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Laser receiver with a quantum detection limit in the near-IR range

Yu F Kutaev, S K Mankevich, O Yu Nosach, E P Orlov

Abstract. A laser receiver (LR) with an active quantum
filter (AQF) (4 = 1.315 pm) based on an iodine photodisso-
ciation laser is studied. It is shown that the LR sensitivity
can be brought up to the quantum detection limit by in-
creasing the AQF gain. Taking into account the space-
time statistics of spontaneous emission of the AQF, the
LR sensitivity is determined as a function of the reception
solid angle and the recorder response time. Under the con-
ditions of the experiments performed, the LR sensitivity is,
to a good approximation, proportional to the square root of
the product of the reception solid angle and the recorder
time constant. The above dependence is confirmed exper-
imentally upon more than a hundred-fold variation of the
response time. For the reception angle that was three times
greater than the diffraction-limited angle, the quantum
detection limit was achieved, which amounts to approxi-
mately three photons for a 40-ns pulse for the unit signal-
to-noise ratio.

1. Introduction

Increasing the sensitivity of receivers for the optical range to
the natural limit imposed by the quantum structure of the
electromagnetic field is one of the most topical problems in
laser location and long-range laser communication [1-3].
Until recently, the most sensitive photodetectors (PDs)
were photomultipliers, which are capable of operating in
the photon counting mode. However, even at the maximum
of the sensitivity where the photoelectron quantum yield of a
photomultiplier is about 0.2, a reliable separation from the
noise and recording of a single light pulse requires that it
should contain approximately 20 photons [4].

Semiconductor photodiodes exhibit a higher photoelec-
tron quantum yield, but their intrinsic noise is significantly
higher than the photomultiplier noise. For this reason, a
40-ns pulse detectable, e.g., by an LFD-2 germanium ava-
lanche photodiode [5], which is the most sensitive in the
near-IR region, should contain approximately 5000 photons
as a minimum.
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As we see, the existing PDs cannot record single photons
with a high probability. In principle, the probability of record-
ing single photons may be increased in a receiver [which we
will call a laser receiver (LR)] where light signals are pre-
amplified in an optical quantum amplifier (OQA) to such
a degree that they will significantly exceed the intrinsic PD
noise. In this case, the quantum efficiency of amplification
in the OQA should be close to unity.

Itis known [6, 7] that the minimal noise of an OQA is one
photon into a mode in a time 1/cAv, where Av is the width of
the OQA amplification band expressed in inverse centi-
metres. Hence, it is in principle possible to record pulses of
duration 1/cAv consisting of one-to-two photons if they
are pre-amplified in the OQA. However, attempts to realise
this approach have failed for a long time, because the required
pulse duration for the ruby OQA used in Ref. [7] is several
picoseconds and lies in the femtosecond range for the Nd-
glass OQA used in Ref. [6].

We formulate which characteristics should be offered by
an OQA employed as a preamplifier of single-photon optical
signals in an LR intended for laser location:

— the amplification line width should be ~ 0.01 cm ™!,
since the characteristic length of laser pulses used in location
is several nanoseconds;

— the optical uniformity of the OQA active medium
should be nearly perfect to offer the possibility of selecting
specific angular modes;

— the population density of the lower working level should
be far less that that of the upper one to minimise the intrinsic
noise of the OQA;

— the OQA gain should be no smaller than 10° to exceed
the PD noise;

— the OQA wavelength should fall within the atmospheric
‘transparency window.’

A consideration of the parameters of presently existing
lasers showed that a unique combination of the above-listed
parameters is inherent in an iodine photodissociation laser
with a wavelength of 1.315 pm on the 2P, 2= ’p, /2 transition
of atomic iodine [8, 9]. Note that the photodissociation OQA
used as a preamplifier of the signals to be detected fulfils at
the same time the task of filtering and extracting the desired
signal, which is extremely important for laser location. In the
subsequent discussion, it will be referred to as an active quan-
tum filter (AQF) because, unlike conventional passive filters
which extract the signal by suppressing the frequencies out-
side of the spectrum of the signal, the signal extraction in
the AQF is attained by amplifying the frequencies that belong
to the signal spectrum. The AQF amplification line is so nar-
row that even the power of direct solar radiation into one
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mode of the AQF averages to only about a quarter of a pho-
ton in a time 1/cAv. This implies that it will be possible to
extract and amplify desired single-photon signals with the
aid of the AQF even against the background of the solar
disk [2]. A schematic diagram of the LR is shown in Fig. 1.
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Figure 1. Schematic of the LR:
(1) active quantum filter; (2) photodiode used as a PD; (3) electronic
video amplifier.
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As already noted, an AQF should possess a high gain. We
were able to obtain a gain of over 10® with a single-stage dou-
ble-pass AQF. A significantly higher gain may be obtained
employing an AQF comprising several amplification stages
combined with optical isolators. Thus, we can say that
AQF-based receivers are always capable of pre-amplifying
a signal to significantly exceed the noise of semiconductor
PDs and electronic amplifiers (EAs). The reception sensitivity
will then be determined only by the intrinsic AQF noise. We
will analyse in detail the AQF noise characteristics to deter-
mine the dependence of the LR sensitivity on the experi-
mental conditions. In addition, we will consider the PD and
EA noise to find the conditions for matching the AQF char-
acteristics with those of the PD and the EA and also perform
the corresponding experiments.

2. Spectral characteristics of quantum noise

It is known [6,7] that in the near-IR range, where
hw/kgT > 1, the spectral radiance of spontaneous emission
of one of the polarisations at the amplifier output may be,
provided the population density of the lower laser level can
be neglected, represented as

I = IS K, (1)
where
vac __ (l/z)th
2 4n(2)2)

is the spectral radiance of zero-point vacuum oscillations;
K, = K'(w) — 1; K*(w) = exp[L,0(w)4] is the gain at a
frequency w > 0; A4 is the population inversion on the laser
transition; L, is the length of the active region; o(w) =
A/ 2)2A¢>21 g(w — wg) is the transition cross section; A is
the Einstein coefficient; ¢,, is the quantum yield equal, in
our case, to unity; A is the wavelength of the electromagnetic
radiation with the frequency w, corresponding to the centre
of the radiated line; and g(w — wy) is the profile form factor.
If the pressure of the working gas mixture in the AQF is so
selected that the pressure broadening is small in comparison
with the Doppler one, the line profile will be Gaussian [10]
and

o - (525 )

where

2 In2
0) = et
2(0) Awlc/z n’

Aa)f/z is the line full width at half maximum (FWHM). Note
that K "(w) may be represented as K " (w) = Kog(wfww £0)
where K, = exp[L,0(wg)4].

Along with the spectral radiance defined only in the range
of positive frequencies (1), we will also consider the spectral
radiance defined for all frequencies, both positive and nega-
tive: 15 = I, [K(w) — 1], where K(w) — 1 = [K " (w)—1]/2
if o=>0and K(w)—1=[K"(—w)—1]/2if o <0.

The sensitivity of the LR under consideration is deter-
mined not by the power of AQF output spontaneous radi-
ation itself, which acts on the PD, but by the fluctuations of
the PD current whose statistics is related to that of the ampli-
fied spontaneous emission directed from the AQF output to
the PD. In this connection, we will consider the issues related
to the statistics of the spontaneous emission at the PD and of
the PD current.

3. Correlation properties of the spontaneous
emission at the AQF output

Let the spontaneous emission of the AQF be focused with a
lens of focal length f on a PD having an acceptance area of
diameter d,. The statistics of radiation at the PD will then be
determined by the part of AQF emission that propagates
within the cone with the apex angle 3, = d,/f, which we
will call the reception angle. Because the ratio between the
correlation radius and the beam diameter is a statistical
invariant [11], the statistical properties of the radiation
may be considered not at the PD but at the AQF output,
the angular radiation spectrum being restricted to the angle
9=23.

With the above restriction, we consider the correlation
properties of spontaneous emission at the AQF output
assuming this radiation to be stationary and statistically iso-
tropic. Because the length of the AQF exceeds its lateral
dimensions by more than an order of magnitude, the angular
radiation spectrum may, to a good accuracy, be treated as
uniform:

vac
LK)~ 1), # < bk,
07 x> %k‘gr

out __
]w,x -

where k = 2n/A. Then, the correlation function of the spon-
taneous emission at the AQF output is

B(s,7) — 2Qr Py Ji(my/Q,/Qq5/dy)

Qi Sa n\/Q,/Qqs/d,
< | k) - Newtondo, )
where -
od = 100Q24Sa = h(m/32) (©)

is the spectral power density of zero-point vacuum oscilla-
tions per diffraction solid angle Q4 = 1(%4/2)* = n°4%/168S,;
S =A/dy; Q= n(9,/2)* is the reception solid angle; J; is
the Bessel function; s = |r, — r|; and r; and r, are the radius
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vectors of the points in the plane of the exit AQF aperture
with diameter d, and area S, = nd? /4. (Ksp) /Ko
- i tens K2)/((Ky)/Ko): (Kyp)?/(K3)
From expression (2), we obtain the average intensity of the (Ksp) /(Ksp) / Ko): sp
spontaneous emission at the AQF output V(K2 / K b 1 (K3) /) (Kip)?

out __ o :)a‘;: Q
L™ = U(r,1)) = B(0,0) == de Kydo
and the degree of coherence y(s,t) = B(s,t)/B(0,0) = 7(s)y(z),
where
() = 7 (/2 /Qq /) |
m/Q/Qqs/dy "
y(7) = Joo K () — 1] eXp(ia)r)dw.

jfooc[K(cu) )

4. Energy characteristics of spontaneous
emission

If the function /) o js uniform, the average output power of
spontaneous leSSlOl’l is

Q
Ps%ut zaé"‘ gf Qr <Ksp>a (5)
d
where

(K >:J°° {Kgmw )/8(0)
sp
=

Awg =1/g(0) is the effective profile width; ¢ = (w —
wo)/Aws; and &y = wy/Awg. For a Gaussian luminescence
line profile Awg = (1/2)Aw],1/n/In2 and in view of (3), we
have

~1]dg

(Kyp) = J“ [Koexm—néz) _ 1]d5,
- ©)
Ps%m = hwooccAvf/z g—; (Ksp)s
where
2
- 3’;/% ~ 0.657;

and Avy), is the line FWHM in inverse centimetres. The
dependence of (Ky,)/Kj on InK; for a Gaussian profile is
given in Fig. 2.

5. Correlation and fluctuation characteristics of
the photocurrent

As is well known [12], the PD photocurrent is proportional to
the incident radiation power averaged over a time interval
equal to the EA time constant 7,. The power of spontaneous
emission averaged over T, is

1 e ! N2 1 Te ! N2
PT([):T d[ I(l’,t)d I’:?Od[ I(r,t+l)dr
t

e e

The average photocurrent in the PD circuit arising from
spontaneous emission is

MRPS™M

Miy, = MR(Pr) = 5
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Figure 2. Dependences of (Ky,) /Ko (1 ) (K)/(Kep) [ Ko) (2), 1/ (K3) /Ko

(3). (Kyp)?/(Kp) (4), and (Kgp) /(Kp)* (5) on In Ky,

where R = ne/liw, is the PD sensitivity [12]; 1 is the quantum
efficiency of the PD; e is the electron charge; and M is the
photodiode multiplication factor. Taking into account (3)
and (5), we have

ﬂeg Ao (Kp). (7)

Q432

The correlation function for the power of spontaneous emis-
sion at the AQF output is

Bp(t) = (Pr(0)Pr(t + 1))

T, T,
= LZJ j de'de"dr ey (I(ry,t + 01k, 1" + 1+ 1)),
Te 0 Jo

Because the AQF operates below threshold, the random field
at its output is Gaussian [11, 13]. It can be treated as sta-
tionary over a time 7, < 10 ps because the lifetime 4 of the
population inversion is signiﬁcantly longer than T,. Then, as
is known [11], (I(rl,t/th)I(rZ,t +t+1)) = (I(;1)><I(r2)>[
oy —rit"— '+ ] Because [y(ry —ry,t" — 1’ +1)| =
7(s)y(t" —t' 4 1), by assuming the average intensity (/(r))
at the AQF to be uniform as before, we can express the va-
riance of fluctuations of the photocurrent arising from the
spontaneous emission in the form

ol = [9{23,,( )—iszp]M2 = iLM(T,)P(Q,),

where, taking into account the transformation to the polar
coordinates ry, ¢, and s, ¢,

1 T. (T. 2
(D(Te):ﬁjo L p(t" —t)de'de”;

| ®)
Y(Q,) = 5 [Jyz(s)rldrldqolsdsdqo.

Consider the structure of @(T) in greater detail. To this

!

purpose, we substitute y(t) from (4) into (8), witht =" — ¢'.
As a result, we obtain



836

Yu F Kutaev, S K Mankevich, O Yu Nosach, E P Orlov

> sin?(wT,/2)

o (@T2) I'(w)do, )

o(1) = |
where the function
ro [K(ow") = 1][K(0" — o) —1]do’

e IR 11dw}2

is the normalised to unity spectrum of photocurrent fluctua-
tions upon the square-law detection [11, 13] of the Gaussian
noise; [~ I'(w)dw = 1.

To estimate the effect of 7, on the fluctuation character-
istics of the photocurrent, we discuss the main properties of
the function I'(w). It is symmetric in w with respect to zero
and has three maxima: one at the zero frequency and two
at the frequencies w = +2w,. We are interested in the central
maximum, because wy ~ 1.4 x 10'° s~! is many times greater
than the PD transmission band and the EA band I1, = 1/T..
For this maximum,

o] <

which corresponds to the uniform distribution over the com-
ponents of the Gaussian noise [11]. The width of the central
maximum of the photocurrent spectrum can be determined
from the condition Aw;,I’(0) = 1/2, where

Kgd
oyl W
- ) 2 C 2
Z(J KSPdw) Ay (Ksp)
0 (10)

0 “AC 2
(K2) = J [Kdz@mea/gw) _ 1} dé,

_é()

Therefore, the width of the central maximum is Aw;y=
Awgf(Ksp)2/2(Ksi). The dependences of (Ksp)2/(KS%,> and
(st,) /(Ksp)” on InK for a Gaussian profile are shown in
Fig. 2.

6. Sensitivity of the LR

In addition to current fluctuations caused by the random
nature of the spontaneous emission at the AQF output,
also present in the PD circuit are the fluctuations caused
by the shot effect of the PD, the thermal noise of resistive
elements, and the EA noise. Assuming the above-listed fluc-
tuations to be statistically independent, we can represent the
total variance of current fluctuations in the PD circuit in the
form

ol =l + (15112 + 17+ Ie*z)ne.

Here, I}? = 2e(i, + ig) FM 2 is the spectral density of the
current fluctuations arising from the shot effect; iy is the
average dark current; F is the photodiode noise factor; 1,
= 4kpT,/R is the spectral density of thermal fluctuations of
the current of the equivalent resistor with the resistance R; 7,
is the resistor temperature; and 1.2 is the spectral density of
current fluctuations of the equivalent current source of the

amplifier noise. At the EA output, the variance of voltage
fluctuations is

4
ol =K} Kl + §n217§C2122> VA, + Rza,},

where K, is the EA gain at the lower boundary of its ampli-
fication band; C is the resultant input capacitance; and V.
is the spectral density of voltage fluctuations of the equiva-
lent voltage source of the EA noise [12].

We will seek the minimal detectable input signal for the
AQF by comparing the signal-induced voltage V" at the EA
output with the rms fluctuation ¢} of the noise-generated
voltage. According to the Chebyshev inequality, P(|V—
(V)| =mop)<m =2, Hence, the probability that the depar-
ture of the voltage from its average value caused by a random
fluctuation is greater than or equal to mo, cannot exceed
m~2. Therefore, the signal for which the signal-to-noise ratio
is equalzto m will be recorded with a probability of no less than
1—m~.

Let a pulsed optical signal with duration ¢,, frequency
W, >~ gy, and wave vector ks parallel to the optical axis of
the AQF be applied to the AQF input. The PD current
induced by this signal is

_RM

Mis(1) = =
€

t+T,
J P;(t)de,
t

where Py is the part of the signal power that comes from the
amplifier exit to the PD acceptance area. It depends on the
ratio between Q, and Q4. When the AQF and PD apertures
are round, in accordance with the law of radiation diffraction
by a circular aperture,

Psr = PSOUtL(Qr/Qd)J

where P2 is the signal power at the AQF output and

T /Q T |Q
LQ/Q)=1—J2 =, [22 ) —J2| =, /=
(2:/Qa) 0(2 Qd> J1<2 Qd>

is the Rayleigh function [14].

If the spectral width of the signal is far less than the profile
width, as is the case in the experiments described below, the
signal gain is K ~ K "(w,) and the pulse durations at the
AQF input and output coincide. If in this case T, > ¢,, the
peak voltage at the EA output, V" = K.Mi"* R (Mi"™
is the maximum photodiode current), can be expressed in
terms of the energy E;" of the signal at the AQF input as
Vi — RIQ, /Q) KK MRE" T,

Let us compare V"* with ma. Then, for the number
Npin = (E§M)min/fig of photons detectable with a probability
of no less than 1 — m 2, we obtain the expression

N 2¢eF <1+ 1 {
: — |l
isp T Isp

mig, T,
Npin=———3D(T,))¥V(Q
= e o { T

11 2l 1 4n’ 22 2
+mze—F(Ve (ﬁ*T”eC Tt

DY

Because the conditions Aw;T,/2n =~ Awt,/2n > 1
(cAvg /I, > (Ké)/([(sp)z) and (1/2)y/Q,/Qq > 1 were ful-

)
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filled in the experiments outlined below, we consider the
asymptotics of the functions @(7T,) and ¥ (£,) corresponding
to these conditions.

First, we find the asymptotics of &(T,). If T, is so long
that [sin® (w7,/2)]/(wT,/2)* limits the range of integration
in expression (9) to a band that is much narrower than the
central peak of the photocurrent spectrum, i.e., if
21/ T, < Aw;y, then I'(w) may be factored outside the integral
sign in expression (9). Since [15]

r@ {sincf)c;j/e 2/2) } 2 do 2T

—00
we have

T <Ksz>
o(T,) ~ P>
( e) AweCch <Ksp>2

Now we find the asymptotics of ¥(Q,) when (n/2)\/Q,/Qq4
> 1. In this case,

P(Q,) ~ ng—nJO 72(s)sds.
a

By taking y(s) from expression (6) and using the tabulated
integral [;°J7(x)x~'dx = 1/2 [15], we obtain

16 /2. \"
Y(Q)~—| == .
@ =15 ()
Let us substitute expression (7) and the asymptotics of &(T,)

and P(Q,) in expression (11), and take into account that,
when (1/2)/Q,/Qq > 1, the function L(Q,/Q4) ~ 1. Then,

N n\(Kp) [Awe o,
min =M\ w1, @

32(2/Q0) " N ey
x(1+= Ve —
( * m (Kyp) eAog ¥ 2eFM?*\ ¢ \ R?

47'[2 ) %2 4kBTl‘ 12
—1I I, —_— .
+5-12C ) 174 )

When the quantity K, varies in the 10° < Ky < 10" range,
the quantity (K,) =~ K, where 6>0.9, and the ratio
(Ksp)/(KS@ x 1/K, (Fig.2). For this reason, the second
term in braces can be neglected compared to unity when
K, is large enough. This means that the intrinsic PD noise
and also the EA noise can be neglected compared to the
noise caused by the fluctuations of the AQF spontaneous
emission. In the experiments described below, the PD and
EA noise became several times smaller than the spontaneous
noise for K, = 3 x 10°. Therefore, the spontaneous emission
proves to be the only factor that determines the sensitivity of
the LR under consideration. In this case, for a Gaussian
profile,

(12)

7. Experimental results and discussion

The LR sensitivity was investigated using averaging in the
nanosecond and microsecond ranges employing the setup
shown schematically in Fig. 1. In both cases, we used 40-ns
pulses produced by the master oscillator and attenuated by

five calibrated filters to the required energy. The initial pulse
energy was measured with an TEK-1 calorimeter with an
accuracy of 10%. The attenuation produced by each filter
was measured with an accuracy of 5 %. The resultant relative
error of the energy measurement at the AQF input was 15%
with a confidence level of 0.68 [16].

The plane reception angle was three times greater than the
diffraction-limited angle in all the experiments. Prior to
arrival at the PD, the radiation passed through a Glan prism
(not shown in Fig. 2), which was completely transparent to
the amplified signal and amplified spontaneous emission of
only one polarisation. The averaging time was determined
by the EA transmission band. The main experimental param-
eters are presented in Table 1 and the oscillograms are shown
in Figs 3 and 4.

Table 1.
Number .
FWHM pulse Averaging . 2
length /ns of photons time/ns AQF gain (Ksp) / Ko
in the pulse
40 23 30 4900 ~ 0.5 (Fig. 2)
40 270 5000 3000 ~ 0.5 (Fig. 2)
> L i >
= 50 50 E
o - |/ )
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& =
G G
>0 pts Yo 25~
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Time /ps
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~100 ] - -
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Figure 3. Oscillograms of the optical pulses recorded at the output of the
master oscillator (/) and at the LR output (2) for a short averaging time
(T, = 30 ns).
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Figure 4. Oscillograms of the optical pulses recorded at the output of the
master oscillator (/) and at the LR output (2) for a long averaging time
(T, =5 ps).

Oscillograms 7 in Figs 3 and 4 correspond to the optical
signals at the output of the master oscillator prior to attenu-
ation. Oscillogram 2 in Fig. 3 corresponds to the signal at the
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AQF output recorded with the PD and amplified with the
help of the EA for T, = 30 ns. This oscillogram exhibits
the AQF noise, which determines the LR sensitivity, and
the pulsed response recorded.

The distribution of the voltage fluctuation probability at
the EA output is intermediate between Gaussian and expo-
nential, because the EA averaging time exceeds the cohe-
rence time for the spontaneous emission. However, the noise
level o}, was defined as one sixth of the difference of maximal
and minimal voltage fluctuations at the EA output, as is
accepted for the Gaussian distribution [16]. This resulted in
some overestimation of the noise level.

The signal-to-noise ratio at the PD output (Fig. 3, curve
2) was ~ 8.5. Therefore, for a signal-to-noise ratio equal to
unity, N*P = 23/8.5 ~ 3 photons can be recorded. For a sin-
gle pulse detectable with the probability P = 0.75 (m = 2),
the results of our experiment imply, according to the Cheby-
shev criterion, that NP =2.23/8.5 ~ 5 photons. A theo-
retical estimate by formula (12) gives, for the above parame-
ters of the input pulsed signal and taking into account that
Avi) =~ 0.012 cm ™! (the active medium of the AQF heats
up to approximately 600 K during photolysis), N,2r ~ 3
and 6 photons, respectively.

Curve 2 in Fig. 4 shows the signal recorded at the LR out-
put for 7, = 5 ps. In this case, the signal-to-noise ratio is ~ 9.
Therefore, for a signal-to-noise ratio equal to unity, it is pos-
sible to record NP = 270/9 = 30 photons. For a single pulse
detectable for this averaging time with the probability
P>0.75 (m=2), NP =2x270/9 =60 photons. This
also agrees well with a theoretical estimate N,2°" ~ 35 and
70 photons obtained by formula (12) for 7, = 5 ps.

8. Conclusions

Thus, the theoretical and experimental sensitivities of the LR
under study agree closely with each other in a broad range of
experimental conditions (the difference is within 20 %). This
means that the sensitivity in the experiments described above
was determined only by spontaneous emission of the AQF.
An experimentally attained sensitivity Ny, =~ 3 photons for
the signal-to-noise ratio equal to unity corresponds, for a 40-
ns pulse, to the quantum limit for an reception angle three
times greater than the diffraction-limited angle and an aver-
aging time of 30 ns. Note that this reception sensitivity was
obtained without using any special means, e. g., cooling the
PD to low temperatures, because the effect of intrinsic noise
of the PDs employed on the LR sensitivity was eliminated.

According to a preliminary analysis, the sensitivity of the
LR under study would improve still further if the reception
angle were made smaller than the diffraction-limited angle,
while the pulse length were so reduced that its spectral width
amounted to approximately one third of the width of the
AQF amplification line profile. In this case, one might expect
to extract a single single-photon signal from the noise and to
record it. To specify the conditions for optimal reception,
more detailed theoretical and experimental studies should
be performed.

The laser receiver made on the basis of an iodine active
quantum filter can be used in lidars for remote objects
with a small effective reflecting surface, in long-range space
communication systems, and in other fields of technology
which require a high probability of enhancement and record-
ing single photons against the background of intense
irradiation.
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