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ABSTRACT

The concept of a wave-height profilometer hased on
VHF-modulated carbon dioxide (CO

phase-ranging with a
2) laser was examined. Experimental
measurements of the diffusely backscattered 002 laser radiation from the

surface of water were made. Based on these measurements, the conclusion is

that a laser profilometer can be assembled mainly from commercially available
components. Two designs are recommended: one for
for measurements in a wind

use at a range of 3 m

-wave tank and the other for use at a range of 10 m
from a tower in the ocean,

The possibility of inferring surface-wave statistics from the properties of
the speckle pattern resulting when the surface is illumninated with a laser was
investigated. The general theory of speckle patterns was strengthened and
extended. The conclusion was that the apparent discrepancies among several

theories result from improper interpretation of the results rather than

differences in the theories. The ensemble average intensity distribution in the

receiver is shown to be related by a Fourier transformation to the ensemble

average spatial coherence of the field at the surface. Further, this spatial

coherence is related to rms surface roughness and the surface height auto-

correlation function when Gaussian statistics can be assumed for the wave-

height distribution. The spatial coherence in the receiver is related to the

intensity distribution at the surface and contains no inform2cion about the sur-

face characteristics. The physical significance of wave height, slope, and

curvature power spectral densities and the effect of realistic perturbations are
under coritinued investigation.
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I  INTRODUCTION

In the study of the surface of the oceans, the capillary wave-height spectrum
plays an important role in the coupling of wind energy into the sea, in the
turbulent flow and mixing in boti the sea and the atmosphere (near the interface),
and in the growth of gravily waves on the surface. A possibility also exists for
detecting subsurface processes by observing the changes in the natural wave-
height spectrum produced as a res=lIt of complex and poorly understood infer-
actions between natural and artificial internal waves, the mixed upper layer of
the ocean, aid the air-sea interface. Ideally, the measurement of ocean
surface characteristics should be accomplished remotely without contacting the
surface. To be of value in an operational serse, the technique should be capable
of datn rates consistent with adequate redundancy and effective coverage ol the

truly vast surface area of the oceans.

The major objective of this program was the analysis of the feasibility of
two active laser techniques that have potential for remote sensing. In the laser
profilometer technique, a VHF-modulated laser beam is used to irradiate a
smull area (for spatial resolution) on the surface, and the relative wave ampli-
tude is obtained by phase comparison of the retirn against the modulating signal.
In the speckle approach, a broad area on the surface is illuminated by a laser
beam and the surface-wave statistics may be inferred from the properties of the
scattered radiation. With both techniques, the use of a 002 Jaser is contemplated
because of its small depth of penetration in water. This is cirucial to ensure that

the radiation is received from the surface and not from the buik of the water.

This report deals with the two wiethods in the above order. Laboratory
Jmeasurements of the diffusely back scattered radiation from the surface of
water needed for the evaluation of the profiloreter are first described. An

analysis and recommendation of a laboratory system for measuring the wave




heights on the surface cf water follows. The current status of the theory of
speckle patterns pertinent to the measurement of surface characteristics is

next described. Application of the theory io scattering from the sea surface is
made. Our initial results are then presentcd.

The work on this program is expected to be continued under another
contract. In that sense, this report is an interim status report on the work,

although it is intended also to satisfy the requirement for a final report under
the current contract.




II LASER PROFILOMETER

A. GENERAL CONSIDERATIONS

The technique proposed by SRI uses a VHF-modulated CO2 laser beam to
irradiate an area on the ocean surface that is small compared

with the capillary
wave structure, The radiation that is scattered back from the ocean surface is

collected by suitable optics and detected. The output of the detector as well as
a VHF signal representing the modulated output of the laser are now fed into a

differential phase-measuring system. A block diagram of the system is shown
in Figure 1.

Because the capillary wave structure has dimensions on the order of
centimeters, the laser beam must illuminate an area substantially smaller than
this in order to resolve details of the capillary wave heights. If the beam

illuminates an area large compared with the capillary wave structure, a high

probability exists of a specular component being received from some facet of a

capillary wave within the illuminated area, This specular component would

dominate other diffusely reflected components, and the system would be useful

only for monitoring the gravity wave (or large-scale) structure, Thus, to

monitor the small-scale structure associated with capillary waves, the vertical

and horizontal resolutions have to be on the order of one millimeter.

If an optical beam with a diameter on the order of 1 millimeter is inciden:
on the surface, two components are reflected -- one specular and one diffuse.
The specular component will not, in gener2!, be directed back toward the
transmitter because the slope of that facet on the surface will not, in general,
be normal to the direction of the incident beam, On the assumption that the

transmitted beam is focused on the surface, the specularly reflected beam will

e e

have a diffraction beamwidth larger than or, at best, cqual to that of the
interrogating beam; i.e,, its beamwidth at the transmitter will be equal to or

larger than the transmitting aperture (neglecting atmospheric turbulence),

3
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FIGURE 1 BLOCK DIAGRAM OF WAVE HEIGHT MEASUREMENT SYSTEM

The second component of reflected energy will be diffusely scattered by the
bulk of the water or surface imperfections--with an angular distribution in the
back hemisphere that is quite broad and well -behaved (at least in the visible
portion of the spectrum). This is the component that will, in general, be
available to the receiver, and only occasionally will a spike of specularly
reflected energy be received. This spike will have not only the proper phase
but also a much greater amplitude than the diffusely reflected component,

: 4




If the wavelength is in the blue-green region of the spectrum, the beam

transmitted through the surface will attenuate slowly with depth--a pproximately
10 m to the 1/e or -4, 34 dB point (hereafter referred to as the skin depth) in
average surface ocean waters. As a consequence, the center-of-gravity or the
phase center of the packscattered light received from this beam could be as
mnuch as several m below the suriace and could thus lead to a very large e ‘ror
in the apparent height of :he sea surtuce. Even at 642.8 nm (the He-Ne laser),

1,2%
the skin depth can be several m in tvpical surface ocean waters. e

For this reason, a wavelength must be: selected whose depth of penetration
in the water is comparabie to or less than the vertical resolution desired. A
plot of this depth of penetration for infrared wavelengths is shown in Figure 2
(data are calculated from Zolatarev et al. ).3

For the system to have reasonable ranges in the atmosphere, it is also
essential to select a wavelength in which the atmosphere is reasonably trans-
paren®, Reference 4 shows a number of absorption spectra over 300-m

atmospheric paths, For narrow-band lasers, higher resolution studies should

be consulted to determine whether any narrow atmospheric absorption bands
exist at the laser wavelength,

A third factor, the magnitude of the specularly reflected component, is

aiso important, To minimize the amplitude of the occasional specularly reflected

spike that the receiver must handle, this reflection should be as small as possible.

Reference 2 (pp. 362-363) tabulates this reflection coefficient as a function of
wavelength,

Artter consideration of all factors, as well as the laser state of the art, it

was decided that a CO2 laser (A = 10,6 pm) has the following desirable
features for this application:

e Available in well-engineered, reliable packages with good power
outputs at high efficiency,

e High atmospheric transmission in the absence of water droplets or fog,

® Specular reflection coefficient of less than 1 percent,

e Skin depth in water of about 10 um,

*References are listed at the end of this report,
S
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FIGURE 2 WAVELENGTH DEPENDENCE OF THE SKIN DEPTH IN WATER

Source: Zolatarev, V.M., et al., Optics and Spectroscopy, 27,

B. EXPERIMENTAL MEASUREMENTS

Before SRI submitted the proposal to perform work on a ph.se-ranging
radar based on a CO2 laser, preliminary and limited experiments were per-
furmed to measure the relative magnitudes of the specularly and diffusely

backscattered components,

The experimental setup is shown in Figure 3, A CO2 laser with a power
output on the order of 1 W is chopped at 900 ¢/s. The chopped beam passes
through a hole in a mirror, M1 , and is reflected down onto the surface of a
pan of water by another mirror, M2 . The mirrors act as collectors for the
radiation from the surface of the water, which is focused onto a liquid -nitrogen-

cooled photoconductive (gold-doped germanium) detector,
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During these experiments, the signal from the backscattere component
was found to be 3 to 4 orders of magnitude smaller ihan that from the specular
component, but it was well within the dyramic range constraints of the proposed
phase detector and well above the sensitivity of the proposed optical detector.
It should be kept in iuind that the signal received from the scattered component
depends on the size of the receiving aperture, but the specular component does
not, Further, it was found that focusing the laser beam onto the surface of the
water created a dimple. The effect of this dimple is to enhance the backscatter
signai strength by creatiang, in effect, a specular component in the backscattered

radiation,

However, during these preliminary experiments, geometrical limitations
restricted the range of angles over which the measurements could be performed.
A larger range is to be encountered in the sea-slope spectrum, Further, the
detector used in these experiments was not the optimum detector for 10.6 pum
radiation, For these reasons, we felt that before a feasibility analysis and a
firm recommendation concerning the construction of a demonstration profilometer
could be made, more reliable and complete data were required, Therefore, we
designed and executed an experiment to obtain these data. The following sub-
sections describe the design of the experiment, the apparatus used, the calibra-

tion procedure, and the results.

1. Design

In order not to constrain the profilometer design for lack of information
on the angular distri’,ution of the diffusely scattered radiation, it was decided
that data should be taken over a range of incidence angles and over a range of
azimuth and elevation angles of the receiver, Although the number of data
pounts to be taken would be detrrmined by the extent to which structure was
manifested in the results, provision was made in the design of the apparatus to
permit data to be taken over a full hemisphere, thus taking advantage of the
inherent symmetry of the geometry to cover a small range where the physical

obstructions were unavoidable. However, because of the finite acceptance angle




of the detector, a small zone of the hemisphere near the horizontal plane cannot

he treated in a manner equivalent to the rest of the sphere,

Figure 4 shows the basic geometry of the .xperiment, A Gaussian

beam from a CO2 laser is incident on the surface of the wa:~r, and the radiation

that is scattered into a solid angle Qo » hot in the specular direction, is

collected by an optical system that forms an image of the incident spot on the
detector element, The optical system is designed such that this image is always
smaller than the detector element for all angles used,

We define a scattering parameter o(B, 8, ¢) hy

o(B, 0, 9) 2 AP.%OQJL _ R(B,0,0)
1 [ fo)

DETECTOR
ELEMENT
4
1
i

LENS
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FIGURE 4 GEOMETRY OF EXPERIMENTAL MEASUREMENTS
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P

e

where AP is the amount of power scattered into solid angle Qo , Pi is the
incident power, and R (8, 0, ¢ ) is defined by
AP (B8, 0,
R(B,0,9) 4 208, 0.9) 2. 2)

I
i

Figure 5 defines the angles 8, 6, ¢. Thus, experimentally, we measure

AP , Pi , and Qo so that scattering phenomenon can be completely charac-
terized by Eq, (2.1).

2, Apparatus

A block diagram of the experimental apparatus is shown in Figure 6,
The experimental arrangement is shown in Figure 7, An He-Ne laser is used
for alignment purposes; and a mirror that can he flipped in and out of position,
is adjusted before the experiment such that the laser's visible beam is accurately
coaxial with the 002 laser beam. Another He-Ne laser, called the reference laser,
is used to provide a refercace signal for phase-sensitive detection, During the
experiment, the beam from this laser crosses the CO2 laser beam at the point
where it is chopped and is incident on detector Dr that provides a r>ference signal
to the phase-sensitive detector, Thus, bcth the incident CO2 laser beam and
the reference He-Ne laser beam are square-wave modulated at 150 Hz, The
AP signal from the scattering apparatus is measured by the phase-sensitive
detector and is then sent to the Y channel of an X-Y recorde.. A signal from
the scattering apparatus that is proportional to the angle 6 feeds the X channel
of this recorder. The phase-sensitive detector was used witk an integration
time of 3 s and a roll-off of 12 dB per octave, A CR Model 201 power meter
inserfed in the beam before and after data were taken was used to monitor the
CO2 laser power,

A photograph of the scattering apparatus is shown in Figure 8. The
002 laser beam is reflected by mirror M1 to mirror M2 that focuses it onto the
surface of the water contained in plastic cup C located on the center of the rotating
table T, Detector D is a Laser Precision Corporation pyroelectric detector
(Model number Kt-4110 with Kth-111 preamplifier and with a load resistor
R = 10MQ) located on a motor Criven arm that can be moved on the circum-
ference of a circle whose center i3 the point of intersection of the CO laser
beam and the water surface adjusted to a prescribed level, The collecting optics

10
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for this detector consist of two diffraction-limited antireflection-coated
IRTRANII lenses, The outer lens has a focal length of 6 in and is located 6 in
from the water surface; the inner lens has a focal length of 1 in and is located

1 in from the detector element, The aperture of this optical system subtends
a solid angle Qo of about 0. 022 sr at the water surface., The spot size of the
laser beam at the surface of the water is calculated to be 0,27 mm, The size
of a speckle at the lens aperture is given by (RA/D) = 0, 58 cm and on the
average about 18 speckles will be in the one-inch aperture at a given instant,
The signal-to-noise ratio resulting from deviations from this average value is
about 4, However, if the integration time is on the order of a few seconds as
was the case during the experiments, the speckles change many times and the
fluctuations in the number of speckles become very small. The experimental
signal-to-noise ratio during these measurements was estimated to be about

20 when the diffusely scattered component was measured,

3. Calibration

The calibration of the apparatus was achieved in steps because of the
limited dynamic range of the detection system, The CO laser beam was first
attenuated by a calibrated salt crystal attenuator and was then incident on a good

quality specular gold mirror that was positioned in the scattering apparatus in
place of the water surface. The optical collection system was placed in the
specular direction so that it collected all of the specular radiation from the gold
mirror, TLe transfer function for the entire apparatus was then calculated from
the sign~i measured by the phase-sensitive detector, the measured CO2 laser
power, ana ‘he known attenuation of the calibrated salt crystal attenuator, The
- transier function, measured in this way, accounts for all optical, electrooptical,

and electronic attenuation or gain in the system,

The salt crystal attenuator consisted of two polished NaC1 flats oriented
such that the unpolarized incident CO2 laser beam was reflected twice at 45°,
"The component of the electric field that was Fresnel reflected in the perpendicular
(L) sense on the first reflection was Fresnel reflected in the parallel (|| ) sense

15




on the second reflection and vice versa, The power in ‘he resulting unpolarized
beam was then calculated from the known index of refraction of NaC1 at 10,6 um,

The attenuation was calculated to be 7.3 x 10-4,

4, Results

Before measurements on seawater were actually made, s:veral short
experiments were made to determine the dynamic range, accuracy, and sensitivity
of the apparatus, After the CO2 laser beam was attenuated, the sperilar reflec-
tance of distilled water was measured for 8= 15° and B = 45° , and it was
found to agree closely with the calculated values when the known index of
refraction for water at 10,6 um was used, By measuring away from the
specular direction, we found that we could easily distinguish between a good
quality, clean, first surface mirror and a poorly polished or dusty mirror,

This emphasized the importance of clean optics in the experiment and 'ed us to
carefully clean all the optics in the apparatus and to maintain them free from
dust, In spite of this, it was found that significant percentage errors could
result from specific geometric configurations of the measuring apparatus which
involved shiny metallic surfaces in the field of view of the collecting optics,
After using a series of baffles, tubes, and absorbing diffuse scattering material
on metallic surfaces, we were satisfied that the measured signal was coming

only from the illuminated spot on the water surface.

To demonstrate the dynamnic range capability, we measured the diffuse
Scattering from a planar sheet of asbestos at several azimuthal angles, In
Figure9, one such measurement shows the scattering parameter R (15°, ¢, 90°)
as a function of elevation angle 6 in the plane of incidence. It is worth noting
that because the collecting optics subtended an angle of about 10°, part of the
reason for the rapid falloff of signal beyond 6 = 80° is the obscuration of this
aperture as part of the aperture goes below the horizontal plane of the asbestos,

For this reason, measurements beyond 0 = 80° should be discounted,

16
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Our results for water measurements are shown in Figure 10, For a

reference, we chose 20 MQ deionized water that was available from our clean
room facility, Scattering from this water is indicated by the dashed curve in
Figure 10, Also plotted in Figure 10 is a curve labeled seawater, This water
was taken from San Francisco Bay, and, although care was taken to collect

clean water free from sediment, the water was not filtered or prccessed in any
other way after the sample was taken, The large flat-topped signal indicated
between 40° and 50° would be the result of scanning through the Fresnel
reflection located in the plane of incidence at 45°, However, because of the
allowable power densities at the detector, it could not be scanned through the
specular reflection without attenuating the laser beam. Thus, the value depicted
is that calculated for deionized water and it is in agreement with a different
experiment as described esrlier. The discontinuity of one order of magnitude
indicated on the R axis should be noted, The width of this pedestal is about

10° corresponding to the angle subtended by the collecting optics. It is clear from
Figure 10 that a measurable difference exists between seawater and our reference

deionized water, particularly at large angles,

We also measured the scatterins parameter for g = 45° for five
other azimuthal angles distributed between ¢ = 90° and ¢ = 260° ., The
result for ¢ = 225° is shown in Figure 11, Other results are not shown

because no structure in R was observed, and the results are essentially identical
to Figure 11,

The scattering parameter was also measured for B = 18°. During the
course of this measurement, we observed an effect that was strongly nonlinear
in power. Changing the angle of incidence from 45° to 18° at the same power
sufficiently increased the power density at the surface of the seawater such that a
residue began to form when the laser beam was turned on, and the amount of

scattered radiation increased markedly, Figure 12 shows the result for B = 18°,

¢ = 110° at'two different incident powers, These and similar results at other
angles ¢ are somewhat less reliable than our results for higher values of g

for two reasons, First, the residue that was formed at higher powers moved
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rather randomly on the surface because of the convection currents so that the
measured signal fluctuated as a function of time, Second, when the power was
reduced to ensure that no residue would be formed, the signal-to-noise ratio

for the experiment dropped.

A brief investigation of the formation of the residue was made because a
considerable enhancement of the scattered signal occurs after its formation,
and it was thus of interest to see whether it could be reliably produced, Water
from the San Francisco Bay and the Pacific Ocean, as well as tap water, dis-
tilled water, and artificial seawater were used. As the power density was
increased to about 100 W cm—z, a dimple was formed in all cases at the water
surface at the focus of the laser beam, (For the experimental beam diam of
about 0, 27 mm, the averaged power density is about 1.7 X 10° P, Wem™,)

The fractional scattered power is essentially independent of incident power at
these levels, One could also observe the convection currents and at times a
plume of steam generated by the local heating from the team. The residue can
be observed to form at about 1 kW cm_2 with an accompa ying large increase in
fractional scattered power, There appears to be a rather sharp power density
threshold for this effect after which the fractional scattered power again becomes
rather independent of power, This power dependence of R (18°, 45°, 90°)

exhibits a sharp increase at about 1 kW cm_2 as shown in Figure 13,

The residue visibly formed only wi* San Francisco Bay water., Its

formation was accompanied by audible violent ebullition or spitting, and the

residue moved along with the convection currents, The scattering signal also

fluctuated rather rapidly with time, Based on the assumption that this fluctuation
was caused by the formed residue moving off the beam and a new bit of residue

forming at the beam focus, the time constant for the formation of the residue was

found to be on the order 40 ms,

No resicue was observed to form on the other types of water even though
violent spittihg was audible in these cases at various power levels, Anoihe .
interesting observation was that the violent action seemed to be triggered by

surfactants, For example, if care was taken and a fresh sample of the water was
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placed in the cup without actually touching the cup or water, only the dimple
and convection currents would be observed at a fairly high power level, How-
ever, when the water was touched with a finger or with a paper towel twisted
(by hand), into a point, the violent spitting would immediately start,

The residue is surmised to be salt, However, only in the case of the
Bay water, the scum or residue formed in a large enough quantity to allow
collection on a slide, It is quite pcssible, of course, that small amounts of the
residue formed with ocean water and artificial seawater; however, they did not
agglomerate into a visible scum,

A preliriinary analysis with a laser microprobe was inconclusive as to
elemental composition, Thus, the nature or the mechanism of formation of the
residue is not currently identified. Its potential for surfactant detection and
enhancement of the scattered signal should be noted,

Thus the scattering parameter R , Eq. (2.2), was found to have a
value of 10 for the experiment:l geometry, This value was found to be
relatively independent of the various angles 8, 0, and ¢ in the ranges in which
we were able to examine them. No evidence was found to indicate any peculiar

features, Since the experimental system had a collection aperture of 0, 0218 sr,
the above value of R, leads to a value

R _ -6 -1
crdiffuse = Dy T 4.58x10 " sr

For purposes of comparison, the expected molecular scattering from the
molecules in a layer of water 10 Km deep at the focal region of 0. 27 mm diam
was calculated using a similar geometry and assuming a molecular scattering

cross section of 10792 ¢m? sr~1 molecule ! at 10.6 pm, It was found that

4x10713 sr71 )

o =
molecular
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The detection system used would be inadequate to the task of seeing this signal,
The observed diffuse 8cattering appears to result from phenomena other than
molecular scattering; in all probabi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>