpr(VdA, . an

This function satisfies the relation for proBability
distributions that

j; " prin)dn = 1. 12)

Given that the probability density function of the
average value of the intensity is as described above, the
actual counting probability density function is given

by
el
Ao
203

= A" -\ 1 1
pz(n)=£ __E{P(_.l__exp -

di. (1
n! V2re A 1s)

The calculation of this integral was performed using an
algorithm based upon Simpson’s rule over the 10~5-50.0
interval with a step size A of 0.167. The truncation
error is of the order k% for Simpson’s rule.

For very small values of A, the logarithmic singularity
may be addressed by more appropriate Gauss-Quad-
rature schemes.20

Hl.. Results and Discussion

Figure 1 shows the results of the calculation of the
photon distributions for four values of standard de-
viation of the temperature fluctuations. The first
represents the simple Poisson distribution with a con-
stant mean value (simple Poisson process). The other
curves show the density function that will result from
Gaussian temperature fluctuations (complex Poisson
process) of specified standard deviation.

Figure 1 shows the case for the smallest standard
deviation (¢ = 1 K) considered. The complex Poisson
distribution approaches the simple Poisson distribution
as ohe would expect. As the standard deviation of the
temperature goes to zero, the modulation function [Eq.
(7)] approaches a Dirac delta function, and the inte-
gration {Eq. (13}] reduces to the simple Poisson distri-
bution [Eq. (1)].

The maximum standard deviation considered in Fig
1is o = 40 K. Note that the distribution broadens
The mean of the density function is also
shifted to a lower value. A comparison of the curves
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Fig. 1. Photon counting probability density function for Gaussian
temperature fluctuations with indicated standard deviation.

show that as the standard deviation of the Gaussian
distribution increases the downward shift of the mean
alsoincreases. It should also be noted that the density
function becomes much more asymmetric with in-
creasing temperature fluctuations.

The broadening of the curves is directly related to two
parameters Toand o. From Eq. (10}, it can be seen that
both the broadening and the shift depend on the value
of o1 (for constant A). As Ty decreases, the sensitivity
of the laser to fluctuations in temperature increases. As
the sensitivity increases the effect on the photon dis-
tribution will also increase for constant temperature
fluctuations. Similarly if the sensitivity is constant and
the size of the temperature fluctuations increases, again
the effect on the distribution will increase. The trend
here shows that an increase in ¢ or a decrease in T (the
latter of which is dependent upon the type of laser) will
cause a downward shift in the mean and an overall
asymmetric broadening of the probability density
function.

At present there is no experimental data to support
or refute this phenomenon. It seems, however, that
only for relatively large values of the standard deviation
will this effect be seen. Under most circumstances the
fluctuations in the temperature will be small, thus giving
a relatively small standard deviation (o < 1.0 K) for the
fluctuations in the intensity. One might then assume
that there will usually be other faciors (i.e., receiver
noise, amplifier noise, laser modal noise) involved in a
system utilizing semiconductor lasers that will pre-
dominate over this small effect. In an unstable envi-
ronment where large temperature fluctuations are
possible the decreasing shift in the mean will most
readily be observed.

It is important to recognize that photocounting sta-
tistics will only be employed for weak optical signals, so
that count intervals will in many cases be over extended
time periods. Even long-term temperature fluctuations
will, therefore, be important in determination of the
photocounting statistics.

It is also important to note that, for the special case
of temperature fluctuations which are slow in compar-

ison with the count intervals, the photocounting dis-
tribution reduces to a lognormal distribution, as de-
sc_ribed in Diament and Teich.?

IV. Conclusions

For Gaussian ternperature fluctuations the output
intensity of a semiconductor laser will fluctuate.
Usually these temperature fluctuations will be small,
and accordingly the standard deviation of the temper-
ature distribution will be small. This assumes, of
course, that the operating temperature of the heat sink
onto which the laser is mounted remains relatively
constant. If this is the case, the downward shift of the
mean value will be unobservable. On the other hand,
for rather large temperature fluctuations (induced by
unstable thermal environments or catastraphic events)
a substantial suppression of the mean countrate and a
broadening of the photoelectron probability density-
function will be observed.

The authors wish to thank H. C. Card (Department
of Electrical Engineering, University of Manitoba,
Canada) and G. Troup (Department of Physies, Monash
University, Australia) for their informative discussions,
This work was supported in part by the Natural Sci-
ences and Engineering Research Council of Canada
under grant A1330.

References

1. G. d. Troup, Photon Counting and Photon Statistics, Congress
in Quantum Electronics {Pergamon, London, 1972).

. P. Diament and M. C. Teich, Appl. Opt. 10, 1664 (1971).

. P. Diament and M. C. Teich, J. Opt. Soc. Am. 60, 682 (1970).

P. R. Prucnal and M. C. Teich, J. Opt. Soc. Am. 69, 539 (1979).

. T. L. Paoli, IEEE J. Quantum Electron. QE-11, 276 {1975).

. T. L. Paoli, Appl. Phys. Lett. 24, 187 (1974).

. H, C. Casey, Jr., and M. B. Panish, Heterostructure Lasers, Part
A: Fundamental Principles {Academic, New York, 1978), pp.
177-178.

8. 8. M. Sze, Physics of Semiconductor Devices (Wiley-Interscience,
New York, 1981}, pp. 731.
9. L. Mandel, Proc. Phys. Soc. Londen 72, 1037 (1958).

10. W.T. Tsang, R. A. Logan, and J. P. Van der Ziel, Appl. Phys. Lett.
34, 644 (1979).

11. N. K. Dutta and R. J. Nelson, IEEE J. Guantum Electron. QE-18,
871 (1982).

12. Y. Horikoshi and Y. Furukawa, Jpn. J. Appl. Phys. 18, 809
(1979). :

13. G. H. B. Thompson and G. D. Henshall, Electron. Lett. 16, 42
(1980).

14. N. K. Dutta and R. J. Nelson, “Temperature Dependence of the
Threshold of InGaAsP DH Lasers and Auger Recombination,”
in Proceedings, International Symposium on GaAs and Related
Compounds, Vienna, Austria, 22-24 Sepé. 1980, Inst. Phys. Conf.
Ser. 56, pp. 193. )

15. N. K. Dutta and R. J. Nelson, Appl. Phys. Lett. 38, 407 (1981).

16. A. Sugimura, IEEE J. Quantum Electron. QE-17, 627 (1981).

17. T. U. K. Iwamoto and R. Lang, Appl. Phys. Lett. 38, 193
(1981).

18. N. K. Dutta, J. Appl. Phys. 52, 70 (1981).

19, A. Papoulis, Probability, Random Variables and Stochastic
Processes (McGraw-Hill, New York, 1965), pp. 65, 98-111.

20. M. H. Lean, “Electromagnetic Field Solution with the Boundary
Element Method,” Ph.D. Thesis, Department of Electrical En-
gineering, U. Maniicba (1981}, pp. 22-17.

PO N XX

1 January 1983 / Vol. 22, No. 1 / APPLIED OPTICS 151



