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Optimal detection of partially spatial coherent radiation
by using optical quantum amplifiers

G.I. Kozin, A.P. Kuznetsov

Abstract. Conditions for the efficient detection of reflected
laser radiation by means of optical quantum amplifiers are
considered theoretically. It is shown that in the case of a
strongly disturbed spatial coherence, there is no need to take
it into account and a simple geometrical consideration is
sufficient. The expressions relating the effective radius of the
input aperture and the angular magnification of a projecting
optical system with the laser radiation divergence and
amplifier parameters are obtained. The theoretical results
are confirmed by experiments.
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The problems of remote laser measurements and diagnos-
tics often involve the detection of radiation reflected from
remote natural or artificial reflectors with the distortion of
spatial coherence. A direct photodetection of a low-power
radiation can be complicated because of the background
and photodetector noise. In particular, this complicates the
control of gas leaks in main gas pipelines by means of
differential He—Ne lidars at the wavelengths of 3.3922 and
3.3912 um [1]. The severe restrictions imposed on the mass
and dimensions of lidars mounted in helicopters do not
allow the use of receiving mirrors of diameter exceeding 30
cm. In this case, due to the low intensity of a detected
signal, the measurements should be performed at danger-
ously small heights of 30—50 m.

The noise immunity and sensitivity of a lidar can be
increased by detecting radiation preliminary amplified by an
optical quantum amplifier (OQA). The radiation detection
efficiency can be defined as the ratio of the detected
radiation power, i.e., of the OQA output power by
neglecting amplification to the radiation power incident
on the OQA. Generally speaking, the detection efficiency
depends on the spatial coherence of radiation.

It is known [2, 3] that the number of detected so-called
coherence spots (speckles) is determined by the linear and
angular aperture of a detector. This restricts the total
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angular aperture of the detector, which can be determined
by the lens or mirror projecting optical system. The intensity
of a detected signal can be increased by increasing power in
a coherence spot. For this purpose, the size of a light spot on
a reflector should be made as small as possible by means of a
transmission optical system [4, 5]. Thus, the transmission
and detection projecting systems should match the charac-
teristics of radiation with the OQA parameters to provide
the detection of the maximum number of coherence spots
with the maximum radiation power in each of them.

The aim of our paper was to determine the angular
magnification of the receiving projecting system providing
the efficient detection of radiation by an amplifier at the
minimal input aperture. A light spot of radius w from a laser
with the wavelength A produces usually many coherence
spots of radius p, on non-reflecting surfaces. According to
the Van Cittert—Zernicke theorem and subsequent addi-
tions to it, the reciprocal radiation intensity in the far-field
zone at the distance / > wp_// is determined by the product
of the reflected radiation intensity 7 and the complex degree
of spatial coherence u.

We have shown [6] for an arbitrary geometry that the
spatial coherence p in the analysis of reflected radiation can
be treated as the real function of the angular displacement 8
with respect to the observation direction and the intensity 7
— as the function of the observation angle y. They are related
by the Fourier transform with the characteristics of radi-
ation reflected from a surface. In the case of small angular
displacements,

u(0) = Py’ Jl(r) exp(—ikOr)dr, (1)

where r are the coordinates of points of the reflecting
surface in the plane perpendicular to the observation axis;
I(r) is the visible intensity distribution in a spot; Py =
f[(r)dr is the power of reflected radiation; and k is the wave
number.

In remote laser diagnostics, as a rule, a part of radiation
reflected back is detected. In the case of a Gaussian beam,
the intensity is I(r) = (2Py/mw?)exp|—2(r/w)?] and the
spatial coherence is (@) = exp[—2(0/6,)*] (where 6, =
2)/mw is the coherence angle). Because the spot radius
w = 04l is determined by the divergence 04 = A/nw,, where
wy is the radius of the laser beam waist, the coherence angle
0. = 2w, /! is much smaller than the aperture angle y, = r,//
of the projecting system with the input radius r, > wy.
Therefore, the transformed coherence degree u(0/u) at the
output of the projecting system with the angular magnifi-
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cation u does not change. Its inverse Fourier transform
converts the intensity distribution on the reflector to the
image with the linear magnification u '

where P, is the power of collected radiation. The light spot
radius in the image is w’ = w/u = Al/(nwyu).

Another interesting integral expression [6] relates the
angular intensity distribution I(y) to the degree of spatial
coherence u(p) on the reflector observed through the input
aperture. Because of the remoteness of the reflector and
smallness of the coherence radius on its surface, the
scattering angle y, ~ A/p, is usually much greater than
the aperture angle y, of the receiving projecting system.
We can assume that the observed intensity 7 of reflected
radiation is independent of the observation angle within y,
and is zero for y > y,. Therefore, upon observation from
any point, we can assume that the reflecting surface emits
independently and is oriented normally to the observation
axis. Then, we obtain for small angles y with respect to this
axis (in our case, the laser beam axis)

1(y>Azju<p>expokyp>dp, @

where p is the relative coordinate of two points of the
reflecting surface in the plane perpendicular to the axis.

By using the inverse Fourier transform of the function
I(y /u) (2), we can find the degree of spatial coherence of the
image. It can be easily shown that for a circular aperture it is
described the Airy function

2J,(x kur,
'u/(p): ]( )’ x = ldp,

X

where Ji(x) is the first-order Bessel function. Its first zero
determines the coherence radius of the image p. =
0.612//ur, < w’. The number of coherence spots in the
image remains large, and the reciprocal intensity is still
represented by the product of the intensity and the degree
of spatial coherence.

The maximum radiation power received by the OQA is
achieved for the maximum aperture angle of the projecting
system y, < y,/u, which is restricted by the aperture angle y,
of the OQA tube, and in the case of the maximum linear
magnification »~', at which a signal completely fills the
input aperture of the tube of radius r;: w/u < r. These
conditions determine the optimal angular magnification and
the corresponding aperture angle

,
v =1 3

The number of coherence spots detected in this case is
N = (y,/u.)*. By using the relation 0, ~ 21/nw and expres-
sion (3), we obtain N = (rcrtyt/Zi)z. The radius r, and the
tube length L are adopted to satisfy the condition of low
diffraction losses rtz/)vLN 1. It was shown in [2, 7] that
reflections from the tube walls play an important role during
radiation transfer in the tube. The angular function of
single-pass transmission in the OQA tube can be approxi-
mated by the Gaussian

"\ 2 2_yl/2q12
o =eol 2(2)] =T

where n is the refractive index of the wall material. The
parameter 7y, achieves the maximum value ~(rl/L)'/ 2 for
n? = 3. Therefore, for amplifiers with quartz or glass tubes
(n = 1.5), we have N = 2r. /2 > 1. This estimate also follows
from results obtained in [2]. Therefore, the angular distri-
bution of the radiation intensity at the OQA output can be
also considered by neglecting its coherence.

Thus, the detection of light with single-pass OQAs shows
that the laser radiation intensity with a strongly disturbed
spatial coherence can be considered by neglecting the degree
of coherence. It is sufficient to know the scattering diagram
in the geometrical optics approximation. However, the
consideration of the degree of spatial coherence allows
one to understand better radiation transfer processes and
estimate their dependence on optical elements.

The radiation power at the OQA output is calculated by
integrating over the input OQA aperture and angles within
the projection angle uy, taking into account the trans-
mission function 7( y) according to the intensity distribution
on the reflector, the power collected by the projecting
system, and its linear magnification. As a result, we obtain
the transmission coefficient k of the tube, determining the
detection efficiency, and the dependence of the output power
P~ kyaz of the optical amplifier on the same parameters

o= {1-ew-2(2)])
fr-ew]-2() ]}

One can see that the detection efficiency monotonically
falls with increasing y,, although the output power increases.
Therefore, there is no point in increasing strongly the input
pupil radius of the projecting system. According to (5), the
value k ~ 0.4 is optimal from the point of view of the
acceptable detection efficiency and a reasonably small size of
the projecting system. In this case, 87 % of the maximum
power that can be detected by the OQA at y, — oo is
detected. If the projecting system consists of one lens or
collecting mirror with the focal distance f < /, then, by using
the relations u ~ //f and w = y4/, we obtain from (3)

r
re=fr. f=2. (©6)
rd

These results were verified in experiments. We studied
the dependences of the transmission coefficient of OQA
tubes on their radius and length. The scheme of the
experimental setup is shown in Fig. 1. Radiation from 4-
mW He—Ne laser (/) at 3.3922 ym with a divergence of
2 x 107 rad was modulated by chopper (2) and directed to
normally oriented reflector (4) placed at a distance of 10 m.
The radiation reflected backward was collected by mirror
(3) of radius R; = 5.5 cm with a central aperture of radius
R, =1 cm and the focal distance /=45 cm. Such mirrors
are used in mirror telescopic systems. Fine-grained reflectors
with a broad scattering diagram and metal reflectors with a
narrow diagram were used. The coefficient & for these
conditions was calculated as in (5) upon approximation
of the scattering diagram by a Gaussian. The radiation
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Figure 1. Scheme of the experimental setup for studying the efficiency of
laser radiation detection with an OQA; (/) He—Ne laser; (2) chopper;
(3) spherical mirror; (4) reflector; (5) photodetector; (6) lock-in
detector; (7) OQA; (8) optical pair.

power was measured by photodetector (5) at the tube input
and output by using lock-in detector (6). The reference
signal at a modulation frequency of 2 kHz was formed by
means of optical pair (8) placed on both sides of chopper
(2). The passband of the detection system used in measure-
ments was 1 Hz. The transmission coefficient of the tube
was estimated from the ratio of the signals.

Figures 2 and 3 show the experimental dependences k(L)
for r, = 1.35 mm and k(r,) for L = 60 cm. Good agreement
of the experimental measurements with theoretical curves
was obtained for the angle of scattering from the reflector
surface p, = 1.25 x 1072, For comparison, the theoretical
dependences obtained for mirrors without apertures are also
presented.

We also verified the validity of the relation r, = fy, in
experiments with the OQA with a tube of length 73 cm and
the inner diameter 2.2 mm filled with a He:Ne = 5.6:1
mixture at a pressure of 1.5 Torr and a discharge current of
26 mA. As a reflector, a rotating disc was used, which
allowed us to average the detected signals over a statically
homogeneous reflecting surface. The optimal focal distance f
of the collecting mirror for the OQA tube radius and the
divergence of laser radiation used in experiments was 50 cm.
We used a mirror without an aperture with /= 80 cm and
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Figure 3. Dependences of the transmission coefficient k of the OQA tube
on its diameter r, for L = 60 cm. Theoretical curve ( /) approximates the
experimental data. Curve (2) is the dependence k(r,) calculated for a
mirror without an aperture.

radius 5 cm. The mirror radius was varied by mounting
diaphragms of different diameters in front of it. According
to our calculations, the effective radius of the collecting
mirror should be 2.6 cm.

Figure 4 presents the experimental dependence of the
detected radiation power on the square of the aperture
radius. The experimental values obtained by using a fine-
grained polishing paper well agree with theoretical curve ()
for y, =4.4x 1072, The aperture angle of the OQA tube
calculated from (4) was 3.2 x 1072, This discrepancy is
explained by the influence of amplification in the OQA.
As the angle 7y, increases, the path length and gain per
transit increase, resulting in the increase in the angle y,. For
this reason, r, = 3.5 cm in the experiment. It is obvious that
when a telescope is used, the value of r, can achieve tens of
centimeters.

Therefore, in practice the amount of light collected in the
OQA is quite comparable with that collected upon direct
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Figure 2. Dependences of the transmission coefficient k of the OQA tube
on its length L for r, = 1.35 mm. Theoretical curve ( /) approximates the
experimental data. Curve (2) is the dependence k(L) calculated for a
mirror without an aperture.

P (arb. units)
1.0 -

0.8

0.6 |

04 |

0.2

0 5 1015 r? fem?

Figure 4. Radiation power P reflected from fine-grained paper (/) and
duralumin (2) detected with the OQA as a function of the square of the
radius r of a receiving mirror.
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photodetection. The experimental data obtained for a
duralumin reflector agree with the theoretical dependence
[curve (2)] for y, = 3.5 x 1073, The transmission coefficient
of the tube kK = 0.15+0.01 was measured from the ratio of
signal intensities measured without a diaphragm at the input
and output of the OQA with a quenched discharge. This
value is in good agreement within the measurement error
with that calculated from (5).

Figure 5 presents the experimental dependences of the
radiation power at the OQA input and output on the
effective power reflection coefficient pZ; of a diffusion
reflector to the aperture angle. The measured values are
normalised to the output power of the laser source. The
output power of the OQA was measured directly during a
discharge, and the input power was estimated from the
output power in the absence of discharge taking into
account the measured attenuation coefficient of the tube.
The reflection coefficient was determined by the ratio of the
radiation power at the OQA input detected in the absence of
discharge to the output laser power, divided by k. The value
of pesz was reduced by means of calibrated light attenuators.

P (arb. units) i

1073 L

1 1 1
1074 107 pZ
Figure 5. Radiation power P detected at the input ( /) and output (2) of
the OQA as a function of the effective power reflection coefficient p2;.
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The dependence of the power at the OQA input on pZ,
as expected, is linear. The dependence of the power at the
OQA output is nonlinear for large pezrr, which is explained by
the gain saturation in the OQA. The ratio of powers in the
linear region for both curves for the same value of pJ; gives
the unsaturated gain K of the OQA K=kG = (2.0t
0.2) x 10°, where G is the gain of the active medium. A
comparison of K and k shows that G = (1.5 +0.2) x 10%, in
accordance with the known data for the active medium of
this type (~44 dB m™").

Thus, our estimates and experimental results have shown
that the use of high-gain OQAs can enhance the photo-
detection sensitivity by a few orders of magnitude. In
particular, a He—Ne OQA with a collecting mirror of
diameter 7 cm can increase the detected signal by an order
of magnitude compared to the method of direct photo-
detection with a collecting mirror of diameter 30 cm. In the
tests of gas pipelines and other areas on the presence of
saturated hydrocarbons in air, this will allow flights at least

at a standard height of 100 m. It can be expected that this
height can be increased by an order of magnitude by using
transmitting and receiving telescopes. The results of this
paper can be also useful for the development of laser radars
and rangers, eliminating the necessity of analysing radiation
speckles. In this case, however, a great number of coherence
spots should be provided in a light spot on the reflector and
all optical elements, which excludes a tight focusing of light
on reflectors or the use of nearly mirror reflectors.

The theoretical conclusion of the paper can appear
paradoxical. The concept of spatial coherence has been
used to show that it is insignificant in the case of a weak
spatial coherence of the detected radiation. However, there
is nothing strange in it. It is well known that the radiation of
thermal sources is well described in the geometrical optics
approximation.
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