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Abstract

In optical heterodyne detection processes, the directional characteristic for
illumination by spherical wavefronts was calculated. The derivation was based
on Corcoran’s analysis for a one-dimensional photosensitive surface.

The directivity factor of a strip detector of width L, D*B,, ¢, L) is given by
{C [r(zzL)]—C[r(sz)]}z—F{S [r(z:L)] -8 [7(220)] }2. When the curvature is
zero, D¥B,,0, L) is shown by sinc*(8,L/2), which is the well-known directivity
factor of plane waves. In exactly parallel and normal incidence beams the ratio
of power output obtained for spherical wavefronts to that for plane waves de-
creases as the curvature of wavefronts increases. In normal incidence but with
non-parallel beams, the directional pattern is narrowed as the wavefronts become
progressively more curved. In the case where 2/¢|/x L=0.2, §,=0, 0,=450, and
L=3mm at 6000 A, patterns of converging and diverging wavefronts are much
the same with that of plane waves.

1. Introduction

In optical heterodyne detection processes strict alignment tolerances necessary
to keep signal and local oscillator wavefronts in phase, over the detector surface
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have been pointed out by Stroke”, Siegman, Harris, McMurtry?, Sakuraba, Chida®
and Del.ange® and directions for apparently relaxing these alignment tolerances
have been offered by Read, Fried and Turner™®, and the antenna properties of
optical heterodyne receivers have also been pointed out by Siegman”. Corcoran®
showed the directional characteristics of a one-dimensional strip detector in the
case of unfocused light beams, focusing light beams with a single aperture and
focusing beams with multiple apertures. The directional characteristics of two-
dimensional detectors have recently been given by Sakuraba and Tsubo®.

These directional properties arise since the surface or detector volume is
generally large compared to the optical wave length. As a result, the phase
difference between two light beams and thus the phase of the difference frequency
signal, can vary widely over the complete area of coincidence. When the detector
is in the near-field of a laser, or when a lens is used to direct the radiation on
to it, the detector surface is illuminated by spherical light waves. One of con-
ditions for maximum beat signal is that the wavefronts must have the same
curvature. In work done hitherto directional problems on spherical wavefronts
have been mentioned but no quantitative results have been given in detail.

This paper deals with the directional characteristics for illumination by
spherical wavefronts in optical heterodyne detection processes. The derivation
will be based on Corcoran’s analysis for one-dimensional detectors and information
on output power and curvature of wavefronts will be added by extending his
analysis to illumination by spherical wavefronts.

2. General Solution

Analyses of the photodetection mechanism for incoherent and coherent radi-
ation showed that the current output of the detector is proportional to the square
of the total electric field at each point on the detection surface ™. This was
summed up over the entire area, and temporally averaged over a short period of
time (107 seconds for photoelectric material)®. Then the output current of the
detector process can be expressed as

i0) = 752._1'811 [V o] aadr

=~1-§ <VV*>dA+—1—S <V VRSdA, (1)
2 s 4 )4
where VP, ¢) is the real disturbance at point P and time # proportional to
a component of the electric field® and V(P, ¢) is the complex function associated
with VP, £. For simplicity an unessential constant factor has been dropped
and in actual problems this constant might be a suitably averaged function of
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angle of incidence and polarization of the light. The brackets indicate the time
average over an interval 71" around z. When the field at the detector surface is
a superposition of monochromatic waves:

V(P &)= 2 E (Pe 7. (2)

the output current is

i(t‘):%g

A

<N E.(P)-EX(P)>dA+ %S < N EP) EL(P)e %o > dA
7 A4

mn
mExn

+ %S <UD EP)e P +(L B (D)l f>dA. (3)

The first term shows the d-c current and the third term has optical frequency
terms. It is noted that optical {frequency terms are presumably completely sup-
pressed by the averaging process. Even if they were not, we have no practical
means of coupling or measuring an optical-frequency-modulated electron current.
Then the output current becomes

i(t) = 2<>S E,(P)- EX(P/dA, (4)

.,
mxn A

where an average was taken over a period so that
a)n_wm< L <wna Wy, ( 5 )
T

and the average value of the current, the unessential constant factor and the
angular brackets were ignored. In particular when the field at P is due to the
superposition of two waves,

i = e"(‘"f‘“)’LEl (P)- Ef (P)dA . (6)

It is conventional to relate the peak ac photocurrent 7, to the power output
through a fictitious equivalent resistance R,, defined by the equation

Pmn,:%tillzReq- (7)

The equivalent resistance depends on the circuit characteristics of the optical
devices and its output connections¥~'®, From Fgs. (6) and (7) the expression for
the output can be written as

1
Pout = 7Req

S E,(P)- E; (P)dA|". (8)

With a knowledge of the spatial variation of the electric field across the detection
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surface, the power output for the problems of interest can be calculated from
Eq. (8). ‘

3. Signal Power Output for Illumination
by Spherical Wavefronts

A schematic representation of the problem of detecting two spherical wave-
fronts is shown in Fig. 1. It is assumed that the wavefronts are not too strongly
divergent or convergent on to the active length of the detector, and any 1/r
dependence of amplitudes is neglected by the above approximation. Thus the
field at the photosensitive surface is given by

V(P, t) = E,(P)e™ % + Ey(P)e ", (9)
where '
E\(P)= Ae¥itrt,  E,(P)= ATt (10)

and %, and %, are propagation constants of the two light waves. The upper and
lower signs refer to converging and diverging wavefronts, respectively. Figure 1
refers to diverging wavefronts but the results are exactly analogous to converging
wavefronts, for which L, and L, can be envisaged as to the right of the origin.

y POWER
OUTPUT
. [
Req
, h
Ly ,
N
f
O 0 z i /A

Fig. 1. Schematic diagram of the detector showing illumination
by radially propagating waves in optical heterodyne
detection processes.

The quantity 7, represents the distance from the center of divergence L, of the
component of the radiation to any arbitrary point on the detector. For con-
venience we take this as the origin 2=0, see Fig. 1. The distance from a point
P to a point L, is 75,. @, is the angle of incidence of the ray through the
origin with respect to the outward normal from the photosurface. If the active
length of the detector, L, is small compared with 7,, then by the binominal
expansion
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2
R, Fesing, +——, (n=1,2,) (11)
7‘7L

The simplest example we can consider is a photosensitive surface which is
a strip of width L in the 2-direction and uniform in the z-direction. Through
use of Egs. (8) and (11) it follows that

. : ooty e et )
S E\(2) Ef (z)dz:S AL AT g Beng i T d
0 [
Z . 2
— [ aageme iz,
[}
L B \2 (Ba )2
:S A{Aé*e"ﬁ<z+T) e»e-]s(f) dz, (12)
0
where
‘Bc = kz Sil] 02_k1 Sin 01 N (13)
e= 1t bk (14)
271 27 ’

and the constant phase term has been absorbed into AjAj;*. In terms of the
Fresnel integrals

Cla) = S cos (_g- t2>dz, S(x) — S sin(%f‘) dr,

0 0

Eq. (12) becomes

SLEI (2)- Ef (2)dz — ALAL (EL) Rt

0

where

|51<z+ %)22 2. (16)

The expression for the signal power output is therefore given by

7z
2

_ 1 T 1 A2 TY? c
28 L>-7Req( 2|51>'A1A2 DB, e L), (17)

where

DX, ¢, L) = {C[T(z:m] ——C[r(z:O)]}Z—i—{S[T(z:L)] —S[T<z=o>]}2.
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D(B., &, L) is the directivity factor. This refers to either diverging or converging
wavefronts through the value of ..
4, Characteristics of Power Output

Now consider the power output in the case where |e]=0. Equation (12)
becomes

S: Ey(2) Ef (2)dz — S: ALALF e e
Therefore
P(0, L) = RuL*| 447 'D}(6,, 0, L), (19)
where
D*., 0, L) = sinc*(B,L[2). (20)

P(0, L) is the well-known power output obtained for plane wave illumination and
D(B.,0, L) is the directivity factor and the notation sinc x=(sin z)/x is used. It

is apparent that D(B,,0, LY=1/y2 for ﬁnngn. In a case in which ¢,=8,=6,
and wy;=w, + 4o, the required condition for negligible reduction is
A=225Lsind

where 1 is the wavelength of the difference frequency. This condition is well
satisfied in microwave frequency bands, since it would be very unusual to have
a detector whose dimension L approached a difference frequency wavelength. In
the second case where two beams are incident at nearly equal but non-normal
angles, #,=¢ and 6,=6+dp, the requirement for D(8,,0, L)=1/y2 becomes

00 Z 2,/2.25 L cos @

where 2, is the optical wavelength. Since the detector dimension is much larger
than the optical wavelength 1,, this is a very stringent angle limitation.

When |e| increases, D*(B,, ¢, L) tends to a limit of 1/2. Then the power
output becomes

_i 4 T 7T ATKR|2
Ple, L)~ Req(T]eI)mlAz | (21)

N

This is then independent of length I. Tt is the power output at the beat frequ-
ency that would be obtained from convergent beams which are focused almost
to a spot on the detector.
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Next consider the power output in the case where §,=@,=0 as the curvature
of wavefronts increases. In this case it follows that

Cle(z=0)] =S[=z=0)] =0, 1

(22)
sinc (B, L/2) =1.
Therefore, the ratio of P(e, L) to P(0, L) becomes
Pel) 1 _(0fee=1)]+$[=L)]). (23)

PO,L) e=L)

3
e
o
~
~1
)
o
| 1 J 1 1 1
00.] 10 20 30
J2lelfx L

Fig. 2. Reduction in power output as the curvature of wavefronts

increases. This is normalized to the power output obtained

for plane wave illumination. It was assumed that f,=0

and 6; = 0, =0.
A plot of Eq. (23) as a function of *(z=L) is shown in Fig. 2. This case is
that in which 6,=6,=0, namely 8,=0. This means exactly parallel and normal
incidence beams. Figure 2 shows the reduction factor in normalized power output
as the curvature of wavefronts increases. It is apparent that the required con-
dition for negligible reduction in detection can be calculated by |¢|L?*<0.87z. For
example if two light sources transmit at 6000 A and impinge at angles 6, =6,=0
on a detector surface whose effective mixing length L is 3 mm, it follows that

[1/m—1]r| <58

When 6,=0, 6,=60,L.=3 mm and the wavefronts are convergent at 6000 A,
plots of normalized directivity factor with 4 2[¢|/z L as the parameter are presented
in Fig. 3. This result shows that the directivity increases when the wavefronts
become progressively more curved. In the case where y2[¢|/zL=0.2, 6,=0,
6,=00,L.=3mm at 6000 A, the normalized directivity factors for converging and
diverging wavefronts are given in Fig. 4. The normalized directivity factor of
plane waves, namely |¢|=0, is also shown in Fig. 4. As scen from this figure,
the theoretically expected curves of spherical wavefronts are almost the same with
that of plane waves.
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8,=0, 6,= 58,
10 A=6000A, L=3mm,
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Fig. 3. D2(30,¢, L)/D2(0, ¢, Lj of converging wavefronts with 4 2[el/x L
as the parameter in the case where 6;=0, 0,=060 and L=3mm
at 6000 A. The directivity increases as the wavefronts become
more curved.

1.0
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Fig. 4. The effect of beam tilt on signal power output; (C) converging
wavefronts, (D) diverging wavefronts, and (P) plane waves, in
the case where 4 2le|/r L=02, 0,=0, 0,=00 and L=3mm at
6000 A and £=0 for plane waves.

5. Conclusions
In optical heterodyne detection processes, the directional characteristics for
illumination of spherical wavefronts was calculated. The derivation was based on

Corcoran’s analysis for a one-dimensional photosensitive surface.
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The general characteristic of directivity factors could be summarized as follows :
1) The directivity factor of a strip detector of width L, D*,, ¢ L) is given by
{Clez=D)]—C[z=0)]} +{S[(z=L)] = S[=0)]}". This refers to either di-
verging or converging wavefronts through the value of «.
2) 1In the case where |e/=0, the directivity factor, D?*,, 0, L) is shown by
sinc?(8,L/2). This is the well-known directivity factor for plane waves.
3) When |e| increases, the directivity factor D*(8,, ¢, L) tends to a limit of 1/2.
This would be obtained from convergent beams which are focused almost to a .
spot on the photosensitive surface.
4) In the case of exactly parallel and normal incidence beams, the normalized
power output decreases as the curvature of wavefronts increases. The required
condition for negligible reduction in power output can be calculated by |¢|L*=<0.87 x.
5) The directional pattern is narrowed as the wavefronts become progressively
more curved. In the case in which 2|¢l/r L=0.2, 6,=0, §,=60 and L=3mm
at 6000 A, the directional pattern of converging wavefronts is about the same as
that of diverging wavefronts. Their patterns are also much the same as that of
plane waves.
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