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Theoretical results

with experimental confirmation of the influence of the counter

dead time on the photoncount statistics of laser radiation transmitted through the
turbulent atmosphere are presented. The discrepancy between the calculated photoncount
probability distribution and the experimental one is revealed at large irradiances. The
derived approximate analytical expressions permit a correction of the photoncount prob-
ability distribution which allows for the influence of the ”dead” time for high burdens.

The photoncount probability distribution
(PPD) at the output of a photodetector with "dead”
time of some type, irradiated by amplitude-stabilized
(AS) laser radiation propagated through the at-
mosphere, differs from the Poisson law. The change
in the PPD due to the deadtime effect has been
studied both theoretically' and experimentally?. The
influence of atmospheric scattering on the PPD has
been investigated® both with deadtime and without it
when the sampling time T was much greater, than the
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where ¢ = t/T (v is the counter “dead” time),
Py(k; z) is the Poisson distribution with parameter z
(Ref. 3), N = nIT is the mean number of photo-
electrons, I is the irradiance, and n is the quantum
efficiency of the PMT. To allow for atmosphere
turbulence it is necessary to average Eq. (1) over the
ensemble of I-fluctuations:
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autocorrelation time t. of a signal in the atmosphere.
The effect of atmospheric turbulence was analyzed®
for deadtime not taken into account and T < .. The
aim of the present article is to fill the gaps in both
theory and experiment in this important case of the
turbulent atmosphere for T < 1y, taking the dead-
time of the counter into account. As was shown in
Ref. 1, the photoncount probability distribution of
the detector with deadtime of a non-prolonging type,
irradiated by AS radiation, can be written' as follows
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where N’ = n<I>T is the mean number of photocounts
produced by the radiation transmitted through the
turbulent atmosphere. The propagation of radiation in
the atmosphere is characterized by the variance
(6? = <y?>—<y>?) of the logarithm of the relative
intensity, where y = In(I/1,) and I is the intensity not
taking atmospheric turbulence into account.

Using the lognormal distribution of the intensity
and averaging Eq. (1) one obtains
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Figure 1 shows the dependences of Py(n; N; &) on
the number of photoncount n both with atmospheric
turbulence (¢ = 0.5) and without it (c = 0) for different
values of ¢ from 0 to 0.1. As can be seen from the figure,
as the counter deadtime increases, the PPD curves
narrow down and shift towards smaller values of .

In the comparison of the PPD calculated ac-
cording to Eq. (2) with the experimentally obtained
PPD, the parameter o often remains unknown. It can
be determined when the variance o’ and the mean

number of photoncounts at ¢ = 0 are known:
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Thus, when <n> and <n*> are experimentally meas-
ured over a given interval of time T the value o can be
estimated by Eq. (3).
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FIG. 1. The PPD versus the number of photon-
counts (a) without (6 = 0) and (b) with (o = 0.5)
the turbulent atmosphere ate =: 1 —0.1; 2 — 0.06;
3—0.02; 4 —0.0.
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DESCRIPTION OF THE EXPERIMENTAL
SETUP

The purpose of the experiment is to measure the
PPD .of laser radiation which has passed through the
atmosphere over paths with reflection lengths of 2I =
100, 1000 and 2000 m. The scheme of the experimental
setup is shown in Fig. 2. A beam from the ampli-
tude-stabilized laserl which has passed through the
telescope3 and the atmosphere 4, is incident upon the
mirror 5. A photomultiplier 8 operating in the photon
counting regime was used as the photodetector.
Electrical pulses from the PMT are standardized by
the forming device 9 on the basis of their amplitudes
and durations, and are read by the photon counter 10.
The experimental data are fed through an interface 11
into the microcomputer ”Electronika D3-28”. To
control the experiment and to process the data, a
routine In BASIC and two subroutines in machine
language were written. The statistic analysis is carried
out over the 100000 point array, with the maximum
rate (40000 data points/second). The data collection
time can be set at as 1, 2, 4, 2°, ..., 27 us. built up from
the received data. The PPD histogram is on a display
screen, and average values of <n> and <n®> are
computed and the variance of the photocount numbers
and the parameter cr are also calculated. The collec-
tion time during the experiment was 2% ps.
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FIG. 2. Experimental setup: 1) laser, 2) neutral
filter, 3) telescope, 4) atmosphere, 5) mirror,
6) interferent filter, 7) diaphragm, 8) pho-
tomultiplier, 9) former, 10) counter, 11) inter-
face, 12) frequency meter, and 13) computer.

DISCUSSION OF EXPERIMENTAL RESULTS

Measurements were carried out in the Tien-Shan
mountains at an altitude of 1500 m above sea-level
along the fixed paths with reflection. The atmosphere
was such that the values of ¢ varied over the range
0.169—1.269. The measured counter deadtime was
24 ns. The dependence of the PPD on pathlength for
different mean levels of signal radiation was measured.
In practice, for example, the study of the dependence
of the photoncount statistics on the received radiation
level plays a very significant role in the detection of
laser signals. Figure 3 shows the experimental PPD of
laser radiation at different <n> on the short path. As
follows from the Figure, the calculated and experi-
mental data are in agreement up to <n>—10. The
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disagreement of the calculated and experimental re- experimental PPD. In this case N'=<n>, and o is de-
sults at <n> > 10 is due to the influence of the counter termined by Eq. (3). With deadtime we have <n>
deadtime on the photoelectron statistics at large <N'> <N'>. Equation (3) gives a lower value of & since
(see Fig. 1). o(e) < o(0). To determine N’ and o from the experi-
mental data a study was made of the calculated de-
Pcn)y : — Z‘Aeary pendence of P»(n; N',e) on N, o, and &. Calculations
o *,+° —experiment were carried out with the following values: N = 5-25,
0251 <n> G o =0.1-0.5, and & = 0.002—0.06. Using the de-
1= 2,900  0,5380 pendences given above for different g, the unknown
g: g,ggggo g.‘s‘gf; values of N’ and o were found by a trial and error

o2f \7 4-16405 05166 technique.

5-11900  0,1916 Figure 4 shows a comparison of the theoretical and
6-74,260  0,5772 the experimental results for N’ and o found by this
technique (curve 3), the experimental values being
<n> = 23.0 and o(e) = 0.221 and the calculated ones
for ¢ = 0.003 being N’ = 25.2 and o(0) = 0.285. For
comparison, the PPD computed at N’ = 23.0 and
o = 0.447 is also shown without deadtime (curve 2)
and with it: N =23.0; o = 0.447, ¢= 0.003
(curve 1). As can be seen from the figure, curve 3 is in
much better agreement with the experimental data.
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FIG. 3. PPD curves for laser radiation along an -
atmospheric path with length 21 = 100 m at dif- 002 F
ferent radiation levels and degree of turbulence: ’
solid curves theory, points-experiment: theory; -
points experiment: <n>=2.19 and o = 0.538 (1), 0 ! \ ) |
3.976 and 0.4037 (2), 7.9 and 0.5021 (3), 10.405 0 20 30 n

and 0.5166 (4), 11.9 and 0.1916 (5), and 14.26

and 0.5712 (6), respectively. FIG. 4. Comparison of the dependence of the PPD

on the number of photoncounts for the input and

To compare the measured PPD with theory taking found wvalues of the parameters: 1) &= 0.003,
into account DT at an arbitrary load, it is necessary to N'=2322) =0, N =23 and 3) & = 0.003,
know the input N’ and o in Eq. (2). They are often N’ = 25.2; the points represent the experimental
unknown a priori. Without they can be found from the results at ¢ = 0.003, <n> = 23 and o = 0.45.
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FIG. 5. The experimental and theoretical PPD versus the number of photoncounts n for different
radiation levels and degrees of turbulence along an optical path with length 21 = 100 m: solid
curve-theory, the points-experiment: <n> = 3.98 and o = 0.18 (1), 7.9 and 0.29 (2), 11.044 and
0.03 (3), 14.26 and 0.39 (4), 18.21 and 0.034 (5), and 23 and 0.221 (6).
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PPD for different <n> and o along an optical
path with reflection with length 2/ = 100 m is shorn
in Fig. 5. Here solid curves represent calculations
based on Eq. (2) at values of N’ and ¢ found using the
above-described method. As follows from the Figure,
the calculated curves agree with the experimental
results rather exactly.

The local error of reconstruction of the PPD in
the experiment was estimated by the formula

/ 1-P(n)
&(n) = P(n)Nn N

which is valid for statistically independent meas-
urements, where § is the local relative standard de-
viation of the PPD for measured P(n), and N, is the
total number of measurements. In our case the value of
o for the most probable n never exceeded 1% for
Ny = 150000.

Thus, the difference between the theoretical PPD
without deadtime? and experiment has been demon-
strated experimentally at large levels of the received
signal, and the deadtime correction was introduced by

I.K. Rasulov, et al.

means of Eq. (2) under conditions of moderate in-
tensity fluctuations of the radiation in the atmosphere
c < 0.5.

The results of this work will be useful in; the
interpretation of optical spectral measurements in the
photon counting regime in the atmosphere.
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