to the grating. The first-order diffracted beams leave the grating
(@) at angles 8, and 6; given by the following relations:
0l .
smé _ sin (i} -
Rl )g

where fahs = fisi = velocity of light and F = spatial frequency
of the grating. In any plane parallel to the grating (@), the inter-
ference between a beam normal to the plane and the correspond-
ing first-order diffracted beam gives fringes of spatial frequency F.
This means that the average carrier frequency of the hologram
recording is independent of the temporal frequency of the light.
Thus, when one reconstructs a doubly exposed hologram of an
object waveiront, an object ray normal to the hologram will be
reconstructed in the same direction independent of its initial
temporal frequency. Thus, the two coherent images recon-
structed will be aligned and interfere very well if a viewing system
with sufficiently large depth-of-field is used.

Shown in Fig. 2 is a contour map of a quarter made using the
setup depicted in Fig. 1. The wavelengths used were 6118 A and
6328 A from aHe: Negaslaser; the contouring interval is roughly
9 u. In addition to the simplicity of this technique, one can list
the advantages: (1) path length adjustments for eoherence re-
quirements are made with much greater ease, which may be
especially important for pulsed laser applications; (2) the holo-
grams often can be reconstructed in white light; and (3) the
method produces higher quality contour maps due largely to im-
proved fringe localization.

Various explanations for the fringe localization problem in the
old method are being investigated; aberrations introduced by the
beam splitter and the telescope seem to be the most likely cause
of this problem.

This work was supported by the U.S. Army Materials and
Mechanics Research Center, Watertown, Massachusetts under
contract number DAAG46-69-C-0017.
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This Letter reports the results of measurements of the irra-
diance auto correlation function of a 6328-& He:Ne gas laser
operating in two independent axial modes. The measurements
were made with the use of time-to-amplitude converter tech-
niques! developed for the experimental determination of irradi-
ance correlation functions. The advantages and limitations of
this type of time domain measurement will be compared with
those of the more conventional frequency domain measurements
employing a scanning Fabry-Perot interferometer or an rf spec-
trum analyzer.

Irradiance auto correlation functions of the type {:I(x,t)I(z,t
+ 7):) have been calculated by several authors?:3 for the optical
field produced by a laser operating in two independent axial
modes. The colons denote that operators used to express the
irradiance at point z, time ¢ appear in normal order and the angu-
lar brackets indicate an ensemble average overall realizations of
field irradiance. The irradiance correlation function of a laser
operating in two axial modes of identical polarization and con-
stant amplitude is given by:

Gl Ot - 7)) = TP + 57(+) cos(ws — wi)r], (1)

where (I(x)) = mean laser irradiance and «; = center angular
frequency of the jt» mode. Now let us consider the following
cases:

(1) if the two modes are phase locked f(r) = 1;

(2) if the two modes oscillate independently, are of equal
strength and their phase undergo a random walk type of diffu-
sion:4

f(r) = exp [_ 1 é Di]r[:l

i=1

where D; is the phase diffusion constant of the jth mode, and is
equal to 27 times the linewidth of the jth mode;

(3) if the two equal amplitude laser modes operate in some
intermediate regime where they are neither phase locked nor com-
pletely independent;

F(r) = {cos[{ @t + 7) — &)} — { @t + 7) — E(D))]),

where ®;(t), ®,(¢) denote the phases of the two modes.

In principle, a detailed knowledge of f(=) as a function of » can
then be used to distinguish the three cases. As the number of
axial modes present in the beam increases, the irradiance auto-
correlation function becomes more complex. For the case of
three independent equal strength modes of the same polarization,
equal adjacent mode spacing and equal mode linewidth,

(P )t 7)) = (I(z))[1 4 (2/9)e— DI
X cosAwr + (1/9)e~ Dl cos2aw7]. (2)

In the limit as the number of modes present in the laser beam
becomes infinite, {:£(z,t)f(z,t + +): ) becomes (T{t))2[1 + |v()|2,
where v(7) is the second order field strength correlation func-
tion.s l7(7)] tends to zero for = £ 0, with |7(0)I = 1 as the
number of laser modes becomes infinite.

The apparatus shown in Fig. 1 was used to measure the ir-
radiance auto correlation function of a Spectra Physics Model 120
He:Ne gas laser operating in two independent axial modes.
The mode structure of the laser was constantly monitored during
the course of the measurements. Pulses from the individual
photodetectors were amplified and standardized by the discrimi-
nators. The standardized pulses were then fed to the start and
stop inputs of a time-to-amplitude converter (TAC). The TAC
output pulses were then stored in one of the channels of a 512
channel pulse height analyzer. The height of each TAC output

COOLED PHOTO DETECTOR
RCA C3I000F

stop  [TmE-TO- | |PULSE-HEIGHT
AMPLITUDE ANALYZER
START | CONVERTER| (512 CHANNELS]

COOLED PHOTO DETECTOR
RCA C31000F

Experimental arrangement for intensity correlation
measurements of optical radiation fields.

Fig. 1.
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pulse is linearly proportional to the difference in arrival times of
the start and stop input photodetector pulses. A delay cable
was inserted before the stop input of the TAC so that simul-
taneously detected photons would be recorded by TAC conver-
sions of other than zero pulse height. The pulse height analyzer
was allowed to accumulate TAC output pulses only when the
laser mode amplitudes were within 209, of being equal.

The rate, R(r), at which the TAC produces conversions that
correspond to two photons absorbed = seconds apart by the two
photodetectors has been related to the irradiance correlation
function in Ref. 6. The result of the analysis is that the com-
ponent of the normalized irradiance autocorrelation function due
to the irradiance fluctuations A(7), where A(r) = (:Af (x,t)AT-
(zt + r):)/(:f (x):)”, is related to a normalized excess rate,
£(r), at which TAC conversions are produced by the integral
equation [Eq. (3a) in Ref. 6]:

1 r+Tw L
M) = — ) + Ry f A
o,

T

Tw T
+ Bi(01/02) f A(r")dr' 4 Rﬂf
0 -TL

£(r) is defined as the actual rate at which TAC conversions are
produced minus the rate at which TAC conversions are produced
by a field with no correlated irradiance fluctuations divided by the
TAC conversion rate for a field with no correlated irradiance
fluctuations. R; and R, are the photodetector average counting
rates, and 6, 6, are dark current counting rate correction factors.
Tw is the TAC conversion range and 7'z the delay introduced
preceding the stop channel of the TAC.

Measurements to determine the structure of £(+) were made on
both a single mode laser and a laser oscillating in two inde-~

f; 4T
Ar")dr' + B J‘
7)1 0

Alr")d+'. (3)

(b) _
Fig. 2. Optical spectrum analyzer display of output of a He:Ne

laser: (a)single mode regime, (b) two mode regime.
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sions for (a) single mode laser source, (b) two mode laser source,

(¢) two mode laser source corrected for instrumental response.
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pendent axial modes. Measurements on the single mode laser
were used as a check on the apparatus. Since the optical field
of a single mode laser has no correlated irradiance fluctuations it
should yield the result £() = 0 for all 7. The axial mode struc-
ture present in the laser beam was measured with a scanning
Fabry-Perot interferometer and is shown in Figs. 2(a) and 2(b).
The data accumulated in the pulse height analyzer for the two
measurements is shown in Fig. 3. All measurements were made
with a TAC conversion range of 50 nsec and photodetector aver-
age counting rate of 2 X 10° counts/sec. The total counting
time was 4.7 X 102 sec, and the TAC deadtime was 6 X 10~ sec.
The irregularities in Figs. 3(a) and 3(b) are due to nonlinearities
present in the TAC and do not represent irradiance fluctuation
correlations. Figure 3(c) shows the data taken for a two mode
laser but corrected for the TAC nonlinearities. The data were
obtained by accumulation of 20,000 TAC conversions per channel
from the two mode laser, and then subsequent accumulations of
conversions in the PHA subtract mode from a single mode laser.



The integral equation for A(r) is solved by an iterative pro-
cedure, in which the measured quantity £(r) is taken as the zeroth
order solution for A(z). The contribution of the integrals on the
right-hand side of Eq. (3) is of the order 103 for the values of B
and (ws — w;) used in the experiment. The dark current cor-
rection factors were very nearly 1, since the photodetectors were
cooled to a sufficiently low temperature that their dark current
counting rates were less than 50 counts/sec. Under the above
conditions, A(7) = &(7).

The results of the measurements on the laser oscillating in two
independent axial modes yield the following for £(7):¢(7) = 0.13
cos273.70 X 1087 corresponding to an average period of 27
channels.

The theoretically expected behavior of A(7) is given by

A7) = %9_9(7) cos(w; — w)r.

For the laser investigated, ws — w; = 27 3.70 X 108Hz, D <1 X
10¢ sec™!, and the mode amplitudes differed by at most 209%,.
The difference in mode amplitudes reduced A(r = 0) to a maxi-
mum theoretical value of 0.49. Instead, the discrepancy be-
tween the observed maximum value of £(7) and the maximum
excess rate at which conversions are stored in any one channel of
the analyzer is mainly due to the time slewing of the photo-
detectors, pulse amplifiers and discriminators. Measurements
of the finite resolution time of the photon counting system yielded
a value of 0.68 X 1079 seconds. Finally we verified that the
effect of the spread in transit time of the photoelectrons is in
fact of such magnitude as to be responsible for the observed re-
duction of the theoretical cosine modulation index by assuming a
gaussian system function and its convolution with £() (Ref. 7.).

The results of these measurements of the irradiance auto-
correlation function in the time domain are in good agreement
with comparable measurements in the frequency domain and also
with conditional counting probability measurements of Arecchi
et al® Frequency analysis of the fluctuating component of a
photodetector analog signal yielded a value of 380.45 M Hz for the
frequency separation between the two axial modes. The period
of oscillation of the component of the irradiance auto-correlation
function due to the correlated irradiance fluctuations yielded a
value of 370 MHz =+ 15 MHz for the frequency separation be-
tween the two axial modes. The accuracy is limited by the time
resolution of the Ortec model 437A TAC, which is 10p sec on the
50n sec conversion range. Measurements of the mode linewidth
with the use of a spectrum analyzer yielded a value of the phase
diffusion constant, D < 10% sec™?; this is consistent with the
negligible decrease in the depth of modulation observed for +
values up to about 40 X 109 sec.

While measurements of irradiance correlation functions can,
in principle, be used to determine the mode structure and degree
of phase locking of a laser beam, the complexity of the correlation
functions limits the usefulness of this technique to cases where the
mode structure is simple (less than four modes present in the
beam). Also the maximum value of the axial mode separation
frequency that can be resolved effectively is about 1 GHz equiv-
alent to a period of 9 PHA channels.

However, irradiance correlation function measurements can be
successfully made on weak optical fields, whereas considerable
difficulty is encountered in the performance of equivalent mea-
surements on weak fields with frequency analysis techniques. The
measurements described were performed on an optical field of
mean irradiance of the order of 10712 W. These techniques are
now being applied to analyze weak fields produced by optical
nonlinear processes.?

This research was jointly sponsored by ONR under project
TaewMis and by a NASA Research grant NSG-6-59.
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Work on laser-acoustic Bragg diffraction and its applications
have been reported frequently in recent years.! In much of the
work reported, a traveling acoustic wave was used. A standing
acoustic wave has also been utilized for laser @-switching,? mode
locking,® and frequency shifting.t To our knowledge, however,
calculation of the increase of the Bragg diffracted light intensity
from a standing acoustic wave, because of acoustic resonance,
over the Bragg diffracted light intensity from a traveling acous-
tic wave, has not been reported in the journals.®

The purposes of this Letter are to report the results of an
analysis for this increase in the diffracted light intensity, and to
propose a new application using standing acoustic waves, namely,
the demultiplexing and multiplexing devices for a multichannel
pulse code modulation (PCM) laser communication system.

Consider an attenuating longitudinal acoustic beam of unit
cross-sectional area, propagating along the principle axis of a
crystal rod of length L. Both end faces of the rod are clamped
mechanically (Fig. 1). We shall designate the acoustic power
attenuation constant as 2« nepers per unit length and the power
reflection coefficients of the input and output end faces as R, and
R:, respectively. Impedance mismatch at the end faces of the rod
results in multiple acoustic reflections and consequently a stand-
ing wave. The acoustic strain associated with the standing wave

End face flat and paraoliel to

Reflection Crystal the input end face, and
coefficient Rod unferminated. { Reflection
R, | coefficient Rs)

JJ ]
|

Acoustic beam
of unit cross-section

Transducer —s= E

Geometry of a resonating acoustic beam.
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Fig. 1.
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