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We describe tank studies which show that a copper chloride laser is a good illumination source
for a deep ocean imaging system. The laser is naturally pulsed (-20 ns pulse width) at repetition
rates of 10 to 20 kHz, and operates with high (1%) efficiency in the blue-green window for opti-
mum transmission in water. A range-gated, scanning imaging system based on this laser can op-
erate with input power of a few hundred watts, obtaining 100m wide digital image coverage of the
sea floor from altitudes of 50 m. Measurements of range (bathymetry) and particulate matter dis-
tribution within the water column are also possible.

INTRODUCTION

A seafloor search or survey operation in the deep
ocean often consists of mapping with side-looking
sonar followed by highly selective photography.' Typi-
cally a 100 kHz sonar is towed 50 meters above the
seafloor by a surface ship travelling at 2 knots (1 m
sec"), creating kilometer-wide acoustic images at high
search rates (-4 km2 hr·'). However, sonar reflection
tends to be specular and most operational systems
also have limited angular (azimuth) resolution. Photo-
graphs are therefore taken of specific areas of interest
to provide additional information. Photography pro-
vides accurate identification of sonar targets since
most objects are diffuse scatterers of light. Optical
surveying must be done from altitudes of ~ 20 m
utilizing high-power strobe lights for illumlnation.2
The short-range nature of ocean photography results
from the severe attenuation of light in water. Simul-
taneous long-range sonar work is precluded due to the
reduced altitude.

Light attenuation in seawater is caused by both mo-
lecular absorption, which dominates at longer wave-
lengths. and small particle scattering dominant at
shorter wavelengths. These effects cause strong at-
tenuation at most electromagnetic wavelengths, with a
minimum in the blue-green optical band (Figure 1). In
addition, backscattered light from large particles in
the near field reduces signal-to-noise ratio (contrast)
at the receiver. This is minimized by separating the
light source and receiver and causing their common
field of view to overlap only near the target.

There are also operational problems associated with
acquisition of optical ocean floor imagery. Television
systems are hampered by the low bandwidth of long
co-axial cables, requiring low scan rates and/or low
resolution. Film cameras are limited in areal coverage
by film magazine size. Typical light sources are strobes

or incandescent lamps, which have limited power out-
put and are inefficient, spreading energy over a broad
range of wavelengths and angles.

A scanning laser has several advantages over conven-
tional light sources for illumination in the oceanic en-
vironment.3 First, lasers are inherently narrow band
systems and can concentrate energy in the minimum
loss blue-green spectral region. Second, lasers are
collimated, so that energy is concentrated in angle.
Losses associated with spherical spreading (propor-
tional to l/r2) apply in one direction only, after scat-
tering by the target. Beam scanning can be employed
for the required areal coverage. Third, some lasers op-
erate as naturally pulsed light sources with very short
pulse length. Backscaitered light from particulate mat-
ter in the water tends to limit eHective range inde-
pendent of lighting power. Range-gated receivers can
utilize a pulsed signal to minimize and/or measure
backscattered light. Altitude (range) can also be de-
termined in a quantitative manner, generating an un-
ambiguous three-dimensional description of the target
swath.

The copper halide laser developed at the Jet Propul-
sion Laboratory (JPL) is an efficient, naturally pulsed
laser. This paper describes feasibility tests for ocean-
ographic applications, in particular for a range-gated
scanning laser imaging system. The study included
meaSUirements of laser efficiency, and beam diver-
gence and attenuation for different water clarities. The
amount of light backscatlered from several rock types
at various incidence angles was also determined.

THE COPPER CHLORIDE LASER

Copper vapor lasers were originally developed for
high power and effiCiency in the visible spectrum.4,5

To improve reliability and lifetime, JPL developed a
series of lasers with copper halide lasants. These com-
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Figure 1. Total beam attenuation coefficient (c) as a
function of wavelength (A) for a representative variety
of water clarities measured during this study. c(A) is a
measure of both particle scattering and molecular
absorption of light and was varied by addition of an
aluminum hydroxide-magnesium hydroxide mixture.
The transmission per meter (T) is related by:
T = 1/10 = e-cf:\ll for L = 1m. Note shift of minimum
toward yellow for lower clarity water.14 The thick and
thin arrows represent wavelengths of the laser's green
and yellow emissions respectively. Insert shows the
molecular absorption coefficient (a) for electromag-
netic radiation in seawater (modified from McAlister
and McLeish 1965).

The CuCI laser is a high gain system due to the
high excitation cross section and short spontaneous
life time of the 21' state of copper. As a result, the
system is not sensitive to alignment of the end mirrors,
a very desirable "field" characteristic. The system will
even lase without mirrors.

The characteristics of this laser most useful for
oceanographic applications are summarized below.

Wavelength

Laser output is at 510.6 nm (green) and 578.2 nm (yel-
low). The green/yellow ratio (:::< 1.2 - 1.8 in our ex-
periments) can be increased by adjusting the CuGI
reservoir temperature, PRR, and discharge circuit
voltage." The green wavelength is in the band of min-
imum attenuation in clear sea water (Figure 1).

Power Efficiency

The GuGI laser has an overall power efficiency of
nearly 1%. This is low relative to other light sources,
but these have wide bandwidths and lose power out-
side the blue-green window to attenuation. No power
losses are incurred in this laser by wavelength shifters,
since the natural emission is blue-green.

Power Output

Average power output at a PRR = 10 kHz was varied
between 4 and 8 W during our tests (pulse energy
0.4 - 0.8 mJ). The maximum power output achievable
with this laser is 17 W (pulse energy;:: 1.7 mJ) .

Pulse Duration

For both green and yellow spectral lines, pulse dura-
tion between half power points is about 20 ns. Simple
shape analysis of the return signal (e.g. leading edge
detection) should allow 1 m range resolution. For
greater range resolution, pulse duration can be re-
duced to 5 ns with alternate pulse discharge ci rcuitry
and the use of helium buffer gas.

Gain
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pounds supply vapor-phase Gu at reduced tempera-
ture.6 In a low pulse repetition rate (PRR) double pulsed
system, the first pulse causes halide dissociation, while
the second produces population inversion and lasing.
Pulse energies of ,....,10mJ are obtained in this mode.?
Higher efficiencies are obtained with continuously
pulsed systems operating at high PRR (~ 104Hz).B.9.lo

The laser system used here is a continuously pulsed,
copper chloride (GuGI) laser. It consists of an insu-
lated quartz tube 1 m long and 2.5 em diameter in a
metal housing. The tube is fitled with Brewster win-
dows at each end, two electrodes for excitation, two
ports for neon buffer gas introduction and removal, and
a small CuCI reservoir with integral heater. Asso-
ciated equipment consists of a high voltage power
supply and discharge c.ircuits, CuCI heater electronics,
neon buffer gas and flow control hardware, and pump
hardware for maintenance of tube vacuum.

Pulse Repetition Rate (PRR)

The GuGI laser operates efficiently with a PRR between
10 and 20 kHz, allowing rapid scanning of relatively
wide swaths of ocean floor.

Beam Diameter and Divergence

For the laser tube used here (2.5 cm diameter), beam
diameter at the output coupler, defined by the half
power points, was about 25% of the tube Inside diam~
eter. Under these conditions the iris diameter through
which 90% of beam power passes is about 45% of
the tube inside diameter.

With a stable resonator consisting of a concave, fully
reflecting mirror with a radius of curvature (4 to 6 m)
greater than the cavity length, and an uncoated optical
flat for an output coupler, beam divergence half angle
is about 2 mrad. With an unstable, confocal resonator
consisting of the same 100% reflector at the rear and
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EXPERIMENTAL RESULTS

Figure 2b. Temporal pulse structure for both green and
yellow laser output compared to discharge current
pulse.

The CuCI laser is a highly reliable system. Eight hours
of continuous operation were routine for our experi-
ments. Endurance tests II suggest that at least 100
hours of continuous operation can be expected.

where

W. = received peak pulse power

mating lens and a series of calibrated filters directed
the light into a photomultiplier tube (PMT) connected
to a fast oscilloscope. For all target configurations,
the normal to the target surface, the incident ray and
the collected ray formed a horizontal plane.

Collecting optics had two configurations. For measure-
ment of target properties, input beam and collecting
optics had maximum separation (-15 em) to minimize
near-field backscaller. By measuring target properties
at different distances, the distance where the two
fields of view began to overlap was found to be about
7m. For determining near-field backscatlered intensity
as a function of water clarity, a coaxial system was
employed, with the laser beam directed down the tank
by means of a mirror positioned at the center of the
collecting lens.

The PMT used for these tests was an RCA #1 P28.
Manufacturer's specifications for the quantum effici-
ency of the 1P28 are 5.5% at a wavelength of 510.6
nm and 1.9% at 578.2 nm. Current amplification is
2.5 x 106 at 1000 V. A low inductance voltage divider
(50 ohm anode load) preserved the fast (2ns) rise time
of the 1P28, and minimi2ed signal fall time. Temporal
structure of the laser pulse could be followed with very
Iitlle distortion.

Water Clarity could be increased by continuously cir-
culating the water through a commercial swimming
pool filler, and was monitored with a transmissome-
ter.'2 Transmission in the blue-green band reached a
maximum of 92% m-I, slightly less than the clearest
ocean water.'3 To study backscaller and beam losses
at reduced clarity, the filter was bypassed and 1-2 gm
of a commercial mixture of Mg(OH)2 and AI(OHb
were added in increments.

Beam Divergence Tests

Beam divergence does not change significantly with
water clarity (Figure 3). The full angle beam diver-
gence in air is about 4 mrad, yielding a beam diameter
of 10 cm at a distance equivalent to the tank exit
window (-18 m from the laser). This is almost identi-
cal to the diameter measured in water (Figure 3).

Effect of Waler Clarity on Reflected Power

Measured peak power as a function of water Clarity
for both green and yellow wavelengths Is shown In
Figure 4. These results were obtained with co-axial
optics and a white diffuse reflector at the far end of
the tank. Reflected peak pulse power was recorded
at each level of transmission through green and yellow
narrow band filters. Data were adjusted for filter
losses. Theoretical signal strength (Figure 4) is cal-
culated by adjusting for losses at target and receiver,
and for allenuatlon in water:

Wt e-2ClAIL R cos <I> (D2/4h
Wr= L2
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a small (1-2 mm diameter) convex mirror in front, beam
divergence is about 0.1 mrad.

With a beam divergence of 2 mrad, beam diameter at
50 m is less than 25 em. This could provide a high
resolution scanning imaging system with 500 or more
picture elements (pixels) spanning 100 m of the sea
floor (i.e. pixel size - 20 em).

Endurance

Experimental Set-up

The 13m-long test tank at the Visibility Laboratory of
Scripps Institution of Oceanography was used for this
experiment (Figure 2). The laser beam was vectored
into the tank through a large lucite window with two
high quality mirrors. After traveling through the tank
and striking a target, backscattered light traversed the
tank again for collection at the source window.

Backscallered light reaching the lucite window was
collected with a 25 cm diameter Fresnel lens. A colli-

Figure 2a. Sketch of the experiment set-up.
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Figure 3, Beam width as a function of water clarity.
Profiles represent strip chart recordings of radiometer
sweeps outside the window at the target end of the
tank. Dip in beam center is a property of the laser. I I

Radiometer measured average beam power per unit
area (P). Pulse energy per unit area (Ep) is given by:
Ep = P/PRR where PRR = 10 kHz. Peak pulse power
(Pr,) is given by PI' = Ep/T where T = pulse dura-
tion = 20 ns.

100

Figure 4. Peak pulse power received as a function of
water clarity (transmission, T) for green and yellow
laser emissions. Dashed lines connect data. Solid line
is the theoretical received power calculated according
to equation 1 in the text. Values for T are estimated
from data in Figure 1 at" = 510.6 nm.
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view at some fixed angle off normal, typically 30· or
45°. To the extent that the test materials reflect the
incident beam equally in all directions, such measure-
ments can be valuable guides to reflectance under any
illumination geometry. However, natural rock surfaces
may exhibit specular reflection characteristics. In sell-
illuminating imaging systems, the outgoing beam and
reflected light received are nearly coincident, and
"0-4500

' bi-directional reflectance measurements may
not adequately characterize the surface. In addition,
reflectance values are highly dependent on incident
wavelength, and few measurements have been made
at the CuCllaser's frequencies.

We therefore measured the reflectance of rock sam-
ples under conditions approximating imaging system
geometry. Six rock samples, crudely representative of
expected marine lithologic variation. were tested for
reflectance at various indicidence angles. Most sam-
ples were large slabs ~50 em in diameter. Samples
were mounted on a rotating holder which could be
set to pre-determined incidence angles from 00 to 56°.
Samples included: (a) a sedimentary rock (cream to

o
9.0

r, em

o
-9.0

Rock Reflectance Measurements

Quantitative values of rock reflectance as a function
of incidence angle are required for performance esti-
mates for a scanning laser imaging system. A large
body of literature exists on the reflectance character-
istics of natural and manmade materials.'4 The quan-
tity measured is generally the bi-directional reflectance
at a particular wavelength. This measurement utilizes
a collimated incident beam normal to the surface or
at specified angles, and a detector with limited field of

Wl = transmitted peak pulse power = 4.8X104 watts
l = tank length = 13m
R = target reflectivity =88%
eli = the angle between the normal to the target

surface and the laser beam = 0°.
o = receiver aperture diameter = 0.25 m
T = receiver efficiency = 35%

c{,,) is the total beam attenuation coefficient, and is a
measure of combined losses due to scattering and
absorption. It is also related to the net transmission
per meter (see Figure 1). For water clarities above
-70% transmission per meter, there is excellent
agreement between theoretical and measured received
power.
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reddish colored sandstone; (b) low grade metamorphic
rocks (green slate, black slate and a dark mica-schist);
and (e) igneous rocks (gabbro and a red basaltic
scoria) (Table 1), Submerged reflectance values are
also listed in Table 1. Reproducibility of measure-
ments on individual rocks was beller than ± 1.0%
reflectance for a given sample orientation. Standards
were calibrated with a "0-45°" measurement geometry,
while a "0-0°," geometry was used for the samples.
This should not bias our sample reflectance measure-
ments as long as the standard targets are diffuse
reflectors. Figure 5 suggests that this is so: the
standard targets show much less variation in reflection
with incidence angle or target orientation than do
natural rock surfaces.

The relative variation in reflectance among the sam-
ples at normal incidence is similar for air and water.
light-colored or green samples are most reflective,
and dark-colored or red samples are least reflective
under green light. The basalt scoria has the lowest
absolute reflectance at normal incidence (3.8% -
4.0). Its low reflectance under green illumination is
consistent with its red color and highly vesicular na-
ture. The vesicles are approximately spherical, and
would trap and absorb most incident light at any angle.
Green slate had the highest reflectance (8.0-8.6%).

Two types of reflectance variation with incidence
angle were observed. The gabbro and sandstone sam-
ples closely follow Lambert's law for diffuse reflectors.
The amount of light reflected back to the PMT there-

fore depends only on the area illuminated as seen by
the detector, here a constant. In contrast, the slate and
mica-schist rellectances exhibit some angular depen-
dence. The amount of light received by the PMT at
incidence angles off perpendicular is significantly less
for these samples than for a diffuse reflector, i.e. the
surfaces exhibit some specular reflectance (Figure 5).
These samples all contain minerals with tabular or
platy crystal structures, such as clays and micas,
which can act as specular reflectors. Moreover, these
minerals will generally be aligned parallel to the
macroscopic cleavage surface. The green slate exhib-
ited the most sensitivity to incidence angle, with
backscatter intensity decreasing by a factor of two
between normal incidence and 45°.

Near-Field Backscatter Measurements

Near-field backscattering of light is of interest be~
cause: (a) it limits signal-to-noise ratio (contrast); and
(b) it provides information on volume distribution of
particulate matter in the water column. Measurements
were made of backscattered light intensity for different
values of water clarity using co-axial collecting optics.
All light collected from 4 meters to the end of the
tank entered the PMT. For shorter ranges the diver-
gence of most of the collected light was too great to
be focused into the PMT. Reference targets were dif-
fuse reflecting plates painted either white (for lower
clarity water) or black (for higher clarity water).

Rock Type

Green Slate
Black Slate

Gabbro

Sandstone

Schist

Red Basalt
Scoria

Mineralogy I

Quartz, chlorite,
sericite, minor feldspar

Plagioclase, green
amphibole, minor chlorite,
relict clinopyroxene,
assessory magnetite

Quartz

Quartz, muscovite,
chlorite, epidote

Plagioclase microlites,
rare large olivine pheno-
crysts, dark fine grained
ground mass

TABLE 1

Surface"

Foliated cleavage
plane

Smooth, cut

Smooth bedding
plane

Clevage plane,
minor foliation

Very rough

Comments

Green = 'high chlorite,
no carbonate

Black = low chlorite,
minor carbonate

Carbonate, hematite
cement, some pressure
solution

30% vesicles,
.3-3 mm diameter

% Reflectance J

8.0-8.6

6.4-7.3

6.7-6.9

5.4-6.3

5.4-6.0

1 Determined by thin section analysis, or for fine grained slates, by x-ray diffraction.

1 All surfaces are natural cleavage or bedding planes except gabbro, with artificial cut surface.
J Calculated by comparison to four standard gray or black matte surfaces with 0.75%-15.8% reflectance, as

measured by a Gardner "Colorguard" 0-45° reflectometer.
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Line tracings of oscilloscope displays during the
backscatter experiment are shown in Figure 6 for
various water clarities. Peaks near 120 ns represent
backscatter from the target at 13 m, while the signal
between 40 ns and 110 ns represents backscatter from
particulates in the water between 4 and 13 m.

The major difference in received signal for various
water clarities is the target strength. The backscatter
from particulates shows a more subtle dependence on
water clarity. In the near field (between 40 and 60 ns)
a higher particulate content causes stronger back-
scattering of light. However, since the intensity at suc-
cessively farther distances is strongly attenuated as
water clarity is reduced, the backscattered signal from
farther distances (60-110 ns) is also reduced. The best
measure of particulates may not be an absolute signal
strength from backscatter at some distance, but rather
the relative stope of the return signal over a time
range. This slope will be lower in clear water than in
turbid water. Relative signal strength at two separate
times can be precisely measured, so that a laser sys-
tem designed primarily for ocean floor imaging could
also function as a nephelometer.

DISCUSSION

Figure 5. Variation in light intensity backscattered to
the photomultiplier tube (PMT) as a function of target
orientation. Two rock samples, with reflectance values
at normal incidence of 8.0%-8.6% (green slate) and
5.4%-6.3% (sandstone) are compared to a white matte
target (3M "White Velvet" diffuse reflecting paint,
- 85% reflectance). White target data were collected
with an additional neutral density filter (10% trans-
mission) in front of the PMT. Higher and lower values
for individual samples at a given incidence angle rep-
resent two orthogonal sample orientations, obtained by
rotating the sample about the normal to the surface.
These differences likely represent the influence of
surface texture on backscatter. Error bars on individ-
ual rock measurements represent observed variation in
backscatter with right versus left-handed rotation of
the samples. The indicated field for the white reflector
represents total observed variation with right vs left
rotation and two orthogonal orientations.

The two rock samples indicated represent extremes in
angular dependance observed in the six rock samples.
The sandstone acts as a diffuse reflector, similar to
the white matte target. Backscatter from these sur-
faces is not a strong function of incidence angle. In
contrast, backscatter from the slate sample shows a
strong angular dependance, decreasing by a factor
of two from normal incidence to 45°.

ANGLE OF INCIDENCE

PMT output can be characterized by Poisson statis-
tics; variance in the number of photons arriving at the
detector = vtV1 where M is the measured number,

This gives S -2 x 105 photons. Many PMT's can
detect signals as low as 102 photons, so the absolute
signal level is adequate for our hypothetical imaging
system.

N e-2rLRAt
S=----

xL 2

N = number of output photons per pulse
2.6 x 1015 for 1 mj pulse of green light

c = atten uatio n coeffi c ie nt = .0834 m - 1

(for T = 92%/m)
L = height from bottom = 50 m
R = rock reflectivity = 5%
A = receiver area = .20 m2 (50 cm diameter

lucite tens or mirror)
t = receiver efficiency = 30%

where

The feasibility of a laser imaging system can be tested
by estimating the strength of a light pulse at the
receiver after interaction with the rock surface and
attenuation by water. Our reflectance data suggest
that most sea floor surfaces will reflect more than 5%
of incident light over the range of incidence angles
likely to be used in a scanning imaging system. Ex-
pected signal strength (S) at the receiver for normal
incidence is:

40'30'20'10'400
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i.e. roughly 2 x 105 ± 5 X 102 in this example. The
relative uncertainty In the return signal is then

VS
± --- X 100 = ±0.2%. Hence the backscattered

S
signal would have to change by more than ± 0.2% in
order to be interpreted as a change in sea floor re-
flectivity. The signal-to-noise ratio (SNR) of the PMT
is also governed by Poisson statistics and is given by
the square root of the product of quantum efficiency

51 BY

51101
120

lo-ll
o

and the number of photons received. Since both SNR
and the minimum detectable change of sea floor re-
f1eotivity depend on the number of photons in the
received pulse, S must be reasonably large (> 103

photons).

Total power consumption is largely determined by the
laser's PRR. If we envision a 1 mJ laser system towed
50 m above the sea floo r at a speed of 1 m sec-' to
produce sea floor images 100 m wide with 500 pixel
resolution, then a PRR of 2.5 kHz is required. This
implies an input power of 250 W, assuming efficiency
comparable to our test laser. Such scaling studies are
now being undertaken.

Figure 7 suggests the limitations of a scanning laser
imaging system in terms of minimum water clarity and
maximum range. If the imaging system were required
to operate a minimum of 30 m above the bottom for
operational safety and adequate field of view, then
water clarity would have to be better than 83% m-1

to ensure some minimal level of return signal strength
(- 10J photons per pulse). Since most water masses
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Figure 6s,b. Backscattered light intensity as a function
of two-way travel time or distance (laser input-target-
receiver) for several values of water clarity. T(%/m)
is the measured transmissivity of the water. Figures
represent line tracings of actual oscilloscope displays.
A black target was used for higher values of water
clarity (Figure 6a) while a white target was used at
lower clarity (Figure 6b), to keep the strength of the
return signal within the linear range of the PMT.

Figure 7. Received peak pulse power (W.) for a scan-
ning laser imaging system as a function of range
(height from bottom) and water clarity. Values are de-
rived from equation 1, assuming Wt = 4.8x104W.
"(= 35% R = 2.38%, <I> = 0, D = .25 m. Experimen-
tal result for a black diffuse target (R = 2.38%) at
T = 84%/m and W, = 4.8x104 W is also shown.
Photons per pulse (right side ordinate) calculated by
multiplying W. by pulse length (20ns) and dividing by
energy of a green photon (3.89 X 10-19j).
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in the open ocean are clearer than this,l J the CuCI
laser appears to be an adequate illumination source
for our hypothetical imaging system. A prototype unit
is planned for use with a deeply towed sonar system.
Tests are scheduled to begin in 1986.
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