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ABSTRACT

A plot of the optical absorprion coefficient, k, as a func-
tion of frequency (or wavelength in micrometers} discloses
a drop of 5 orders of magnitude in the absorpiion per unit
length for pure NaCl in the vegion 60 fo § micrometers
{microns). The absorption coefficient rises again in the opti-
cal region reaching a maximum in the uitraviole! region.
Insofar as we have been able to determine from a vigorous
literature search, pure salt has such a low absorption coeffi-
cient in the region from I to 10 micrometers (near infrared)
that it has never been measured. Manufacrurers of optical
equipment have know this for a long time and use solf as
an integral aptical part of spectrophotometers, for example.

The low absorption coefficient in the I to 10 micrometer
region means that solt can transmit near infrared waves {at
about 2 to 3 micrometers} almost as well as VHE radar
waves. Thus a laser radar might be an alternative means
of probing into salt for the detection of discontinuities, i.e
anything thar is not selt. Laser radqrs have @ number of
advantages over ardingry pulse or CW-FM radars.

1. The peak power outputs available are much higher
than for ordinary radars, e.g. 107 watts versus 10% walls.

2. Antenna gains (G = K4/A%) are much higher be-
cause of the very short wavelengih used despite the small
radiating areg A, and G is important because it appears in
the radar range equation as G2. Thus any improvement in
G {over the ordingry radar) is enhanced by the squaring.
Antenna gains of 106 are comunon in lasers, compared with
{0 to 15 for radars.

3. Very short pulse widths are obrainable with a laser
radar. Nanosecond pulses are availuble whereas radar
pulses less than 100 ns are difficull tw obrain.

4. A laser radar avoids the large bulky entennas needed
to ahtafn even g smaell amount of gnienna gain in the VHE
radiowave region. In praciice, the inverse probiem is éx-

pected to grise with a laser radar. The beam width is inher-
ently so narrow (order of 10 miflivadians) that it will have
to be widened, but this is no problem.

3. Although high laser vadar peak powers can be vb-
tained, the pulses are of short length and so average powers
can be quite low while still having reasonable pulse repeti-
tion frequencies.

Consequently, a laser radur has many udvantages for
prohing salt. However, these advantages could be nullified
if the structure of salt is such that it scatters the laser ligh
in many directions. If this vecurs the laser radar in salt
would be anafogous io bright white keadlights in a thick

Jfog.

INTROIDUCTION

This paper will look at the radar equation which in-
chzdes the attenuation of the waves by the salt and see
what might be done to probe into salt better, deeper, and
more accurately, for any discontinuity in the salt utilizing
one of the two windows in salt, aamely the infrared win-
dow. To do this it 1s proposed that a laser radar be used.
One must initially determine where in the infrared range
one should transmit and how such a laser radar might
compare with a VHF radar operating in the other window
of salt.

First it must be determined whether salt will permit the
transmission of EM waves in the optical of infrared fre-
guency region. It is known that pure salt is transparent.
It is also known that salt in mines is not identical with the
pure salt crystals seen on display in salt company offices
or museums. Unterberger {1974) has shown that salt has
a window, or low spot in iis attepuation curve, (tan § v§
frequency) in the 10° to 10° Hz range. Much prior re-
search on salt propagation has been done in this range and
ragar returns werg achieved from reflections at distances
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up to a mile in sait. At 10% Hz the attenuation curve for
salt continues upward until it reaches a peak in the infra-
red at 60 microns {or micrometers) wavelength where
interatomic vibraiions cause absorption. The attenuation
then dips and the salt becomes so transparent in the 1-8
micrometer range that the attenuation or absorption con-
stanit is unknown. Note the drop by 4 orders of magnitude
(Fig. 1) from wavelengths of 60 micrometers to about 9
micrometers. The dotted line is interpolation. As the
wavelength shortens, salt again starts to absorb caused by
the electronic transitions in the ultraviolet region. In the
visible region, salt is transparent. This fact is often utilized
in the aptical manofacturing industry where, for example,
salt crystals are used in spectrophotometers. Note that an
uranium-doped calcium fluoride faser at 1.06 micrometer
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Figure 1. The Oaticat Window in Sait,

wavelength would operate in the middle of the transparent
region of salt according to the graph (Fig. 2) which shows
the transparency of salt plotted against wavelength for the
unitraviolet, visible, and infrared region using data from the
Smithsomian Physical Tables, (1936},

From electromagnetic wave theory, it is known that
absorption must be accompanicd by a change in the index
of refraction so that the index of refraction can be used as
a sensitive indicator for absorption. In Figure 3 four-sig-
nificant-figure index of refraction data are plotted against
wavelength. The index of refraction rises on the right
becanse of the UV absorption and dips on the left because
of the 60 micrometer absorption in the infrared region.
Note that the flattest part of this curve is in the 1 to 5
micrometer region. Therefore it is at this frequency (or
wavelength) that a laser radar should be used to probe salt
because this is where salt 1s the most transparent.

A plot of the index of refraction (Fig. 3} of some im-
purities found in salt, particularly anhydrite, gives three
indices for anhydrite at the wavelength of the sodium
Di-line. If it is not desirable to detect anhydrite impuritics
in salt with laser radar then the wavelength of laser radar
might be chosen such that the index of refraction of anhy-
drite would coincide with that of salt.

¥From the data reviewed so far, one can conclude that
there is a window in sait through which one might probe
for discontinuisies such as sand lenses, water, limestone,
anhyvdrite, etc. just as one probes with VHF radar at much
lower frequencies (and longer wavelengths) for similar
discontinuities. At low (VHF) frequencies the reflections
are caused by the change in the complex elecinic permit-
tivity af the interface between salt and some other mate-
rial. In the infrared region it is the change in the index of
refraction of the salt and the impurity that will give rise
to a reflection signal, whose range can be determined from
timing the reflected laser pulse.

All the data ctted are for pure salt, usnally Harshaw
Chemical Co. salt, grown from a melt. How does this
compare with natural /n sifu salt? This is a difficuit ques-
tion to answer, Dr. William T. Holser, University of Ore-
gon {Personal Communication} says that a Pittsburgh
Plate Glass Co. engineer obtained 98% transmission in
the infrared (wavelength unspecified) through a five foot
salt core from Palangana Dome, Texas.

From Beer's law:

I == Jekx (1}
where [, is the initial intensity of light at x = o, and I is

the intensity after traveling a distance x, the absorption
coefficient k of this salt is obtained:

k= 1L.3IX 104 {2)

MNote how well this compares with the bottom of the inter-
polated curve (Fig. 1). No data are available in the 0.8 to
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9 micrometer region for the absorption coefficient of aven
pure salt because it transmits well i.e. it is so transparent.
Usually solid and hquid substances are very absorbing in
this region so that the optical instruments available to
measure the absorption cocficient are designed to handie
only a small thickness of sample. For example, the Beck-
man Model 21 Double Beam Infrared Spectrophotometer
will not accommodate a sample longer than 3 inches.

COMPARISON OF VHF ATTENUATION
CONSTANT « AND THE INFRARED
ABSORPTION COEFFICIENT k

The IR intensity loss per unit length, k, is usually ex-
pressed to the base e, in nepers per centimeter. The equiva-
lent of this in the VHF region is the atienuation factor,
also expressed in nepers per centimeter. o, however, is
associated with a decrease in the amplitude of the electric
vector B of the VHF wave. The infrared, k, is associated

5

with the intensity. Thus the two loss mechanisms are
equated by:

o otans 3

f
k = 20 =
o Hg

|5

Equating these at 440 MHz for the VHF radar in salt,
where most of the data given in Unterberger (1974) were
taken one obtains

k = 22tan § {4)

This equation relates the twn important factors governing
the attenuation of the wave as it progresses through sait.
Thus, if a tan § of salt of 4 X 10~ yields a sarisfactory
radar range in salt in the VHF region, which it does, then
an infrared laser radar in salt of 1 X 10 neper/cm absorp-
tion coefficient should give equivalent performance insofar
as attenuation is concerned. Remember that 1 X 107 is
what was presumably measured for the five foot sample of
Palangana salt dome salt.
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Figure 2. Transparency ot Sait References: {1) Smithsontan Phys, Tabies Page 538 and Puge 545,
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OTHER FACTORS IN COMPARING VHF Py is the notse power of the
RADAR AND LASER RADAR receiver in waits
Praciseness of measurement. The basic radar equation G is the antenna gain
which will hold for either VHF or laser radar (including o is the backscattering of
attenuation by the transmission medium) is: the target in meters
. P G*\o ~4%R tan 8 — squared
SiN = 10 log (: Fpar il IRl \ﬁf‘f’fo}(u'f#o} R is the radar range in me-
7 RYPy X
{3) ters
whera: 3 1s the wavelength in me-
S/N is the signal-to-noise Ters
ratio in decibels tan § 15 the foss tangent of the
P, is the peak power output transmitting  matenial
i wakts (salt, in this case)
180
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Figure 3. Index of Refraction of Salt.
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€' /ey is the real part of the
complex permittivity of
salt

1/ o is the real part of the

complex permeabihity of
salt (assumed to be equal
e 1 because of the lack
of ferro- or paramag-
netic substances within
the salt mass).

it is the signal to noise ratic for a particular reflection
at range R, for a target of radar cross-section o, that
determines whether the target discontinuity in the sait is
seen or not. Looking at each individual parameter one can
see how the two systems compare. First note that the
parameters on the right side of the equation can be divided
infe two groups, precise and imprecise parameters. The
imprecise parameters are those to which a precise value is
difficult to assign. The precise paramelers, those which
one can measure easily, are:

P, = power output

G = antenna gain

A wavelength

Py = receiver noisc power

The imprecise ones are:

o = radar scattering cross section of the target
tan § = loss tanpgent of salt

Note the omission of the real part of the relative electric
permittivity €'/€, (which for salt == 590} and the similar
rezl part of relative magnetic pernwability p'/u, of salt
which is == }. According to the Soviet literature, Karlov
et al. (1970) electrical breakdown of NaCl occurs at a
radiation density of = 2 X 10° W/cm? corresponding to
a field intensity of 1.3 X 10f V/em. Consequently, an
effective laser radar must not exceed this value.

Pracise parameters, Next the precise parameters are
compared for YHF and laser radars. Whereas VHF might
have 10* watts of peak power, or possibly 10° if extended,
the peak power of lasers are for example

750 X 106 W for a Korad K-2Q ruby
laser
30X W for a Cogenel VK.-640

Neodymium Doped
Glass laser

A nine path neodymium laser by the Russian scientist Dr.
Basov produces 300 X 10? watts or 0.3 TW. (Solon, 1972).

Using the Cogenel laser for comparison it is clear that
the laser radar has a peak power output advantage of
IU[G

TE)E = 10% over the VHF radar. (6)

T

Thus the laser radar has a relative advantage of 100,000
over the VHF radar,

Antenna gain. It is known from optics that the Fraun-
hofer diffraction pattern for a slit of width a, has the
general expression for minima given by:

sin § = k»;i k = 1.2,3) %)

Taking the first mitmum (k = 1) and making the usual
assumption that sin @ = @ for small angles, the beam-
width for the diffraction-limited source is:

= - &)

Note the similarity of this optics equation to the bearms-
width for a parabolic microwave dish (Silver, 1949) of
diameter D, which is given by 1.2 A/D. Assuming z | cm
diameter rod and & wavelength of | micrometer the beam
angle is:

8 =10 radians : )]

In practice, however, one can only obtain a beamwidth
ten times that of the iheoretical 10-* radians. Thus take
1 miliiradian to be the beam angle or a beamwidth of .06°
for the laser radar in the horizontal and vertical direction.
The beamwidth of the 2-bay stacked array VHF radar is
+ 207 in the horizontal plane and T 30° in the vertical
plane. Multiplving these relative factors together, and be-
cause the peak radiated power is more concentrated in
buth azimuth and elevation directions, one obtains the
formula: '
2400

G, (067 6.6 X 10° (10
i.¢., a laser radar pensmitting antenna gain advantage of
6.6 X 10°. This expression compares only the transmitting
antennas of the VHF and laser radar. For the VHF radar,
there are two antennas (transmitting and receiving) which
are the same but not identical. No duplexer is used and
each antenna is a 2-bay, vertically stacked, horizontaily-
polarized array. The laser radar receiver could very well
have a collector mirror of ten times the laser transmitter
dielectric rod size, A laser receiver using a mirror 10 em
in diameter is common. The laser receiver gain G, advan-
tage 18 now 6.6 X 10% ten times that czlculated for the
transmitter. The total laser radar antenna gain advantage
is the product G,G; or

6.6 X I0° (6.6 X 107 = 435 X 107 (1)

So far the faser has advantages in both peak power output
and antenna gain.

Wavelengrh. Note from Equation (5) that A appearsin
the equation twice: once mn the exponent and once
{squared) in the numerator. Considering the numerator
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first, one sees that the VHF radar has an advantage over
& neodymium or a CaF, glass laser radar at 10,600 A (or
1.06 micrometers):

)y 2 2
[ VHF] =[ 63,18 ] = 4.13 X 10'% (12)
Maser 106 X 10~

So here the VHF radar has 3 distinet advantage.

Receiver noise. The VHF radar receiver has a sen-
sitivity of 10-12 watts, In addition, use of advanced tech-
niques such as the boxcar integrator, cross or
auto-correlation schemes might improve by factors of pes-
sibly two orders of magnitude. Advanced techniques {Al-
fano and Ockman, 1968) are also available for detecting
low light levels (= 10-17W), One may consider the receiver
noise in both YHF and laser radar systems to be approxi-
mately equal.

The relative advantages of both radars for the precise
parameters are summarized in Table I, where it is seen
that the laser radar has an advantage of about one million
to one over the VHF radar in terms of power output,
transmitted gain, and other factors.

FABLE 1}
Relative Advantage for

Parameter Considersd Lasar Radar VHF Radar
Fawer Qutput, fi g 10° e
Transmitter Gain, G, 6.6 x 10° e
Recawer Gain, G, 6.6 x 10° e
Waveiength —_— 4,13 = 10“
Peceiver Noise Level none none
Touat 4.35 x 16 4,13 x 164
et Advantage 10°

Imprecise parameters

The radar cruss section. Referred to in the literature as
RCS or o, the radar (backscattering) cross section is a
kighly variable parameter which cannot be handled math-
ematically. o is impossible Lo compute theoretically and
laboratories at Hughes Aircraft and Ohio State have been
established to measure this parameter for various targets
at various aspect angles and various frequencies and polar-
izations. Much work by the MIT Radiation Laboratory
during World War Il and by the Naval Research Labora-
tory after the war revealed amezingly complex, three di-
mensional patterns for o for a given wavelength and
polarization. Small changes in aspect angle (the direction
of looking at the target) affected the received radar signal
by 20 dB or more. This is caused by interference in the
phase of the signals reflected from different areas of the
complex shaped target.

Any infrared target is very likely to be a complex
shaped interface which is rough (particularly where A =

1.06 X 107* cm). Unfortunately there are no retroreflec-
tors (the optical equivalent of radar corner reflectors)
placed on the target of interest in salt, similar to those the
Apollo meon landers left on the moon to aid ranging to
the moon from earth with laser radars. With the paucity
of information that exists about the target o, either in the
VHF region or i the [R region, it is not possible to
determine which radar has the advantage with regard to
the radar cross section. Accordingly, they are coasidered
equal.

{an 5. Theloss tangent of salt for VHF, or the absorp-
tion coefficient k in the infrared, has been considered.
Remember that values of k of about 1/4 the value of tan
§’s for salt should give shout equal radar performance.
The one Palagana dome IR measurement cited may have
been made on 2 very low loss salt sample or just a moder-
ate loss sample. Nevertheless, this measurement appears
to he comparable to attenuations measured in salt by us
at VHF radar frequencies. Therefore, although the perfor-
mance of either radar is highly dependent on tan § or its
equivalent k [because of its position in the exponent of
equation (5], on the basis of present knowledge the radars
are comparable for this parameter.

SUMMARY

Insofar as one can presently determine the imprecise
parameters are about equal, i.e. there is no advantage for
either laser or VHE radar. Considering the precise param-
cters and attenuation in salt, the laser radar has a clear
advantage of 10° i.c., in signal to noise ratio, its perfor-
mance should be 60 dB better than the VHF radar which
has been so successful thus far. While this sounds fike a
powerful incentive to develop a laser radar to probe sait
for discontinuities, the deciding factor will probably be the
amount of infrared scattering cre obtains in trying to
transmit a narrow infrared beam into salt, Such scattering
of taser light in salt may well prove to be analogous to the
headlight beam scatter while driving a car in the fog where
the water molecules scatter the light and one sees very
little.
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