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Abstract

The effect of incident beam points on optical heterodyne detection of Gaussian plane
waves was presented. The derivation was based on Corcoran and Sakuraba’s analysis
for a one-dimensional photocathode.

The full width for the power pattern between half-power points decreases when the
distribution length increases in the case where the cathode width and the wavelength are
kept constant and the signal and local-oscillator beams are assumed to be directed toward
the middle point of the cathode width. A chart which shows the effect of incident beam
points on the full width of 3-db points is given.

1. Introduction

Angular selectivity properties of uniform plane waves in optical heterodyne de-
tection have been pointed out by Siegman, Harris, and McMurtry?, Corcoran?, Stroke®
and Siegman®. Delange has shown a curve of effect of beam tilt in Gaussian plane
waves on output current”. The directional characteristics of two-dimensional photo-
cathodes has been shown by Sakuraba and Tsubo®. The wavefront curvature effect
on detected power output has recently been given by Sakuraba” and the fundamental
properties of Gaussian plane wave in optical heterodyne detectors have more recently
been shown by the present authors®®.

The purpose of this paper is to derive the directional characteristics of Gaussian
plane waves in optical heterodyne detection when the signal and local-oscillator beams
are assumed to be directed towards their respective incident points on the photocathode.

2. Detected Power Qutput

A schematic representation of the problem of a combination of Gaussian plane
waves incident on a photocathode is shown in Fig. 1. The photocathode is a strip
of width L in the z-direction and uniform in the z-direction. The local-oscillator
beam is assumed to be directied towards a point z, on the cathode at an angle of
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incidence @, and the signal beam is assumed to be directed towards a point 2z, on
the photocathode at an angle of incidence §,. When the field at P on the detector

1
A

~

2
& Uz

Wy /

v

1
0 Zyy Zy2 L F4

Fig. 1. Schematic diagram showing the illumination of
the cathode by Gaussian plane waves.

surface is due to the superposition of two waves, the ac output current of the detector
can be expressed as

i) = e*ﬂwrwzﬂj E\(P)E; (P)dA (1)
A

where @, and w, are optical frequencies, E,(P) and E,(P) are components of the
electric field at P on the cathode and A is the photosensitive area®”. The unessential
constant factor was dropped and the angular brackets which indicate a time average
over an interval were ignored. It was assumed that the two beams have the same
optical modes and they are identically polarized. It is conventional to relate the peak
ac photocurrent 7; to the power output through a fictitious equivalent resistance R,
defined by the equation:®

Poutz_;‘lilizReq- <2>

The equivalent resistance depends on the circuit characteristics of the optical devices
and its output connections. From Egs. (1) and (2) the expression for the output can
be written as

Paw =5 Rl| BP) B2 (P4 (3)
The fields at P(0, 0, 2) on the detection surface are given by
E(P)= A4, exp[—(ul/um)z— jklvl], (4)
and
E,(P) = 4, exp[—(ul/uoz)z - j]ez'vz], (5)

where A, and A, are complex constants, %4, and %, are propagation constants and
uy and u, are amplitude distribution lengths (see Appendix). By geometry as shown
in Fig. 1:

v, = y cos b, —(2—2y) sin b, (6)
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u, = (2—2y) cos f,+y sin 6, , (7)

Uy =¥y 08 t—(2—2¢) Sin 4, , (8)

1, = (2—2¢) cos O, + y sin 6, , (9)
and

0, 0, % /2. (10)

By substitution in Eqgs. (4) and (5), we obtain

o 2
E(z)=E(P)l,.o =4 exp[—j/elzm sin 8, — <i—z—"i—> + jkyz sin 6’1], (11)
ug/cos 6,

- 2
E,(z) = E,(P)|,-0= A, exp[——-j/ezzoz sin 0,— <——5—292——> + jky2 sin 02], (12)

Ug/cos O,
and
P =+ R A AP
2
x o R 2
S R T syl L
where
_ 2o (z¢oz/cos 0o + 2o (2t [cOs 6, ) (14)
(2g/cOs 6,) + (ttge/cos 6,)
B.=kysinf,—k, sin 6, , (15)
and
2 (ug/cos 0y)* (up/cos 0, . (16)
(210108 8, + (ttgpf COS )
By putting
E€=z/L, é&u=2za/L, E&a=2z0/L, (17)
Wy = U /L cos 0y, W= up/L cosb,, (18)
Li=2X/Lsiné,, Ly=2/Lsing,, (19)
and
ki, =kysin b, kg, =k, sin 6, (20)

the power output may be rewritten as

Slexp[ —(E—af _ (tn—én) _jbf}dslz (21)

2 2 2
0 Wa + Wee

P = -—g Rl A, A L2

where

2 2
q = foWnt Suto (22)
w%x + w(z)z

b= (k.—h)L, (23)



130 Ichiro SAKURABA and Teruhito MISHIMA 4
2 2
2 Wnlle (24)
Wi + Tk

The quantities of wwy, and w, are normalized amplitude distribution lengths in the
z-direction and the quantities of /, and /, are normalized lengths between two points

N

0 N L

Zy Ll

Fig. 2. Relation between 6y, uq, wo, L, 2 and L.

which have the phase difference of 2z on the detector surface (see Fig. 2). The z-
components of the propagation constants are £,. and k...

Now consider two special cases of interest. The first special case is that in
which we let wy and w,, approach infinity. Then Eq. (21) becomes

Powy = (R [2)| A AF P LD, (25)

D2 =sinc*(b/2) . (26)
where the notation sinc x=(sinz)/x is used. This is nothing but the directivity factor
of optical heterodyne detection of uniform plane waves"®"’, In the case where two
beams are nearly equal and are at non-normal angles, #,=68 and 6,=0+56, the full

width of the main lobe measured from half-power point to half-power point on either
side of the beam direction 2B =258, becomes

2B =0.888 2/L cos 4, (27)

where 1 is the optical wavelength and it was assumed that 3 =~2,=21.

The second special case of interest is that in which the two light beams are
assumed to be directed towards a point 2,=2p=2, on the photocathode and the
length of distribution on the cathode is small compared with the cathode length.
Thus Eq. (21) becomes

Pou = (xRoo/2)| Ay A Pg*L2D2 (28)
D = exp(=0'¢’[2). (29)

The quantity mentioned above D, specifies the normalized directivity factor in hetero-
dyning of Gaussian plane waves®. In the case where 6,=6 and 6,=80+06, the full
width for the power pattern between half-power or 3-db points is

2B =0.375 2 / (1>2 + (1>2 (30)
Ugy

It should be noted that this equation does not include the incident angle 4.
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3. Examples and Discussion

When wy=wp=1wy,, Ea==Ep=0.5, =0, 6,=60, L=2mm and i==0.633 g, the
power pattern with 8¢ for various values of w,, is plotted in Fig. 3. The pattern is
normalized to a value of power output in the case of exactly parallel incidence. As
the distribution length increases, the parameter w,, increases and the width of the
main lobe becomes narrower and side lobes appear and finally they approach the power
pattern of optical heterodyne detection of uniform plane waves. The first zero in the
pattern for w,,=0.5 occurs at #,=00=5.3x10"* rad. The first side lobe for w,,=
0.5 i1s 36.7 db down from the peak value of main lobe at §8=5.9x10"* rad and the
second lobe is 31.9 db down. The first zero for w,,=2.0 is at ¢,=00=3.3x10""

>~ 1 NS
LN L=2mm L=2mm
N \
\ AN 6=0° \ AN Ugi=Ugo= 2mMm
. N \ En=¢€2=05
\_ \ €o1=foz=o.5 \ \ 01=102= V-
= TaL 1
a -
2 =
o -
0 @)
Ll
N 0
- N
S 7 3
x 10 S 102
®)] o
=z o
z
__3 -
10 103k
10% 107 | ! I ! .
0 2 4 6 8 10¥0° 5 5 4 6 8 10xi0
80 (rad) 860 (rad)
Fig. 3. The calculated normalized output vs. Fig. 4. The calculated normalized output vs.
60 with wor as the parameter in the d0 with 0 as the parameter in the case
case where 0,=0, 03=40, L=2mm and where 0;=40, 0y=0+60, L=2mm, up =

Eou=E&p=0.5 at 0.633 p. uge=2mm and §g=E&p=05 at 0.633 ..~
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rad and the first side lobe is 14.0 db down from the peak at §¢=4.55x 10" rad and
the second is 18.6 db down. The power pattern for uniform plane waves, w,,=oco,
is alsu shown in Fig. 3. A study of Fig. 3 shows that the patterns for w,,>2.0
and 1w, =oco are almost the same.

Plots of the normalized output as function §f for various values of # are pre-
sented in Fig. 4, when wuy=1p=2mm, L=2mm, &;=8&,=0.5, 6,=0, 6,=0+30 at
0.633 1. As the value of incident angle increases and the distribution length is kept
constant, the directivity decreases. Namely, the directional pattern of nearly equal
and non-normal angles is less sensitive to angles than that of normal incidence and
non-parallel beams, as was expected. Because, it is considered that the factors which
influence the directivity are the parameters w,, and z-components of propagation
constants when the incident beam angle is changed. As it is clear from Eq. (27) and
results of Corcoran® and Siegman®, the power pattern of uniform plane waves also
shows a similar tendency.

Plots of normalized output with cathode length as the parameter are shown in
Fig. 5. It was assumed that u,=uwuu=2mm, 6,=0, ,=00 and &;=E,=0.5. Figure

Uy=Up=2mm
6=0°

5 \
E: 08 “\ €o1= &o2= 05
!
3 ol
06!
o i
N \
20.4"\\ 6
mm
=
goz—
prd
0 —t 1 5
0 2 4 6 8 10x10°

88 (rad)

Fig. 5. The calculated normalized output vs. 66 with L as the
parameter in the case in which 0,=0, 0;=00, wy=ugp=
2 mm, and §p=5§0:=0.5 at 0.633 p.

5 shows that the directional pattern is narrowed as the cathode width increase in
the case of constant distribution length and the factors affecting the directivity could
be parameters of w,, and z-components of propagation constants.

Now consider examples of effects of incident beam points on the directivity. Figures
6, 7, and 8 show the normalized outpt with &, as the parameter in the case where
€n=0, 0.25, and 0.5, respectively, when L=2mm, uy,=uy=1mm, #,=0 and 6,=50
at 0.633 . These results show that when we replace the value of &, with that of
&p in the case where wy =1, the power pattern remains the same. In the case in
which &,=£&,=0.5 many side lobes appear and they have numerous zero points in
the pattern and they do not necessarily have zero points in the other case.

When L=2mm, wuy=upz=5mm, 6;=0, 6,=00 at 0.633 p, the power pattern
for £,=0 and 1=§,=0 are given in Fig. 9. As seen from this Figure, the effects of
values of &, namely the incident point of signal beam, can be neglected and there
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is not appreciable change in power patterns as wg =g >2.5, &, =0 and constant values
of L, uy=1uy and 4,=0.

When L=2mm, 6,=0, 0,=200, wy=1wp=1w,,, and &, =£&,=0.5 at 0.633 z, the
full width for the power pattern between half-power points was solved on the digital
computer with Eq. (21) and the calculation points are shown in Fig. 10. Also shown

L=2mm
6=0°
6X1O_4— \ Won =W =W
\ $or=802= 0.5
\
o \
= w0\
S \
___.l_ '__.__._l___.__.l..___
\ Eq.(27)
2x10° - \
N\
Eq(30)
| | | l
0 0 1 2
wOn

Fig. 10. The full width between 3-db points vs. wo, in the case where
01=0, 0y=200, wg = W= Won, L=2mm, Sor=E802=0.5 at 0.633 p.
The full width for uniform plane waves and for Gaussian
plane waves of very small distribution lengths are also shown.
They are obtained from Egs. (27) and (30), respectively.

in this Figure are the full widths between 3-db points for the uniform plane waves
and the Gaussian plane waves of very small distribution lengths obtained from Eqgs.
(27) and (30). The correlation is seen to be close enough at the small w,, end and
the large v, end.

The full widths between 3-db points in the case of nearly equal and non-normal
angles are presented in Fig. 11, by assuming that L=2mm, wy=1wyn=10., &y =
£p,=0.5, 0,=0, 0,=0+00 and 2=0.633 . The caiculation points were obtained from
Eq. (21) in a typical case of 8 as wuy=up=1mm and 2mm. Plots of Egs. (27) and
(30) under the same condition are also shown in this Figure. In the case where
Uy =1uUyp=2 mm, calculation values obtained from Eq. (21) agree well with the theo-
retical results of uniform plane wave determined from Eq. (27) so that it can be
considered that there is no effect of distribution lengths, but it is logical that some
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L=2mm
WOn:Wm:WOZ
=Ug,=1mm
;:o‘ oz En=&=0.5
6x10*“

0 1 ! 1
0 1 2

N

Fig. 11. The full width between 3-db points vs. wo, with § as the
parameter in the case in which 61=0, 0;=0-+00, L=2mm,
W1 = Woz=wor, and Eg=Epu=05 at 0.633 . The curve for
g = tgz=2mm are shown by a solid line and for wg=up
=1mm, by a broken line. Egs. (27) and (30) show the full
widths of uniform plane waves and Gaussian plane waves
of very small distribution lengths, respectively.

difference between results of Eqs. (21) and (30) arises. In the case in which uy=
#e=1mm as shown by the broken line the difference at small values of w,, becomes
small and calculated values from Eq. (21) approximately agree with the result of Eq.
(27). It shoud be emphasized that the factors which influence the full width between
3-db points are w,, and z-components of propagation constants as the incidents angle
is changed. Figure 12 shows the full width between half-points vs. &, and &, with
Uy =1l as the parameter when L=2mm, 6,=0 and #,=680 at 0.633 p. The effect
of incident beam points on the full width of 3-db points can be easily obtained from
this chart.

4. Conclusions

The effects of incident beam points on optical heterodyne detection of Gaussian
plane waves were investigated. The general characteristics may be summarized as
follows :

1) When the distribution length increases in the case in which 6,=0, 8,=480, &,=
£=0.5 and the cathode width and the wavelength are kept constant, the width of
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Fig. 12. The full width vs. &y and &g with wg =ug, as the parameter.
It was assumed that L=2mm, §;=0, and 0;=460 at 0.633 p.

main lobe becomes narrowed and side lobes appear and finally they approach the
power pattern of optical heterodyne detection of uniform plane waves.

2) In the case where 6,=6, 6,=0+030, &n=£6,=0.5 and the distribution length, the
cathode width and the wavelength are kept constant, the directional pattern of nearly
equal and non-normal angles is less sensitive than that of normal incidence and non-
parallel beams.

3) When the cathode width increases in the case in which 6,=0, 6,=06, &,=£,=0.5
and the distribution length and the wave length are kept constant, the directional
pattern is narrowed.

4) In the case where §,=0, 8,=00, and the cathode width, the distribution length
and the wavelength are kept constant, the power pattern remains the same as we
replace the value of &, with that of &, in the same normalized amplitude distribution
length. The power pattern for &,=&,=0.5 has numerous zero points and in the other
case of &, and & it does not necessarily have zero points.

5) In the case in which 6,=0, 6,=00, w,=w,>2.5 and the wavelength is kept
constant, there is not appreciable change in power patterns and the effect of incident
beam points can be neglected.

6) When the distribution length increases in the case where 8,=0, §,=00, &, =£,=0.5
and the cathode width and the wavelength are kept constant, the full width between
3-db points decreases. The full width for large w,, can be given by Eq. (27) and the
width for very small w,, can be shown by Eq. (30). The effect of incident beam
points on the full width of 3-db points is shown in Fig. 12.
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7) When the incident angle increases in the case where 8,=0, 6,=0-+06, &, =E&»=0.5
and the cathode width, the wavelength and the distribution length are kept constant,
the full width between 3-db points increases. This tendency is the same as the full
width of uniform plane waves.
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NORMALIZED
LIGHT POWER

Fig. A-1. Typical distribution of laser beam. The theoretical value is
given by a solid line and the points show experimental values.

Appendix

The experimental values of laser-beam distribution are given in Fig. A-1. The
laser used in this work was a 6328 A and single-mode He-Ne laser and the power
was detected by a photomultiplier. The distribution length was 0.753 mm and theo-
retical curve whose distribution length has the same value was also shown in this
Figure.
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