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FOREWORD 

This is the first status report on NASA Grant NSG-5082. The grant covers 

the period from October 1, 1975 to June 30, 1976. The grant amount is $31,971 

in NASA funds and $1,608 in Georgia Tech cost-sharing funds for a total of 

$33,579. During the course of the program, three letter-type reports On pro-

gress have been written and sent to the NASA/GSFC technical monitor, J. Larry 

King, for the purpose of providing informatiOn regarding technical progress on a 

current basis, and to provide a better opportunity to direct the program so as 

to maximize its value to the government. Copies of these reports are attached 

as an Appendix. 

The Principal Investigator at the Ceorgia Tech Engineering.Experiment 

Station is Dr. M. D. Blue. The internal project number is A-1784. The matching 

funds in the amount of $1,608 have been assigned the internal project number 

E240-805. Major contributions to the work reported here have been made by J. 

Barry McManus, student assistant. 

Introduction 

This report covers the first six months work on the permittivity of sea-

water. Measurements have been made over the temperature range O'C to 50"C at 

a frequency of 97.75 0Hz. 

II. Permittivity Measurement Techniques 

Only within the last ten years has an extensive effort been made to measure 

physical properties of materials and to otherwise explore the spectral region 

lying between 50 GHz and 1000 GHz. The reasons depend largely on the lack of 

readily available hardware and on the experimental difficulties. In the 

microwave region, previous investigators have used cavity resonators or a 

length of waveguide as a means of defining configuration of the electromagnetic 

field with the precision needed for accurate determination of dielectric proper-

ties. In the millimeter wave region, such techniques become increasingly 

difficult to apply. The problems include the difficulty of accurate matching of 



specimens and cavities, air gaps between samp e and cavity wall, and the problem 

of surface tension and accurate sample shape for liquid dielectrics. 

On the other hand, the extension of optical techniques using lenses and 

prisms to the millimeter region encounters problems due to low source 

radiance, poor detector sensitivity, and a lack of available components. 

The result has been the use of closed and open resonators at wavelengths 

greater than one millimeter, with free-space quasi-optical techniques employed 

at shorter wavelengths. Typically the quasi optical and open resonator techni-

ques give information about the index of refraction directly, while techniques 

employed in the microwave region usually give dielectric constant information. 

An open resonator technique was briefly studied for this program. The 

details are described in the Appendix in the report covering the period I 

October - 31 December 1975. It was found that the dissipative component of the 

dielectric constant of water was too high to permit the open resonator technique 

to be used. The method involves measurement of the resonance frequency and 

cavity Q with the empty cavity and with a thin layer of speciment inserted. 

A reflectivity method was selected for these measurements for several 

reasons. From previous measurements of the dielectric properties of water, the 

dielectric properties may be extrapolated through the millimeter submillimeter 

region yielding approximate values. A method of improving the accuracy of these 

values is desired. 

The use of reflectivity data provides such a method for the technique, 

as' used in this program, yields reproducible data with a minimum of measured 

quantities and corrections. It can be'quickly implemented and is adaptable to 

a wide range of wavelengths. 

Briefly, normal incidence reflectivity is measured. The result is used to 

obtain the index of refraction n = n ik. Both reflectivity and phase in-

formation are required for an unambiguous determination. Phase information re-

quires a more complex experimental arrangement with a concomitant reduction 

in accuracy. To avoid this problem, we make use of the frequency and tempe a-

ture dependence of n as determined by extrapolation. Small corrections are 

sufficient to fit normal reflectivity. To check our assignment of n ik 

values, we then measure reflectivity at oblique incidence. The quantities n 
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At an angle of incidence 8, the reflectivity for radiation polarized 

parallel to the plane of incidence, R (0), and perpendicular to the plane of 

incidence, R (0), is given by 

1/2 

and k contribute to reflectivity in varying amounts depending  on the angle of 

incidence. If calculated reflectivity tracks experiment for oblique incidence, 

we have a set of refractive indices which agree with experiment, Normal inci-

dence measurements have the highest accuracy, and are always used as the basis 

for adjusting n and k. 

In Table I, we have collected several expressions relating the relative 

dielectric constant e = e - le" to the index of refraction, and expressions 

for reflectivity for Kediatien polarized parallel or perpendicular to the 

plane of incidence. 

TABLE 1 

RELATIONSHIPS BETWEEN REFLECTIVITY AND REFRACTIVE INDEX 

The refractive index n a ik 

and the dielectric constant E 	- 

are related by c- = n2  



R a 
) 

Both expressions reduce to the normal incidence case at 0 = 0. The above 

formulas.refer to a dielectric-air interface. 

Figure 1 shows the experimental arrangement for reflectivity measurements. 

The horns had dimensions of 2.85 cm x 3.40 cm at the output and were 8.5 cm in 

length. The plastic lens served to focus the energy to a 12 cm diameter 

circle at the sample surface. With the high attenuation of water, only the 

wave reflected from the surface is received. The use of absorber panels elim 

nates possible contributions from stray reflections. A similar arrangement 

was used for measurements made at oblique incidence. 

Transmitter and receiver were separated and absorber panels served to 

define the geometry of the received energy. 

For the case of normal incidence, reflectivity at a fixed temperature 

was reproducible to better than one percent. 

Experimental Results 

Measurements of reflectivity at normal incidence was made relative to 

liquid mercury whose reflectivity was taken to be unity. A typical experi-

ment consists of exchanging dishes of water and mercury, each filled to the 

sane height, while measuring the reflected energy for each surface. Surface 

height is adjusted to match a reference level and a further !mall adjustment 

48 made to maximize reflected power if possible. For water at 20%, we find 

K = 0.433 + 0.006 

4 
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where the stated error is the standard deviation. The frequency . of the 

klystron was determined to be 97.75 GHz. 

For measurements at temperatures away from room temperature the experi-

mental procedure was changed. 

As the depth of mercury in the sample dish is only a few millimeters, a 

matching sample of water has low heat capacity with large surface area and 

will drift in temperature at an excessive rate. To avoid this problem, re-

flectivity at other temperatures was referenced to water at room temperature, 

and samples containing larger volumes of liquid were used. 

The data were corrected for a small amount of horn-horn coupling. Other 

experimental problems were instrument drift and drift in klystron power. 

As reflectivity is determined by the properties of the first few hundred pm 

of water surface, any temperature gradient near the surface caused, for 

example, by evaporation will result in an error no larger than the variation 

of reflectivity between wet and dry bulb temperatures, Because the variation 

between different runs was small and less than the standard deviation, we be-

lieve errors from all sources are no greater than the standard deviation. 

The results for normal reflectivity are shown in Figure 2 which covers the 

temperature range 0 ° C to 50 ° C. The solid line below the experimental curve is 

taken from an extrapolation by Peter S, Ray fli . The diamond at 24° C represents 
[1 reflectivity calculated from data supplied by NASA/GSFC 	. At 20°C, the 

extrapolations lead to reflectivity approximately 3.5 percent low, the error 

increasing as the temperature decreases to 5 percent at 0 °C. The data repre-

sent over 50 measurements. If each point in Figure 2 is given equal weight, 

the standard deviation from the line is 0,0025. Near room temperature, the 

absolute value of reflectivity was repeatedly measured. Measurements were 

corrected to 20 ° C. The mean for 30 values with the associated standard 

deviation is shown at 20 ° C in Figure 2, The result is 

R(20 ° C} = 0.433 f 0.006. 

The slope at 20 °C is taken to be R 0,0035/*C. A consistent index 

of refraction at 20 ° C is 

6 
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n(20 °C) = 3.539 - i 2.089. 

As outlined previously, values of n = n 1k to fit the data for Figure 2 

were obtained using previous extrapolations as a starting point. The values 

of n and k shown in Figure 3 fit the reflectivity versus temperature curve of 

Figure 2 to + 0.001 or better. 

The curves of Figure 3 were used to compute expected values of reflecti-

vity for specified values of (1) temperature, (2) angle of incidence, and 

(3) polarization. Experimental values of reflectivity at 97.75 0Hz for two 

different angles of incidence are compared with experiment in Table 2. Abso-

lute values of reflectivity were measured at room temperature using liquid 

Mercury as a reference. For temperatures above and below room temperature, the 
ratio of the sample reflectivity to a water sample at room temperature was 

measured. Each of the experimental values listed in Table 2 represents an 

average of approximately 16 readings. These measurements had a larger stan-

dard deviation than the measurements made at normal incidence. For example, 

in Table 2B, two independent measurements of reflectivity for perpendicular 

polarization are reported. These measurements should give nearly identical 

results as indicated by the calculated values, whereas the experimental 

values differ by 0.025. We find calculated values, using the equations of 

Table 1, agree to within experimental error with reflectivity at oblique angles 

of incidence. This result is a check on the values of n and k of Figure 3. 

The results discussed thus far have been obtained using pure water. Two 

solutions were prepared, one containing NaCl and the other containing plankton, 

to simulate the ionic content and the organic content of seawater. 

A 0.7N solution of NaCl was prepared. This corresponds to 4.1% of 

salinity, equivalent to a very saline region of the ocean. The ratio of 

reflectivity at normal incidence of the salt solution to the reflectivity of 

fresh water was measured at room temperature. The result was R(salt water)/ 

R(fresh water) = 1.0056 0.010. The deviation of the ratio from unity is less 

than the standard deviation. Therefore there is no measurable difference be 

 the reflectivity of fresh water and a 0.7N solution of NaCl at 97.75 CHz. 
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tature 	ValUe 	Val 
Experimental 	Calculated 

Measurement .  

Measurement 	Angle
T1 	T 

Rs (T/)/Rs (T2 ) 

Rs (T1 )/Rs (T 2 ) 

Rs a1)/Rs (T 2 ) 

Rs (T1)/Rs (T 2 ) 

Rs (T1)/Rs (T2 ) 

Rs (T1)/Rs (T 2 ) 

Rs (T1)/Rs (T 2 ) 

Rs (T )/Rs (T2 ) 

47.2 °  19.7 °C 5.3° C 1,106 1.093 

47.2 19.2 °C 4.5° C 1.098 1.093 

47.2 39.6°C 20.1° C 1.093 1,081 

47.2 40.5 ° C 19.6 ° C 1,084 1.086 

31.0°  17,7 ° C 3.9 °C 1,133 1.117 

31.4°  16.8° C 3.9 ° C 1,096 1.105 

31.0°  39.9 ° C 17.7 ° C 1.159 1.122 

31.4°  39.7° C 17.9 ° C 1.150 1.120 

Experimental Calculated 

REV1.ECTtVrTT AT OBLIQUE INCII)E iCE 

Measurements Near 46' Incident Angle 

R
s 46.2 °  18.8 ° C 0.557 0.557 

R 
p 

46.2 °  19.7 ° C 0.271 0.297 

Measurements Near 31 °  Incident Angle 

Measurement 	Angle 

Rs 	31,0°  

Rs 	31.0° 	17.6'  

Experimental 	Calculated 
Value 	Value  

0.478 	0.485 

0.452 
	

0.481 

Temperatu 

19.0" 

C. Reflectivity Ratios 

10 



This result may be anticipated from the frequency dependence of the ionic 

conductivity of salt water. The imaginary part of the dielectric constant can 

be considered to comprise an effective conductivity arising from the orientation 

of the polar water molecules and a real conductivity arising from the mobile 

solutions. The ionic conductivity has a frequency dependence given by 

2 2 -1/2 (w) == a (1 	T ) 
I 	0 

The imaginary part of the dielectric constant may then be written as 

c" 	c" +a (w)/f 
o 	I 

where f is the radiation frequency. 

The conductivity of seawater is discussed by Halley [3), Typical values of 

dc conductivity are in the range 30-45x10
9  sec-1  (ESU units) and relaxation 

times near 1.1x10-10  sec. At a frequency of 98 Gliz, the conductivity will be 
9 0.45 - 0.7 x 10 sec

-1 using equation (1). At a frequency of 98 Gliz, the 

ionic contribution to c" using equation (2) will be no larger than 0.014. The 

value of E" at this frequency is close to 11. The effect of the added con-

ductivity near one part per thousand, is less than the sensitivity of our 

measurements. 

The organic component of seawater contains both dissolved matter and parr 

ticulate matter of from estimates of the total amount of living cells
[4 
 , we 

can estimate the concentration of particulate matter for most ocean areas to 

be in the range of 150-300 g/m3  . 

For these measurements, we prepared a solution containing 580 g/m 3 , This 

concentration would correspond to a heavy concentration of organic matter rep-

resenting fertile coastal waters during the spring and summer. 

The reflectivity of this solution was compared to the reflectivity of 

fresh water. The result was R(plankton)/R(freshwater) 	0.999 + 0.014. 

Again, the deviation from unity was less than the standard deviation. We 

conclude that the presence of plankton in water does not alter its reflectivity 

at 97.75 Gliz. 

(1)  

(2)  

11 



III. Future Work 

Recent discussions with NASA/GSFC personnel have'indicated the desira-

bility of extending the reflectivity measurements to include ice. We shall 

measure normal reflectivity of ice during the next month of this contract. 

Ice should have a very small temperature dependence of reflectivity. The 

real part of the index of refraction should be near a value of 1.78 with an 

imaginary component near 10- 	Thus the real part of the index of refraction 

determines reflectivity. 

We will not be able to determine an iiz aginary index component as small 

as 10-4  using our present techniques. A different experimental arrangement 

will be required, However most properties of interest are determined by the 

real component which will be determlned, 

We will also obtain a sample of seawater for reflectivity measurements. 

Although the conductivity of sea water should not be observable through the 

dielectric properties (and should not produce a noticable effect on the 

reflectivity of ice), we believe such measurements will be useful to provide 

assurance that unexpected effects do not occur. 

Following these measurements, work at 98 GHz will be complete, We plan 

to repeat the previous measurements at 140 CHz. The source will be doubled 

70 GHz klystron. 

We also have a 300 GHz carcinotron which can be used for reflectivity 

measurements. Measurements over this extended frequency range will be 

desirable for the following reason. 

A desirable end product for this study would be a set of equations for 

the index of refraction of seawater including the effects of temperature, 

frequency, salinity, etc. A desirable set of equations would be the modifi- 
( 5 

cation of Debye's equation by Cole and Cole 	. In order to produce a fit 

to the accuracy of the measurements reported here, similar data for other 

frequencies in the millimeter region are necessary. 

Conversations with 3. L. King, NASA/GSFC, have resulted in consideration 

techniques for dielectric measurements of structural materials of interest 

for use in the millimeter wave region. Examples of materials of current interest 

12 



are fiberglass, Rexolite, Kevlar, and Teflon. In the past, measurements at 

Georgia Tech have provided some 'of the few dielectrio.measUtemimts in this 

region. We shall` review and.Summerize relev4rit.:16forMation from previous 

studies and suggest appropri*temeasures to obtain dielectric properties of 

interest to current NASAJG4e Orors. 

13 
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FOREWORD 

This is the final report for work performed on NASA Grant NSG-5082. The 

grant covered the period from . October 1, 1975 to August 15, 1976. The amount 

of the grant was $31,971 in NASA funds and $1608 in Georgia. Tech cost-sharing 

funds for a total of $33,579. During the course of this program, a semi- 

annual report covering the period October 1, 1976 to March 31, 1976 was prepared. 

In addition, six letter-type reports on progress have been written and sent to 

the NASA/GSFC technical monitor, J. Larry King, for the purpose of providing 

current information on the technical status of the program, and to provide a 

better opportunity to direct the program so as to maximize its value to the 

government. Copies of the six monthly letters covering the period 1 April 1976 

to 30 June 1976 are attached to this report as an Appendix. 

I. Introduction 

This report covers work performed on • the permittivity of seawater and ice 

at 100 Wiz. Measurements on water covered the temperature range 0 ° C to 50 ° C. 

The measurements on ice were taken at temperatures near --1.0 ° C. In addition,. 

a small number of measurements were made on reflectivity of absorber materials 

used in the program "Research in Millimeter Wave Techniques", NASA. Grant No. 

NSG-5012, 

II. Permittivity Measurement Techniques 

Only within the last ten years has an extensive effort been made to measure 

physical properties of materials and to otherwise explore the spectral region 

lying between 50 GHz and 1000 GHz. The reasons depend largely on the lack of 

readily available hardware and on the experimental difficulties. In the micro-

Wave region, previous investigators have used cavity resonators or a length 

of waveguide as a means of defining configuration of the electromagnetic field 

with the precision needed for accurate determination of dielectric properties. 

In the millimeter wave region, such techniques become increasingly difficult 

to apply. The problems include the difficulty of accurate matching of specimens 

and cavities, air gaps between sample and cavity wall, and the problem of surface 

tension and accurate sample shape for liquid dielectrics. 

On the other hand, the. extension of optical technique's using lenses and 

prisms to the millimeter region encounters problems due to low source radiance, 

poor detector sensitivity, and .. a lack of available components. 



The result has been the use of closed and open resonators at wavelengths 

greater than one millimeter, with free-space quasi-optical techniques employed 

at shorter.  .wavelengths. Typically the quasi-optical and open resonator techni-

ques give information about the index of refraction directly, while techniques 

employed in the microwave region usually give dielectric. constant information. 

An opeh resonator technique was briefly studied for this program. The 

details were described in the report covering the period 1 October - 31 December 

1975,, This report is attached in the Appendix. It was found that the dissipative 

component of the dielectric constant of water was too high to permit the open 

resonator technique to be used, The method involves measurement of the resonance -

frequency and cavity Q with the empty cavity and with a thin layer of specimen 

inserted. 

A reflectivity method was selected for these measurements for several reasons. . 

From previous measurements of the dielectric properties of water, the dielectric 

properties may be extrapolated through the millimeter/submillimeter region yielding 

approximate values. A. method of improving the accuracy of these values is desired. 

The use of reflectivity data provides such a method for the technique, as 

used in this program, yields reproducible data with a minimum of measured quan-

tities and corrections. It can be quickly implemented and, is adaptable to a 

wide range of wavelengths. 

Briefly, normal incidence reflectivity is measured. The result is used to 

obtain the index of  n = n 1k. Both reflectivity and phase informa, 

tion are required for an unambiguous determination. Phase information requires 

- a more complex experimental arrangement with a concomitant reduction in accuracy. 

To avoid this problem, we make use of the frequency and temperature dependence of 

n as determined by extrapolation. Small corrections are sufficient to fit normal 

reflectivity. To check our assignment of n 	ik. values, we then. measure reflec- 

tivity at oblique incidence. The quantities n and k contribute to reflectivity. 

in varying amounts depending on the angle of incidence. If calculated reflectivity 

tracks experiment for oblique incidence, we have a set of refractive indices which 

agree with experiment. Normal incidence measurements have the highest accuracy, 

and are always used as the basis for adjusting n and k. 

In Table 1, we have collected several expressions relating the relative 

dielectric constant s = e — 	to the index of refraction, and expressions 
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for power reflectivity for radiation polarized parallel or perpendicular to the 

plane of incidence. 

TABLE I 

RELATIONSHIPS BETW , 'N POWER REFLECTIVITY AND REF ACTIVE INDEX 

The refractive index n = n ik 

and the dielectric constant 6 	61 	ie" 

are related by e = n
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for normal incidence, the reflectivity 	given by 
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At an angle of incidence 0, the reflectivity for radiation polarized 

parallel to the ,plane of incidence, R (0), ,  and perpendicular to the plane of 
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Both expressions reduce to the normal incidence case at 0 - 0. The above 

formulas refer to a dielectric-air interface, 

Figure 1 shows the experimental arrangement for reflectivity measurements. 

'The horns had dimensions of 2.85 cm x 3.40 cm at the output, and were 8.5 cm in 

length. The absorbers and the transmission horn served to limit the radiation 

to a 12 cm diameter at the liquid surface, With the high attenuation of water, only 

the wave reflected from the surface is received. The use of absorber panels 

eliminates possible contributions from stray reflections. A similar arrangement 

was used for measurements made at oblique incidence. 

Transmitter and receiver were separated and absorber pane ls served to 

define the geometry of the received energy. 

For the case of normal incidence, reflectivity at a fixed temperature was 

reproducible to one percent for values near forty percent. For reflectivity 

measurements of ice, the lack of attenuation leads to reflection from the back 

surface of the sample. This complication was circumvented by using a wedge shaped 

sample and freezing the -water in a container lined with absorber material. 

III. Experimental Results 

Measurements of reflectivity at normal incidence were made relative to 

liquid mercury whose reflectivity was taken to he unity. A typical experi-

ment consists of exchanging dishes of water and mercury, each filled to the 

same height, while measuring the reflected energy for each surface. Surface 

height is adjusted to match a reference level and a further small adjustment 

is made to maximize reflected power if possible. For water at 20 ° C, we find 

R 	0.392 	0.014 

where the stated error is the standard deviation. The frequency of the klystron 

was determined to be 103.8 GHz. 

For measurements at temperatures away frog room temperature, the experi-

mental procedure was changed. 

As the depth of mercury in the sample dish is only a few millimeters, a 

matching sample-of water has low heat capacity with: large surface area and 

will drift in temperature at an excessive rate. To avoid this problem, re-

flectivity at other temperatures was referenced to water at room temperature, 

and samples containing larger volumes of liquid were used. 

The data were corrected for a small. amount of horn-horn coupling. Other 

experiment problems were instrument drift and drift in klystron power. As 
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Figure 1. Experimental Arrangement for Normal Incidence 
Reflectivity Measurements at 100 GHz. 



reflectivity , i.s determined by the properties of the first few hundred pm of 

water surface, any temperature gradient near the surface caused, for example, by 

evaporation will result in an error no larger than the variation of reflectivity 

between wet and dry bulb temperatures. Because the variation between different 

runs was small and less than the standard deviation, we believe errors from all 

sources are no greater than the standard deviation. 

The results for normal reflectivity are shown in Figure 2 over the tempera-

ture range 0 ° C to 50°C. The dashed line lying above the experimental curve at 

temperatures greater than room temperature is the extrapolation given by 

Peter S. Ray [11. This extrapolation is within our experimental error up to 30 ° C, 

thus covering the temperature range of interest to most earth observation measure-

ments. The diamond at 0 ° C represents reflectivity calculated from data supplied 

by NASA/GSFC [2]. These data, at 20°C, lead to a reflectivity approximately seven 

per cent low. 

The experimental value for reflectivity at 103.8 Gllz, 0.392 -1- 0.014, repre-

sents the average of 122 measurements. The slope at 20 °C is taken to he 

R = 0.0036/*C. A consistent index of refraction at 20°C is 

n 	ik = 3.24 - i 1,825. 

Appropriate dielectric- constants for water at 103.8 Ms and 20% are 

e" = 7.16 - i 11.825. 

As this program progressed, the klystron became less stable, and its output 

shifted to higher frequencies. Originally oscillating at a frequency near 

96 GUs, the frequency shifted during the course of the program to a value near 

104 Gllz. The shift was accompanied by less signal, increased noise, and reduced 

power stability. The main effect on data has been an increase in the standard 

deviation. We find that with increasing numbers of measurements at temperatures 

near 20 ° C, the average value of reflectivity is not altered and the standard 

deviation does not decrease. Difficulties with the lock-in amplifier, as described 

in the Appendix In the report covering the period June 1 to June 30, have been 

overcome by a modification of the experimental procedure. 

As a result, we obtain a reproducible value for room temperature reflec-

tivity which agrees with the extrapolation of Ray [1] in this frequency region. 
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Figure 2. Reflectivity of Water at 103.8 G112 Between O'C and 50 ° C. 
The Dashed Curve is the Result Predicted by Ray [l] 	The 
Diamond at 20 ° C is the Result Predicted from NASA Data [21, 



We have used Ray's extrapolation to calculate values of reflectivity for specified 

values of (1) temperature, (2) angle of incidence, and (3) polarization. The 

calculated values are compared with experimental measurements of reflectivity for 

two different angles of incidence in Table 2. Absolute values of reflectivity 

measured at room temperature used liquid mercury as a reference. For temperatures 

above and below room temperature, the ratio of the sample reflectivity to a water 

sample at room temperature was measured. Each of the experimental values listed 

in Table 2 represents an average of approximately 16 readings. These measurements 

had a larger standard deviation than measurements made at normal incidence. 

Coupling between transmitter and receiver horns was very small, The results pro-

vide a check on the reduction of normal, reflectivity measurements into real and 

imaginary dielectric constants or indices of refraction. 

The results discussed thus far have been obtained using tap water. Sea 

water contains salts and organic matter. In order to verify that these data are 

representative of sea water, two solutions were prepared. One contained NaC1 to 

approximate the ionic content of sea water, and the other contained plankton to 

simulate the organic content. 

A 0,7N solution of NaCl was used. This corresponds to 4.1% of salinity, 

equivalent to a very saline region of the ocean. The ratio of reflectivity at 

normal incidence of the salt solution to the reflectivity of fresh water was 

measured at room temperature. The result was R(salt water)` R(fresh water) 

1.0056 + 0.010, The deviation of the ratio from unity is less than the standard 

deviation. Therefore there is no measurable difference between the reflectivity 

of fresh water and a 0.7N solution of NaCl. at 97,75 Caz, 

Measurements were also made on sea water samples from the Gulf of Mexico near 

Panama City, Florida. The ratio of reflectivity at normal incidence of sea 

water to the reflectivity of tap water was R(sea water)/R(fresh water) = 1.004 + 

0.008. Again, in the 100 0H2 frequency region, there is nothing in this sample 

of sea water to cause an anomaly in permittivity, 

This result may be anticipated from the frequency dependence of the ionic 

conductivity of salt water, The imaginary part of the dielectric constant can be 

considered to comprise an effective conductivity arising from the orientation of 

the polar water molecules and a real conductivity arising from the mobile ions. 

The ionic conductivity has a frequency dependence given by 



A. Measurements Near 46' Incident Angle 

TABLE 2 

REF,ECTIV T 	AT OBLIQUE INCIDENCE 

Measurement 	Angle 	Temperature 	Experimenta l. Value 	Value 
Calculated 

R
s 	

46.2 ° 	18.8°C 	 0.557 	 0.528 

R 	 46.2 ° 	19.7 ° C 	 0.271. 	 0.268 
P 

B. • -Measurement 	Near 31 °  Incident Angle. 
Calculated 

Measurement 	An le 	Temperature. 	perimental  Value 	Value  

R
s 	

31,0 	19.0 ° C 	 0.478 	 0.454 

R 	 31.0 	17.6 ° C 	 0.452 	 0,449 
P 

Reflectivity Ratios for 'Afferent Temperatures 

•. Measurement 	AngleT1 	T2 	
Experimental Value 	Value 

Calculated 

- ------ 

s 	1 	2 
B 	)/R s(I 	) 	47.2* 	19.7°C 	5.3°C 	1.106 	 1.125 

47.2' 	19.2"C 	4.5*C 	1.098 	 1.153 

47,2 	39.6°C 	20.1°C 	1.093 	 1.1201 

ft 	 47.2 	40.5°C 	19.6°C 	 1.084 	 1.127 

31,0' 	17.7"C 	3.9*C 	 1.1'33 	 1.176 

31.4* 	16.8*C 	3.9°C 	1.096 	 1.160 

31.0* 	39.9°C 	17.7°C 	1.159 	 1.239 

11 	 31.4' 	39.7°C> 	17.9°C 	1.150 	 1.163 
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o (m 	c (1 +
2
T
2 -1/2 

(1) 

The imaginary part of the dielectric constant may t1 en be written as 

E" = e" + 2 ( )/f 	 (2) 
o 	• 

where f is the radiation frequency. 

The conductivity of seawater is discussed by Halley. [3]. Typical values of 

dc conductivity are in the range 35-45x109 sec 	(ESU units) and relaxation 
-. times near 1.1x10• 10  sec. At a. frequency of 9S Cliz, the conductivity will be 

0.45 - 0.7 x 10 sec
-1 

using equation (1). At a frequency of 98 GHz, the 

ionic contribution to e" using equation (2) will be no larger than 0.014. The 

value of e" at this frequency is close to 11. The effect of the added con-

ductivity, near one part per thousand, is less than the sensitivity of our 

measurements. 

The organic component <If seawater contains both dissolved matter and par-

ticulate Matter. From estimates of the total amount of living cellsj4], we 

can estimate the concentration of particulate matter for most ocean areas to 

be in the range of 150-300 g/m.
3  , 

For these measurements, we prepared a solution containing 580 g/m
3 
 . This 

concentration would correspond to-a heavy concentration. of organic matter repre-

senting fertile coastal waters dUring the spring and summer. 

The reflectivity of this solution was compared to the reflectivity of 

fresh water. The result WAS R(plankton)/R(freshwater) = 0.999 + 0.014. Again 

the deviation from unity was 1pss than the standard. deviation. We conclude that 

the presence of plankton in water does not alter its reflectivity at 97.75 Gliz. 

IV. Dielectric Properties of Ice 

We have used our equipment to measure the normal reflectivity of ice at a 

frequency of 99 GHz. As mentioned previously, the sample holder was modified 

for this measurement. The bottom of the dish was lined with absorber material. 

Water was frozen in the dish in a wedge shape. Energy reflecting from the bottom 

of , the dish will follow a different path than energy reflected from the surface. 
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Temperature was determined with a thermistor frozen 1/4 inch deep in the 

ice surface three inches from the center of the dish. The radiation was focused 

to a spot diameter of about eight centimeters. Liquid nitrogen was used to keep 

the water frozen. The ice surface tended to develop irregularities which were 

smoothed and polished with a damp cloth. The dish containing the ice was leveled 

with a spirit level to an accuracy of 1/8 degree, Care was taken to raise the 

surface of the reference mercury to the same position as the ice surface for the 

reference measurement. 

The result for ice at 99 GHa is 

R(ice) = 0.0785 + 0.0112 

where no temperature dependence was observed in the temperature region -5'C 

to -20"C Assuming negligible absorption, the index of refraCtion and dielectric 

constant for ice are 

a = 1.78 + 0.08 

3.17 + 0.27 

The results of Cumming [5] at a wavelength of 3.2 cm give a value of 1.78 

for the index of refraction of ice. The literature indicates no absorption bands 

and no dispersion in the millimeter-centimeter wavelength region. Thus the result 

quoted here near 3 mm is in excellent agreement with the measurement at 3,2 cm, 

Furthermore, the result should. be• independent of temperature in agreement with 

these observations. 

As an independent check on the measurements reported here using the apparatus 

developed for water, -  we also determined the index of refraction of ice by sending 

radiation through an ice prism. The klystron energy, entering normal to the back 

face, was deflected 27' upon emerging from the front face of the prism with a 

prism angle of 28 ° . The index of refraction, by Snell's law, is given by 

n = sin(28' + 27°)/ in (28 ° ). 

This gives a value of n = 1.745 for ice at 99 Citz. The result agrees well with 

the value, obtained from reflectivity, of 1.78. The results substantiate the 

expected result - a dielectric constant that is frequency and temperature indepen-

dent in the millimeter-centimeter wavelength region. 
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V. Auxiliary Measurements 

We have been preparing our 300 Gliz carcinotron for use on this program. 

A diode detector and frequency measuring cavity were assembled and used with 

the unit. In our work to date, the tube has fluctuated in power output and we have 

not been able to obtain reproducible measurements. 

An additional set of measurements similar to those reported here but at a 

higher frequency well removed from 100 GHz is desired to provide a check on a 

suitable expression for permittivity. The desired expression will be frequency 

and temperature dependent. In the event that the carcinotron cannot be stabilized 

sufficiently to permit useful measurements of reflectivity to be made, it would 

be desirable to proceed directly with measurements using frequency doubled 

klystrons at 140 GHz or 180 GHz. The objective is the development of a model 

for the complex index of refraction of sea water and ice over the millimeter 

wavelength region and over temperatures from -10'C to .50 ° C. 

Additional measurements have been made on absorber materials to be used in 

the program "Research In Millimeter Wave Techniques," NASA Grant No. NSG-5012. 

Measured reflectivities have ranged from near 20% for Devcon plastic to 0,15% 

for a grooved Rexolite absorber panel. We anticipate using this facility for 

measurements on absorber and on window materials in the future. 

VI. Summary 

Our results indicate a power reflectivity for water at a frequency of 103,8 GHz 

and a temperature of 20'C of 

R(water) = 0.392 	0.014, 

We find that the salt content and the organic content of sea water do not effect 

reflectivity at this frequency, No difference between the reflectivity of tap water, 

sea water, and solutions of NaC1 and solutions containing plankton could be found. 

Measurements on reflectivity of ice at 99 0Hz gave a value of 

R(ice) = 0.0785 4- 0.0112. 

Our measurements are consistent with the expectation that the reflectivity of 

ice should be frequency and temperature independent in this region. 
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From these experiments, we determine the index of refraction of t ater 

and ice to be 

for water (103.6 Gllz, 20 ° C) 

n = (3.24) - 	1 1825) 

for ice 
	

(99 Gaz, -I0 ° C) 

= 1.78 

Th result for ice agrees with the extrapolation of Peter S. Ray [1]. The 

result for water is in agreement with Ray's expression below 30*C. At higher 

temperatures, the experimental results fall below the value given by the ex-

trapolation. 
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PERMITTIVITY OF SEAWATER AT MILLIMETER WAVELENGTHS 

Grant No DISC-5 S2 

Report for the Period 1 October - 31 December 1975 

SUMMARY OF WORK  

The dielectric properties of seawater have been measured to high 

accuracy from dc to the microwave region, and in the optical and infrared 

region of the spectrum. Measurements in the millimeter and submillimeter 

regions are lacking. The present program addresses this region. 

Previous investigators have used a cavity resonator or a length of 

waveguide as a means of defining the configuration of the electromagnetic 

field with the high precision needed for accurate determination of dielectric 

properties. These methods have worked well, but they become increasingly 

difficult to apply as the wavelength decreases to the millimeter region and 

below. This difficulty arises from the difficulty of accurate machining of 

specimen and cavity, the problem of air gaps between specimen and cavity wall 

in the case of solid dielectrics, and the problem of surface tension and 

accurate sample shape for liquid dielectrics. 

The extension of optical techniques using lenses and prisms encounters 

difficulties at longer wavelengths due to low source radiance, poor detector 

sensitivity, and a lack of available components. 

As a result of these problems, techniques for dielectric measurements 

in the millimeter/submillimeter region have tended to employ closed and open 

resonators at wavelengths greater than one millimeter with free-space quasi-

optical techniques employed at shorter wavelengths. Longer wavelength 

techniques usually give dielectric constant data directly, while the quasi-

optical techniques yield the index of refraction. 

Cullen and Yu [11 (Proc. Roy, Soc. 325 A, 493 (1971)) have described 

a method for the measurement of permittivity at microwave frequencies using 

an open resonator. This method was of interest to the program because it 

does not involve small cavities, and all quantities involved in the equations 

may be accurately determined. Moreover, a suitable resonator was available 

to the program. 



Equations were derived for a semi-confocal cavity configuration based 

on the work of Cullen and Yu. The real part of the index of refraction 

is obtained from the frequency shift in cavity resonance produced when a 

thin film of water is added to the plane mirror. The loss tangent (and 

therefore the imaginary component of the index of refraction) is determined 

from the drop in cavity Q factor after the water film is added. 

During the month of October, the semiconfocal cavity was modified for 

use with liquid samples. A 95 Gltz klystron was used as the radiation source. 

Diode detectors were used to monitor source power and signal power. A PAR 

d ock--in amplifier was used to improve signal-to-noise ratio. 

For the empty cavity, the resonance could be followed as source power 

was reduced 50 dB. The presence of a small amount of water attenuated the 

signal more than 50 dB, and no signal could be observed with a partial film 

of water in the cavity. We also checked the signal with a wet paper towel. 

No signal was observed. A slightly damp paper tower caused a drop of 40 dB 

to 50 dB in the signal. 

The absorption coefficient of water can be estimated from permittivity 

data taken at longer wavelengths. The review by Hogg and Chu [2] (David 

C. Hogg and Ta-Shing Chu, Proc. IEEE 63, 1308 (1975)) indicates a value near 

40 dB/tam for the absorption coefficient of water. Chamberlain [3] (John 

Chamberlain, "High Frequency Dielectric Measurement," IPC Science and Tech-

nology Press Ltd., Guildford, Surrey, England, p. 104 (1973)) indicates a 

value closer to 5 dB/mm. For values near 5 dB/mm, the cavity resonance 

scheme should be satisfactory. Values near 40 dB/mm will be too high. After 

spending several days attempting to follow the cavity resonance with small 

amounts of water added to the cavity, it was concluded that water was too 

lossy for the cavity method to be used with success, and the scheme was 

reluctantly abandoned. The measurements indicated that the attenuation 

coefficient of water was in the 40 dB/mm range, or at least above 24 dB/mm. 

Several alternative methods for permittivity measurements were con-

sidered and discarded. The reflectivity method was selected on the basis 

of simplicity, and availability of necessary components. This method is 

currently being pursued. The relevant equations are the following. 
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The complex dielectric constant is given by 

and the index of refraction by 

n = n - ik, 

These quantities are related by 

{

n = (c '/7) l/2 	[I. + 

k =
1/2 ( 

'/z) 	1 + (c"/ 

The reflectivity for normal incidence is 

1(())  
(n-1) 2 + k2 

 (n+1) 2  + k2  

For other than normal incidence, the radiation components with the E vector 

parallel and perpendicular to the plane of incidence take different values. 

For the perpendicular case, the reflectivity for an angle of incidence e will 
be 

Ific t) 

R1(e) 

Our plan is to measure refleCtivity at three angles neat 0', 30', and 

45'. These measurements will be sufficient to determine n and k. The 

measurements will include pure water and seawater, and will cover an' extended 

temperature range. 

puking the last half of November and the mond of December, reflectivity 

measurements were made on water, aluminum plates, and an aluminum coated front 

• 



surface mirror. Measurements were referenced to the mirror. Various horn 

and lens combinations were tried in order to focus the radiation to as 

small a spot as possible, and to minimize reflections. Measurements were 

reproducible to about 3% for the best horn lens arrangement. 

A critical survey of the literature on the refractive index of water 

was performed by Peter S. Ray [4] (Peter S. Ray, Applied Optics 11, 1836 (1972)). 

The data were fit to equations by Cole and Cole [5] (Kenneth S Cole and 

Robert H. Cole, J. Chem. Phys. 9, 341 (1941)) which were extensions of 

the Debye theory. The equations have parameters E s , c am , X s , and a. in 

the equations, a is the conductivity and A is the wavelength of the radia-

tion. The equations are, 

(c s - c c.) [1. + 
(As 

 /1)
1 
 - % in(aff/2)] 

+ s00 1  - %in aw/2) + (X
s

/A) 

(E s 

- 

	)(A s /X)
1 	a

cos(a7/2) 

1 + 2(1/1) 1  sin (ar/2) + (A
s

/A)
2(1 - a) 

1885 x 10  

where for pure water a ---- 12.57 x 10 . 

The quantities
s
, cue , a, and A s 

are temperature dependent. The result 

implies an increase in reflectivity of 60% between 0 °C and 50 ° C for pure 

water at 95 Caz, Our preliminary measurements tend to confirm this trend. 

Also, our measurements indicate a value of reflectivity near 40% for 

water at l . 7 ° C at a frequency of 95 Oz. This is above the value obtained 

from Ray's equations but still reasonable. The attenuation coefficient, 

based on our preliminary work, appears to be near 31 dB/mm. 

W 3RK PLANNED FOR NEXT MONTH 

The first three months of the program have been used to verify that cavity 

resonance methods cannot be used because of the high attenuation coefficient 
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of water, and that reflectivity measurements will be satisfactory, The 

next month will be used for measuring the radiation pattern of the horn 

and lens combination that has proven to be most useful. An absolute 

standard isalso needed for our reflectivity measurements which are now 

referenced to the aluminum coated mirror. We plan to use mercury for this 

purpose. 

When. we have optimized the horn/lens , rrangement for normal incidence, 

substitution of water for mercury, leaving the experimental arrangement 

otherwise unchanged, should provide the desired absolute reflectivity* 

A clean mercury surface will be considered to have 100% reflectivity at 

95 GRz. 

Measurements of reflectivity at temperatures between 0 °C and 50 ° C 

and measurements at various salinity values will be completed for normal 

incidence. At that time, we will begin measurements at 30 °  and 45 °  incidence. 
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PER IIVITY OF SEAWATER AT MILLIMETER WAVELENGTHS 

Grant No. NSG-5082 
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1 January - 31. January 1976 

SUMMARY OF  WORK 

During the month, activity was directed toward establishing an 

accurate Value for the reflectivity of water at room temperature for radia- 

tion at 95 Os. Previous measurements using a mirror as a reference surface 

were consistent within a given day's data, but not sufficiently reproducible 

on later runs. The source of this deviation was believed to be the difficulty 

• of matching surface height and maintaining the mirror surface level. 

During the month, a fixture was constructed to hold a pyrex dish with 

provision for adjusting its height. Three pounds of mercury were purchased 

for use as a reference liquid. A typical experiment consists in exchanging 

dishes of water and mercury in the sample fixture and measuring reflected 

energy for each sample. Surface level is adjusted after each substitution 

to match a reference level, and a further slight adjustment is made if 

necessary to maximize reflected power. 

The measurements have given us internal consistency. We find for water 

at 20 ° C, 

R.= 0.4343 	0.0065 

where the stated error is the standard deviation. The stated reflectivity 

is the result of 22 independent measurements corrected to 20 °C. The slope 

of reflectivity at room temperature was taken to be 0.00381 °C. The reflec-

tivity of a clean mercury surface at 95- GHz is taken to be 100%. 

Following these measurements, the reflectivity was measured at 

temperatures between 0 ° C and 50 °C. The experimental procedure was changed 

slightly from the previous set of measurements near room temperature. 

Because three pounds of mercury is already a hit heavy for easy handling, 

we do not wish to fill the sample dish to a higher level. The mercury depth 

is only a few millimeters. The matching water dish should also be filled 



to the same depth for ease in matching surface levels. However, with a 

volume of water sufficient to fill the dish to a few millimeters, temperature 

Orift is -a problem at temperatures away from room temperature. These 'diffi-

culties were resolved by referencing high and loW temperature measurements 

to a sample at room temperature using large volumes of water to reduce 

temperature -drift. The room temperature data could then be referenced to 

the Mercury surface. 

All data were corrected for a small amount of horn-horn coupling, drift 

in klystron power, and instrument drift. The results of reflectivity measure-

ments between 0 ° C and 50'0 are shown in the attached figure. The point at 

20 ° C has error bars indicating standard deviation. Also shown is the approxi-

mation by Ray [Peter S. Ray, Applied Optics, 11, 1836 (1972)] -  for this 

frequency. The value of reflectivity at 20 °C is consistent with a refractive 

index of 

n =, 3.548; k = 2.098. 

The standard deviation of 0.0065 is equivalent to an error in molecular 

temperature of 1.7 ° C. This error can be reduced as our experimental statis-

tics improve. 

WORK  PLANED FOR NEXT MONTH 

The next month will be used to complete measurements at normal 

incidence. We will measure reflectivity of solutions of various salinity 

values, and mixtures containing plankton to simulate the organic component 

of seawater. 
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PERMITTIVITY OF SEAWATER. AT MILLIMETER WAVELENGTHS 

Grant No. NSG-5082 

Report for the Period 
1 February 1976 - 29 February 1976 

SU  MARY OF WORK 

During February, we have added additional data to our measurements of re-

flectivity of water at normal incidence. The best value at 20 °  C has changed 

slightly, and the best value for the refractive index has been adjusted accord-

ingly. The room temperature reflectivity is reproducible to better than one 

percent. Additional data at higher temperatures have increased our confidence 

in reflectivity values in this region of the reflectivity-temperature curve. 

These results are shown in the attached figuie. The value of reflectivity at 

20°  C shows the standard deviation. 

Also shown in this figure is the normal reflectivity calculated from data 

supplied by J. L. King, GSFC and indicated by the diamond at 20 °  C. These 

data represent an extrapolation through the millimeter-centimeter wavelength 

region based on the limited amount of permittivity data on water for this 

wavelength region in the published literature. As might be expected, the ex-

trapolation agrees well with that of P. S. Ray over the same region. However, 

both extrapolations lead to a reflectivity three percent low at 20 °  C, in-

creasing to five percent low near 0 °  C in comparison to experiment. 

We have calibrated the klystron used in this program using a Hitachi W2210 

frequency meter. At the reflector voltage used in these measurements, the 

frequency was 97.75 GHz. 

The polarization of the wave has also been checked in preparation for 

measurements of reflection at oblique angles of incidence where polarizations 

parallel and perpendicular to the plane of incidence have differing reflection 

coefficients. We find better than 25 dB difference between power received with 

the horns oriented for maximum power and the power received with the horns 

crossed. This result indicates a negligible amount of cross-polarized component 

in the wave. 



As an approximation to sea water, we have measured the reflectivity at 

oom temperature of a NaC1 solution. The dielectric properties of sea water 

will be close to those of a 0.62 N solution of NaC1 which corresponds to a 

salinity of 3.6%. The composition of sea water varies with season, location, 

depth and latitude, the southern hemisphere being somewhat more saline than 

the northern hemisphere.
1 

An average figure is 3.5% salinity, or 0.6 N. Our 

measurements used a 0.7 N solution of NaC1 which would be an approximation to 

a very saline ocean corresponding to 4.1% salinity.' The ratio  of the reflecti-

vities of the salt solution to fresh water differed by less than 0.6%. The 

measured ratio was 1.0056 + 0.010. The deviation from unity is less than the 

standard deviation for the ratio. Thus, we conclude that within the 

accuracy of our measurements, there is no difference between the reflectivity of 

fresh water and a 0.7 N NaC1 solution at 97.75 GlIz. 

This result is consistent with out expectations. The contribution of the then 

added conductivity of the salt to the relative permittivity of water increases 

the imaginary (lossy) component. The relation is
2 

c11 
 

E
1 

 of 	x 10 10  

where 	is the imaginary component of the dielectric constant in the absence Cll 

of a conductivity - contribution. A is the wavelength in cm, and a(w) is the 

Conductivity in Gaussian units at the angular frequency w as given by 

2 2-1/2 
o(w) = o 13 

1 + 	T . ) 

where t is the relaxation time for the conductivity. The conductivity of ocean 

water is discussed by Halley Values of de conductivity are in the range 

1 Dorsey, N. E. "Properties of Ordinary . Water Substance," Reinhold Publishing 
Corp, New York (1940). 

2 Peter S. Ray, Applied Optics II, 1836 (1972) "Broadband Complex Refractive 
Indices of Ice and Water." 

3 P. Halley, "Introduction to the Electromagnetism of the Sea," Optics of the . 
Sea (Interface and In-Water Transmission and Imaging), Advisory Group for 
Aerospace Research & Development, Neuilly sur Seine, France, AGARD LS-61, 
1973, NASA-M-15658. 



- 
30 - 45 x 10

9 
sec 

1 
 with a relaxation time of 1.08 x 10

10 
 sec. The conduc- 

tivity at 97.75 GHz will then be 0.45 * 0.7 x 10
9 

sec
-1

. 

The contribution to the imaginary part of the dielectric constant is then 

approximately 0.001. Thus 

11 e 	= e
1 
+ .001 n,  11.001. 

The effect of the conductivity at 3 mm wavelength is an increase of one 

part in 10 4 . This change is too small to be observed, in agreement with our 

measurements. 

We have, approximated the organic component of sea water by using a solution 

of freeze dried plankton
4 
 in fresh water. Organic matter in the sea includes 

particulate matter plus dissolved matter. From estimates of the total amount 

of living cells
5
, we can estimate a value of 150-300 g/m

3 
of particulate 

material for most ocean areas. 

Our solution had a concentration of 580 g/m 3  which would correspond to a 

heavy concentration of organic matter such as might be found in fertile coasted 

waters during the spring and summer. 

Reflectivity at normal incidence was compared to the reflectivity of fresh 

water. The measured ratio of reflectivities [R (plankton)/R (fresh water)] 

was 0.999 + 0.014. The deviation from unity was less than the standard 

deviation. Thus we conclude that the addition of plankton to the water does 

not alter its normal reflectivity at 97.75 GHz. 

WORK PLANNED FOR NEXT MONTH 

During March we shall measure reflectivity at two different angles of 

incidence and at various temperatures. These data will serve to substantiate 

our semiempir cal assignment of n and k from reflectance at normal incidence. 

4 Freeze dried plankton containing 69% protein was obtained from Breed re 
Aquarium Products Ltd., Shohola, Pa. 18458. 

5 J. P. Riley and R. L. Chester, "Introduction to Marine Chemistry," Academic 
Press, New York, p. 263 (1971). 



We will also obtain a sample of sea water for measurement. Our salt 

soulution measurements tell us that the conductivity of the salt is not 

observable through the dielectric properties. However, sea water measure-

ments will be necessary to provide assurance that unexpected effects do not 

arise. 

We expect to complete work at 97.75 GHz with, a graph of n and k over the 

measured temperature range. A set of equations giving n and k as functions 

of frequency and temperature can also be derived. However, additional data 

at other frequencies will be required as these measurements have already 

shown that data in this frequency region are not consistant. 

Following completion of measurements at 97.75 GHz, we plan to move to 

145 GHz using the second harmonic of a 70 Gliz klystron as the source. 
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PERMITTIVITY OF SEAWATER AT MILLIMETER WAVELENGTHS 

Grant No. NSG-5082 

Report for the Period 1 April - 30 April 1976 

Summary  of Work 

During the month of April we obtained salt water samples from the Gulf 

of Mexico tear Panama City, Florida. These samples were used for a reflecti-

vity comparison with fresh water. No difference was detected. The standard 

deviation of a set of readings of reflected power is 0 . 4 percent to 0,8 per-

cent with our present apparatus. The reflected power from salt water and 

fresh water agreed to within 0.04 percent, less than a standard deviation. 

The result indicates that there is nothing in this ocean water sample to 

cause an anomaly in permittivity in the 100 GH2 frequency region. 

Our measurement apparatus has been moved to a new location and the new 

arrangement is somewhat more versatile. Considerable effort was spent deter-

mining sources of coupling voltage between source and receiver. Some of the 

coupling signal was found to be pickup between cables. Additional coupling 

reduction was obtained by tilting all surfaces such as the lens and absorber 

panels with respect to horizontal; in effect spoiling resonances in the 

cavity-like arrangement. Finally, the coupling was reduced effectively to 

zero by removing the lens and separating the horns to give an angle of inci-

dence of 3.6 ° . For this arrangement, the output signal from a mercury sur-

face is 5.3 mV, while the coupling signal is less than 0.01 mV. 

We have measured the normal reflectivity of ice at 99 GHz using different 

configurations of the apparatus. Temperature was determined with a thermister 

frozen 1/4 inch deep in the ice surface three inches from the center of the 

dish. The spot size has a radius of about 1.5 inches. Liquid nitrogen was 

used to keep the water frozen. The ice surface tended to have irregularities 

which were smoothed and polished with a damp cloth. The dish containing the 

ice was leveled with a spirit level to an accuracy-of 1/8 degree. Care was 

taken to raise the surface of the reference mercury to the same position as 

the ice surface for the reference measurement. 



Errors due to surface irregularities and tilted surfaces should cause a 

lower reflected power. We find values near 16 percent, which is larger than 

expected. The results of Cumming [II at a wavelength of 3.2 cm give a value 

of 1,78 for the index of refraction of ice. As there should be no absorption 

bands and no dispersion in the millimeter-centimeter wavelength region, we 

would expect the index of refraction to be near 1.78 in the millimeter region. 

The expected reflectivity would be 7.9 percent. 

We haVe tried various configurations in our apparatus and searched for 

possible means of reconciling the difference without success. For example, 

the bottom of the ice container is covered with absorber. Any reflection 

from this surface will increase the apparent reflectivity. We have determined 

that any contribution from this source is critically dependent on the orien-

tation of the container. The maximum error is less than one percent, and in 

practice is probably much less. 

Another possibility is the presence of a thin layer of liquid water on 

parts of the surface. The reflectivity of water is near 36 percent so it 

can greatly change the apparent reflectivity of ice. These measurements will 

continue. 

We have also begun to set up the 300 0Hz Carcinotron tube for measure-

ments at this frequency. The tube has five power supplies including power for 

the electromagnet, and three water cooling systems. 

1. W. A. Cumming, "The Dielectric Properties of Ice and Snow at 3.2 Centi-
meter," J. Applied Physics, 23, 768 (1952). 
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PERMITTIVITY OF SEAWATEP AT MILLIMETER WAVELENGTHS 

Grant No, MSG-5082 

Report for the. Period I May - 31 May 1976 

• Summary  of Work 

During the month of April we were concerned with determining reflectivity 

of ice near 100 GUs. Our previous measurements gave a reflectivity larger 

than expected, and we were concerned with the reason for the larger value, 

This month we found two sources of error effecting these measurements, 

First, the expansion of the water upon freezing caused the surface of the ice 

to become slightly concave and thus gave rise to a focusing effect at the re-

ceiver horn. This effect. was eliminated by repeated surface remelting and 

refreezing until, the surface was level to 1/4 degree over the entire dish, 

The second problem was the PAR model. 124 lock-in amplifier. The ampli-

fier was found to couple the two input channels, Thus, the reflectivity: sig-

nal. was mixed with the reference power measurement signal. In addition, the 

more sensitive gain positions had gradually become unstable and tended to 

oscillate, 

The stability problem was solved. by cleaning the contents of a rotary 

switch, but the coupling problem appears to be caused by a special dual 

transistor at the input. We circumvent this problem by shorting one input 

and connecting one signal at a time to the other input. Because the re-

flectivity of -ice is small, the signal corresponding to the reflected energy 

is small. To minimize corrections to this signal we have eliminated the 

focusing lens and use separate transmitter and receiver horns, The horn-

horn coupling signal is about 	of the reflected energy signal. 

As a result of these modifications, the most recent result for the re-

flectivity of ice is 

R(ice) 	0,0785 4- 0.0112 



at. a frequency of 99 Gitz. The freqnvIwy of the klystron has been increasing, 

a result of its increasing age. Our previous measurements were at 97.75 Gllz. 

As an independent check on these measurements we determined the index 

of refraction of ice by sending the radiation through an ice prism. The kl.y-

stron energy, entering normal to the back face, was deflected 27 upon 

emerging from the front face of the prism with a. prism angle of 28'. The 

index of refraction, by Snell,s law, is given by n 	sin (28' + 27')/sin (28'). 

This gives, a value of n 	1.745 for ice at 99 0Hz. This result is in excellent 

agreement with the value, obtained from reflectivity, of 1.78 ± 0.08. These 

results are also in excellent agreement with expected results from the litera-

ture as discussed last month. 

It is worth mentioning that use of an ice prism must be accomplished 

quickly, As moisture accumulates on the surface, absorption, rises rapidly. 

The -  experiment described here provides a Convenient check on reflectivity 

data, but would require considerable effort. to develop into a high accuracy 

technique. It is also unsuitable for water. 

We are currently rechecking measurements on reflectivity of waTer. It is 

possible that the reflected signal . was enhanced by coupling to the reference 

power signal as in the case of ice. The effect on the measured reflectivity 

should be less for water because the reflected power signal is stronger, but 

may still hesignificant. We shall continue to use the separated horn arrange-

ment which gives a transmitter-receiver coupling signal of about I% of the re-. 

fleeted energy. A disadvantage is that the received power is greatly reduced 

without the concentrating effect of the lens. 

We have continued work with the 300 CHZ carcinotron and have obtained os-

cillation. The power supply has been a source of problems and will require 

some further' work to operate correctly. However, this does not appear to he 

a time consuming task. 

Future Work 

We shall recheck reflectivity versus temperature for water at 100 Gliz, and 

duplicate these measurements at 300 GlIz. The results will he compared with data 



and extrapolations in the millimeter wavelength regiOn available in the published 

literature. 
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pERMILTIVITY OF WATER AT M LL1METER WAVELENGTHS 

Grant Nb, 150-5082 

Report fear. the Period 1 June - 30 June 1976 

Summary  of Work 

During June, an extension was granted arrovingthe termination date for 

this Grant to August 15. The final technical report will be due on September 

15. This is a no-cost extension. Program completion has been delayed because 

f our occasional use of the facilities and personnel from this program to 

supplement other ongoing programs for Goddard Space Flight Center en a temporary 

basis. We expect to complete this program On or before August. 15. 

During the month of June our Major effort was spent working with the 

system components: klystron, detectors, lock-in amplifier. We have mentioned. 

these problems in our previous monthly letter. The primary problem at this 

time appears to be the klystron. 

As the Elystron has shifted to ligher frequencies , it has lost power and 

become less stable. As a result we have less signal, increased noise, and 

reduced power stability; all of which have made verification of our previous 

data difficult- Recently it appears that we can bring these problems under 

control and obtain reproducible data 

Our recent results at 103.6 GHz adjusted to a temperature of 20'C give 

a value of normal reflectivity of R 	0.393 + 0.013. This value is in 

excellent, agreement with the value obtained from Ray's approximation as 

described in previous monthly reports. 

We continue to use the PAR 124 lock-in amplifier using only one input 

channel at a time. The unused channel, has i.rs input shorted. The amplifier 

couples signals between the two Channels to about 12.. The magnitude of the 

coupling depends on the resistance of the input, being highest for high resis-

tance input networks. The coupling also causes a. high frequency wkillatiou 

to appear at the inputs when the unused channel.. is not shorted. 

Future  Work 

We shall complete a set of reflectivity versus temperature data at 

frequencies near 100 0II2 for water. We will then obtain a similar set of data 

at 300 GHz using our carcinotron. 
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FOREWARD 

This 	the first report on work performed on N SA 

Gtant 	82 (upplement No 1): The grant covers the 

period from August 15, 1976 to August 15, 1977. The 

want 	grant is $30,000 in NM fundS and $1,446 
in-Georgia:Tech cost sharing funds for a total of $31,446. 

This report discusses work performed under this contract 

tor the prod of August, 15, 1976 to February 15, 1977. 

project director at Georgia Tech is Dr. M. D Blue, 

And the 'technical monitor at NASA/GSFC is J. Larry King. 



ntroduetiou 

The 00jiq.t1)40:4afthe 1976-1977 s pplament to this program are to 

preirieut Measntemoot of the reflection coefficient of water 

1 00  0Hz :o 140 GHz and 180 GHz. The measurements will be 

made over the t 	range -10°C to 50 C. 

In add tioti reflectivity measurements in the sane frequency range 

will he mad# an ettUttnralAn4.VindOW materials of interest to current 

NASA progrhrn 

11. Progress During This Report Period . 

Laboratory measur rents during this period have been plagued by 

equipment 	or and tuba degradation. ASa result of these pro - 

blems ire have sus nded further measurements until the difficulties can 

be Overcome, Some ptobles with the 100 GHz tube were noted during the 

previous phase of thin prograM. The loss of power and mode instability 

yere,be oMiOg mitten w s -se as we. began measurenents-under this contract 

and ice a 

eupplement„ tai slime initial measu ts, it was decided to suspend 

-Eher work and 	a.it the availability of a mere satisfactory tube, 

The press 6f other . NASA/GSPC programs at ES in this same frequency range 

ha been such as to keep our tatbes in use, and we now e>meet to wait unti 

suer befor able to resume themeasurements 

Our PAR lock -in amplifier had several problem and we have used the 

delay in measnrements to provide the time to send the unit to the factory 

for repair. The lock--in has now been returned and is in use in our other 

9ogOlmg NASAJGSyG prog g. 



g report we shall s€uflmarire the meastmeme ts that have been 

JaaA $  'And present a discussion f errors arising from radiation reflected 

into thereceiver fr 	aces other than the surface being measured 

We then present discession cif the physical significance of th 

dielectric cobst*Ot of wetet and its temierature depel ante. 

Radiatiol  AboerberMeeaut 	 

Samples of realAltrof abe-orbing materials were received from Rantec 

ion of Emerson Electric Company, Calabasas, California. The two 

types c.f absorber material 
	

designated ERP-5 and EUP-8. Measureme nt  

of the reflectivity of the EHP -5 type absorber used a Varian. VC 710D 

klystro operating at 103 GIta The material caused lo measurable phase 

Shit n tlie-reflected signal. The small amount of reflected powe '.0111- 

billed with a noisy and weak klystron scarce made measurements extremely 

difficult. Two-series of measurements gave values of -37 dB and -40 dB 

for the eflection cc 	lent of the RIP -5 absorber. These values 

by factor cif two, significantly worse than our usual accuracy of a few 

per e0At. At. this st age, further measurements were discontinued, 

, 
Scattered madiat l on 

have conaiAt44 the potential magnitude  t 	of the error arising from 

the -slgnal powe :oiled and reflected into the receiver horn from the 

sigOel source and ur nndings,. We have taken precautions to minimize 

the magnitude of this stray rt diation, but it has not been possible to 

completely elimibete it. It as 	limitationmost noticeable in situations 

where the reflectivity is very s all. A good example is the case where 

absorber mate materials are being measured. 



the n signal po er. This quantity is given by 

[A" 
	

- A2 	2 
	

A cos 	 121 

Typical refloctivity measurements cOMpx*se a series of a-:efletted power 

mea-utementsalternating a Mercury refereace st rface a.i . tli < liquid water 

surface, all measurem nts at the same temperature. We must also correct 

for the slow drift Of Source power. 

Table I we show a typical set of readinse taken from a set of 

to obta led under the previous grant. Our usual procedure is to suh 

tract the coupling voltage from the signal voltage, correct this differ 

,ence fo any i crease or decrease of the reference power, and record the 

ratio. In this case, the ratio is 1.82/4.51. 

Table I 

Typical. Values From Measurement of Reflectivity 
on 0.1 mV Scale, DVM 

Coupling 	 • Phase 

Item • 	Y2ltiast, 	itage 	Dsgres . .. 

Ref erence 

 

4.2 / 4. 

 

181.1 

       

4.52 	 0.87 

1 83 	 0,84 

The 	 1041 power, [A'r consists of the sum of the 

7 
true elleeted-power,„4, and the no-signal power, a , where the 

aMpli udes A and a have a phase difference 	The measered power is 

then 

2• 
2 a A dos 4) A- a

2 ..   

The Auantity used in- r 
	etivity calculations is the measured 

1 20 
2 

0 . 01 

0. 01 



or 2/3 percent. We believe this error to be 

mailer theft:that Which arises from klystron power drift and telitiera-
., 

using A similar experimental: a angement in two different locat ions. 

Our reaults,.st sttha -.,.,.opt: of the no signal power is due to 

herh,horn - Coupii from transmitt 

went afiergy.roflec 
	

indirectly 

face Ut off other ncarby 	faces. 

r to receiver and does not rep re- 

rhuS terms not included in this 

to the receiver off the sample s r- 

The 	-sign4.1 Coo 	ors I1ot dep 	 sit.ion - of o ' is 

beyond the immerti te neighborhood of die. . 	ce and receiver horns. 

It appears to be:. constant or near..ly so during the course of an experi- 

1 dependent of the reflectivity of the surface being mental. run, 

Ineasured. If 

reference, 

the reference 

C assume that a 

power to be used 

*, 
[B"1 -  ----  

do novOlaup between sample .and 

[2 for 

calcul ions,_ 

2 a B con 

we can write an expres idn Identical t equation 

The power refleettvjty is given by the ratio of 	 corrected po 

measoremenee'whiCh is 

[A n ) 2 i[B") 	 1 	+ 2 a cos 4 ( - /A 	1/B)] 	[4] 

The error involved in Using this technique is given by the 

term 2 x cos 4,  (1/A, - 1/13), If we assume that cos 4 is close to 

one, the itror fer the data in Tale i . using this technique turns 

ture drift. We have been able to reproduce v;lues of reflect/ 

analysis such.as4Anse shifts of the no-signal power be , en sample 

.)40d r1fOrOrice moa.totements are believed to be insignificant. 

here for compensating measured p wer 

advantage of simplicity and ease of 



ca .culatio 
	

The error 
	edwith this tee 1144e can be severe 

if the ratio /A becomes - sizeable. 

An alternative technique which is preferable, particularly 

4be e drift in temperature and power are small, is to subtract the 

are-root of the 110-signal power reading from the square root of 

the refIetted power reading. 	this case the ratio of the power 

measurements becomes, in analogy to equation (41, 

E A 	8" ] 
	

[ - 2 a. (I - 	s 0(i/A - 1/B)] 
	[51 

The error is then given by the term 2 a (I - cos )( .1 A - i/B) 

which can be expected to be smaller than the corresponding term in 

equation 	As the value of C.1,r is very close- to the phase of the 

reference and Sample for Measurements on water, the magnitude of the 

error could he reduced by a considerable factor. The technique of sub- 

trading square-roots of measured powers should beuseful when we re-

sume experiments. We expect to have the use of newer tubes with more 

stable output, As a result, the stastandard deviation of the experi-

mental values of r e fly ctivitx may be improved. 

The Dielectr -ic Const ant  

Water is typical of several liquids believed to possess a distribu-

tion of relaxation times for dipole orientation. As discussed in pre-

vious reports, the dielectric constant for such a material corresponds to 

the equation 

(MI 
0 

I 	LLB 
a 



If all types of bonds are present, the faster, low 6hergv, )1 ces§es 

dominate and make the slower high energy professes rare even though the 

ti 	and four-bonded species may be present in large proportions. In 

water, the principal reetiettation procees appears to be due mainly to 

two-bonded molecules as thenecessary activation energy for breakage of 

a hydrogen and matches the activation eraery of the principal reorientation 

process. 

The zero- and one-bonded molecules may well contribute to a higher-

frequency process, but there are so few of these that this process con-

tributes only slight. y to the static dielectric constant.  

, 	, 
J.— have proposed that symmetric and asymmetric two- 

bonded cases xist with the asymmetric molecules dominating. It appears 

that the asymmetric types can orient more easily. A calculation of 

based on the rate of formation of molecules in the two-bonded state when 

cdstz tired with experiment yields a value for the activation energy some - 

whet lower than the bond energy of the OH...0 bond. The result supports 

the idea that the asytmuetr. rally two-bonded molecules can rotate with less 

energy than the 00.-..0 bond energy. 

The syMMetr cally and asymmetrically two-bonded species can he ex-

pected to heVeAifferent relaxation times. With both species expected to 

coexist,, two reisx4tion times should he obsery . This model can explain 

the smell observed value of the spread parameter u (a 	0 015). The ex- 

perimental result is consi.staant with equal populations with relaxation 

times of 0.8T and 1.2T where -r is the aver 	value for equation [61. 

G. 11, Haggis, 3.B. Bested, and T 	Buchanan, J. Chem. Phys. 20, 1452 
(.19 52) 

Haggis 



hehaltior. The 

at 100 GA, gave good agreementre emef 	a , e Lac 

st4iat extOpolat4d from lower frequ4h4eS beiiig equation .0 from 0 C 

up tc about 409C. At higher tamperatuteS the change in prope es with 

empetsture was net as greet as predi c ted by the exttapolation. An i ter - 

pretation If this TO:SI:At using the hyd*A401-htmd disruption model sketched 

briefly.  here would be that the mole fractio of two-bonded molecul 	is 

Rot timivesing 
	tempetature as rapidly as im#lied by to frequency 

-eet is stakill but gives rise to a few percent difference 
in reflectivity at 14°C. 

AtAeureiviehts it A hrq er f equency such as 180 GHz will be e, peeial..ly 

valuable The effect noted here should also he observed at 180 GPz, and 

dwittibution from the sub tilliMeter absorption bands may 

observable,. 	hope to rerun experimental Ieasit tints in a few months 

to obtain these data 

Ill. Future Work 

shall 

Ax:soou Os a s t,r g tube neat 90 Gliz and a doubler 	we 

sure reflectivity of the water surface b tween 0°C and 50°C. We 

4Ual4 also eleasure the reflectivity of ice at the same frequency. Further, 

: 10 Shill cO6pLete.messurtmehte of the attenuation of the sheet absorber 

discussed 



?MITT' 'IT"! OF WATER AT -  2 Ili:METER WA M NGIIIS 

Semi-Annual. • 

Report for the Period 

February 16, 1977 - A gust 16 19 

NASA Grant No NSC-5052 

(Supplemnt No. 1) 

OT/BES Project Number: A-1784 

Project Director:•M. D. Blue 
Project Monitor: 	J. L. King 

pgineeriag ExperimeUt Station 
11ectromagn6tios Laboratory 

Georgia Institute. of Technology 
Atlanta, Georgia 30332 



FOR /ORD 

This is the second report on work performed on NASA 

Grant NSG -5082.(Supplement No. 1). The grant covers the 

per04 . frOm 'February 16, 1977toAugUst 16, 1977* Inc 

Amoiiitt',of the grant is y 0 , 000 in NASA fends and $1,446 in 

GO:Atte Tech cost sharing funds for a total of $31,446. 

This report distusses work performed under this contract 

for the period of February 16, 1977 to August 16, 1977. 

The project director at Georgia Tech is Or. M. D. Blue, 

and the technical monitor at NASA/GSFC is J. Larry King. 



Introduction 

The objectives of the 1976-1977 supplement•to this program are to 

extend the previous measurements of the reflection coefficient of 

water and ice at 100 	to 140 (AD:, and 180 GHz. 	Le measurements 

will be made over the temperature range .4WC te 50'E. 

• in addition, refleetivity measurements in the same frequel 

range will be made on structural and Window materials of interest to 

current NASA programs 

II* Progress During This Period 

As discussed in the last report, the klystron tube operating at 

100 -G Hz has reached tbe end of its usef01 life* As other klystrons 

an our laboratory been in continual use, an OKI klvstion at 140 

GHz has been ordered* 

Until this tube arrives, we have suspended further measurements 

on reflectivity of H 2O and other dielectric materials. 

TI 
	

'uture Work 

With the arri val, of the new tube, we shall measure the ruflecti 

vitrof water between WC and 50 ° C. We shall, also measure the reflec - 

• itiVity of ice at the sane frequency, kurther, we shall complete 

• 

 

measurements of the attenuation of several. samples of dielectric sheet 

abserber. - 

The resultsef . nea utements of reflectivity of water will be, dis-

OISsed•In.:rele i. crn to s veral models for the dielectric.  constant of • 

water whfch 114v0.. appeared:in the literature in recent years. The models, 

based on lilas.uremonts at lower frequencies, previde an estimate for 

-- measurements in..thesbor - millineter region., 
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This is the third report on work performed on NASA 
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I. INTRODUCTION 

The objectives of the 1976-1977 supplement to this program are to 

extend the previous measurements of the reflection coefficient of water 

and ice at 100 GUz at 140 GHz and 180 GHz. The measurements will be 

made over the temperature range -10'C to 50° C. 

Tn addition, reflectivity measurements in the same frequency range 

will be made on structural and window materials of interest to current 

NASA programs. 

II. PROGRESS DURING THIS REPORT PERIOD 

Radiation  Absorber Measurements at 140 GHz 

Samples of radiation absorbing sheet from Rantec Division of 

Emerson Electric Company, Calabasas, California, designated EHP-5 and 

EHP-0 were measured using a new 140 GHz Oki klystron. 

The absorber materials were so effective at 140 CHz that a definitive 

measurement was beyond the capabilities of our experimental arrangement. 

Absorption was greater than 40 dB and the reflected energy was below the 

system noise level for both absorber types. Our results were as follows: 

EHP-5 
	

Absorption > 41.5 dB 

EHP-8 
	

Absorption > 43 dB 

Thus, reflected energy for normal 	 5 incidence was in the 10 range or smaller 

for these materials at 140 GHz. 

geflectivi.t of  Water at 14€1 0Hz 

The Oki 140 Gliz klystron arrived in December permitting 

measurements of reflectivity of water to resume. A new set of millimeter 

wave waveguide plumbing was assembled with a GaAs point contact detector. 

The new tube provides ample power but the power output has not been stable. 

Fluctuations in output power over periods of a few seconds as well as 

periods of several minutes increase the difficulty of obtaining accurate 

reflectivity readings. These probleys have been circumvented in part by 

measuring the ratio of reflectivity of water and the mercury standard 



a metal plate. With the water or mercury in place, the meta l 

can be interposed in the beam and removed in a reproducible manner. 

s way, a series of readings comparing sample reflectivity with 
11,  
plate reflectivity can be obtained quickly, minimizing effects of 

term fluctuations and drift. 

ul extensive amount of data has been obtained during the past several 

These data have not been completely analyzed. Measurements at 

temperature have given a value for the reflectivity of water at normal 

once at 20'C of 34.1 0.4% at 140 GHz. This value is an average of 

e.parate measurements. 

The attached graph shows the room temperature reflectivity value 

with several other measured points. Additional data will be evaluated 

tided later. Also shown are three curves of reflectivity versus 

:nature obtained from three variations of the Debye model. These are 

todel by Ray [1] used in previous reports (designated R), and the Debye 

;ole -Cole models (designated D and C-C respectively) with parameters by 

Basted, and Moore [21. 

Differences be tween these models are about one percent or less over 

of the temperature range, but reach two percent near 50'C. A pre - 

lary conclusion is that the Cole-Cole model looks best at this time. 

eems clear that there are no surprises at the two measurement frequencies 

so fax, and the data are quite close to expected values. 

Also attached to this report is a copy of an extended abstract of this 

which has been accepted for presentation at the Third International 

erence on Submillimeter Waves which will be held in Guildford, England 

1March 29, 1978 to April 1, 1978. A copy of 	letter to Ms. Wiseman 

resting permission to attend this conference is also attached. 

Ray, P. 	 Appl. Optics, 11, 1836 (1972). 

Mason, P. R,, pasted, J. B., and Moore, L., Adv. In Molecular 
Relaxation Processes, 6, 217 (1974). 



III. FUTURE WORK 

Immediate measurements at 140 Gliz include calibration of the 

operating frequency, measurements on ice, and additional measurements 

near 50 ° C if needed. Further experimental measurements will use the 

doubled 90 CHz source. 

Funds from this Grant are available, but additional time is needed. 

A three month no-cost extension has been requested to complete the work 

described above. While attending the conference in Guildford, we shall 

take advantage of the opportunity to discuss both measurements and tech-

niques with colleagues and in particular discuss work in the U. K. on 

dielectric properties of water in the extreme infrared. The U. K. work 

has provided the improved parameters for the Cole-Cole model which fits 

our data well, 
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GEORGIA TECH RESEARCH INSTITUTE 
ADMINISTRATION BUILDING 

GEORGIA INSTITUTE OF TECHNOLOGY 
ATLANTA, GEORGIA 30332 

January 17, 1978 

Refer to: AAC/A-1784 

NASA7-Goddard Space Flight Center 
ATTN: Ms. Genevieve Niseman, Code 100 
Greenbelt, Md. 20771 

SUbject: Grant No. NSG-5082; Approval of Foreign Travel. 

Dear Ms. Wiseman: 

As required by the General Provisions of the subject grant, NASA 
approval is requested for the Principal Investigator, Dr. M. D. Blue, 
to attend the Third International Conference on Submillimeter Naves And 
Their Apblications, to be held in Guildford, England from March 29, 
1978 to April 1, 1978. No additional funding will be required since 
travel funds were originally provided for in the project budget. 

Attendance at this conference by Dr. Blue will clearly be a bene-
fit to "the research program under this grant since his work has been 
accoPted for presentation at the conference. Researchers in se veral 
locations in Britain have been pursuing programs in dielectric measure - 
rents and properties in the milks ter and submillimeter wavelength 
regions. Therefore, Dr. Blue will be afforded the opportunity to 
exchange ideas on measurerent techniques and physical phenomena of 
interest to his program with an international group of specialists, 
Loth at the reetings and through visits at one or irore laboratories 
in the area. Comments he receives an the work performed under this 
grant, and the techniques employed, will be of interest and value. 

The estimated total cost of this trip is outlined as follows: 

Airfare(AtIanta to London and return) $480.00 
Lodging and Subsistence (7 days) 280.00 
Local Travel (Atlanta and London) 100.00 
Fees and Registration 100.00 

Total $960.00 

Please note.that this grant has a current expiration date of 
February 15, 1078, and that it nay be necessary to extend the completion 
date to permit the above requested travel. If that is the case, please 



NASA-Goddard Space Flight Cents' 
January 17, 1978 
Page 2 

consider this a formal request to extend the grant through about May 15, 
1978: We understand that the possible extension, and the proposed foreign 
travel, has been discussed with the NASA Technical Officer, !Ir. J. L. King, 
and has his concurrence. FYa trust that the above, together with Mr. King's 
knowlethe of the situation, will provide you, with sufficient information. 
If anything additional is required, please phone the writer at (404) 894 
4819. 

Very truly yours, 

Alfred A. Camp 
Sr. Contracting Officer 

Addressee: In duplicate. 

cc: Mr. J. L. King, Code 952 
Dr, N. D. Blue 



REFLECTANCE OF. WATER AT 100 CUz and 140 GHz 

M. D. Blue 
Georgia Ins tute of Technology, Atlanta, Georgia 30332 

The dielectric properties of liquid water have been the subject of exten-

sive investigation for several decades. Measurements of static properties as 

well as measurements in the radio-frequency, microwave, and infrared regions 

have been reported. The measurements presented here lie in the short milli-

meter region, a region of increasing importance to radiometry but relatively 

unexplored experimentally. The measurements were designed to assess the suita-

bility of current modifications and extensions of the Debye equations for both 

water and ice in this region. In addition, the possibility that certain con-

stituents of sea water may affect dielectric properties was considered. 

The experimental technique selected was measurement of reflected power 

for reasons of simplicity and suitability. Both normal incidence and oblique 

incidence geometries were used. Mercury was used as a reference liquid. 

Varian and Oki klystrons were used as sources with point contact diode detec-

tors. Appropriate source and receiver horns as well as absorber panels served 

to define the geometry of the system. 

Sea water contains both salts and organic matter. A search for possible 

anomalies in dielectric properties from these constituents was made. For both 

sea water samples and a 0.7 N solution of NaCi (equivalent to 4.1% salinity) 

no effect on reflectivity was observed at 100 GHz. A solution containing 580 
3 

'am of plankton was prepared which would correspond to a heavy concentration 

of organic matter representative of fertile coastal waters during the spring 

and summer, Again , no effect on reflectivity was observed within the accuracy 

of our measurements. 

Measurements of reflectance of water at normal incidence over the tempe-

rature range 0 ° C - 50 °C are shown in Figure 1. These data are taken at 103.8 

GHz. Error bars indicate standard deviation for three points shown in the 

figure. The point at 20 ° C represents an average of 122 readings. Small 

circles indicate typical individual measurements above and below room tempera-

ture. 

The experimental results at 03.8 GHz are compared with three expressions 

for normal reflectance obtained from Debye and Cole-Cele models. Parameters 

for these models obtained from Mason, nested, and Moore [1] produce nearly 

parallel curves with the Cole-Cole model indicating a reflectance less than 

one,percent higher than that indicated by the Debye model. A set of para ?caters 



R
E

FL
E

C
TA

N
C

E
,  

50 

40 

for the Cole-Cole model by Ray [2) gives rise to a steeper temperature depen-

dence. A major difference in this latter set of parameters is the temperature 

dependence of the high frequency dielectric constant. The data are in better 

agreement with a slower rise of reflectance with increasing temperature. 

At 103.8 0Hz, the average value of 122 measurements adjusted to 20 °C is, 

R = 0.392 	0.014. Similarly, measurements of reflectance of ice at 103.6 0Hz 

and -11 ° C give R = 0.079 	0.011. This value is in good agreement with measure- 

ments at lower frequencies. As there are no strong absorption bands in the 

microwave region, reflectivity should be constant over the microwave spectrum. 

At 140 Gliz, the situation is similar to our results described above at 100 CHz. 

Reflectance values lie about 10% lower, and the model by Ray again has a 

slightly larger temperature dependence. 

10 
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TEMPERATURE, CC) 

Figure 1. Reflectance of water at 103.8 Cilz between 0 °C and 50 ° C. Calculated 

reflectance: are from the Cole-Cole (C-C) and Debye (D) models [1], and the 

Cole-Cole (C-C) model of Ray (R) [2]. Small circles represent typical indi-

vidual measurements 
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ABSTRACT 

Measurements of reflectivity of sea water and ice 

at 100 GHz, 140 GHz, and 180 GHz are reported. Measure- 

ments on water covered the temperature range 0°C to 50°C 

No anomalies in the dielectric properties of water due to 

the presence of either salts or organic matter were found. 

The reflectivity of water and its temperature dependence 

are consistent with recent dielectric property models de-

rived from data at other wavelengths. The index of re-

fraction of ice is constant at 1.78 throughout this region. 
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INTRODUCTION 

Only within the last dozen years has an extensive effort been 

made to measure physical properties of materials and to otherwise 

explore the spectral region lying between 50 GHz and 1000 GHz. The 

reasons are due largely to the lack of readily available hardware 

and to the experimental difficulties. In the microwave region, pre-
vious investigators have used cavity resonators or a length of 

waveguide as a means of defining the configuration of the electro-

magnetic field with the precision needed for accurate determination 

of dielectric properties. In the millimeter wave region, such tech-

niques become increasingly difficult to apply. The problems include 

the difficulty of accurate matching of specimens and cavities, air 

gaps between sample and cavity wall, and the problem of surface ten-

sion and accurate sample shape for liquid dielectrics. 

On the other hand, the extension of optical techniques using 

lenses and prisms to the short millimeter region encounters problems 

due to low source radiance, poor detector sensitivity, and a lack of 

available components. 

The result has been the use of closed and open resonators at 

wavelengths greeter than One millimeter, with free-space quasi-optical 

techniques employed at shorter wavelengths. Typically the quasi-

optical and open resonator techniques give information about the index 

of refraction directly, while techniques employed in the microwave 

region usually give dielectric constant information. 

Liquids are a special case, for the range of sample geometries 

is limited compared to solids. The dielectric properties of seawater 

have been measured to high accuracy from dc to the microwave region, 

and in the optical and infrared region of the spectrum. Measurements 

in the millimeter region are few and of limited accuracy. The work 

described here was undertaken for the purpose of providing better 

defined properties for sea water and ice in the short millimeter region, 



After an initial look at open resonator techniques for these 

measurements, a reflectivity method was deemed most suitable for 

several reasons, Previous measurements of the dielectric proper-

ties of water and ice at longer wavelengths provide a base for 

extrapolating these properties through the millimeter wavelength 

region. Unless additional sources of dispersion occur, as even-

tually occur in the submillimeter region, these extrapolations 

should be approximately correct. A means of substantiating the 

extrapolated values or improving them if necessary is desired. 

The use of reflectivity data provides such a method for the 

technique, as used in this program, yields reproducible data with 

a minimum of measured quantities and corrections. It can be quickly 

implemented and is adaptable to a wide range of wavelengths. 

Briefly, reflectivity at normal incidence is measured. The 

result is used to obtain the index of refraction n = n 	ik. Both 

reflectivity and phase information are required for an unambiguous 

determination. Phase information requires a more complex experimental 

arrangement with a concomitant reduction in accuracy. To avoid this 

problem, we make use of the frequency and temperature dependence of n 

as determined by extrapolation from longer wavelengths. Small correc- 

tions are sufficient to fit normal reflectivity. To check our assign-

ment of n - ik values, we then measure reflectivity at oblique inci-

dence. The quantities n and k contribute to reflectivity in varying 

amounts depending on the angle of incidence. If calculated reflectivity 

tracks experiment for oblique incidence, we have a set of refractive 

indices which agree with experiment. Normal incidence measurements 

have the highest accuracy, and are always used as the basis for ad-

justing n and k. 

In practice we find the measured reflectivity agrees quite well 

in absolute value and temperature dependence with values calculated 

using a modified Debye equation described in Section III. The 

experimental technique is described in detail in Section II. 



II. EXPERIMENTAL PROCEDURE 

Reflectivity measurements compare power reflected from a water 

surface with power reflected from a surface of liquid nertury. A 

schematic of the arrangement used for normal incidence measurements 

at 100 GHz is shown in Figure 1. The actual geometry had the source 

and receiver horns at 2,25 degrees off normal incidence. The horns 

had dimensions of 2.85 cm x 3.40 cm at the output and were 8.5 cm in 

length. Various lens configurations were used, but caused undesirable 

coupling between source and receiver horns. Best results were ob- 

tained using absorber panels to define the illuminated area and to 

eliminate stray reflections. Similar arrangements were used for 

measurements at obliwe incidence. 

A typical experiment consists of exchanging dishes of water and 

mercury, each filled to the same height, while measuring the energy 

reflected from each surface. Surface height is adjusted to match 

a refer Ce level and a further small adjustment may be made to 

maximize reflected power if possible. 

For measurements at temperatures away from room temperature, the 

experimental proceedure was changed. 

As the depth of mercury on the sample dish is only a few milli- 

meters, a matching sample of water has low heat capacity and large 

surface area permitting temperature drift at an excessive rate. To 

avoid this problem, reflectivity at other temperatures was referenced 

to water at room temperature, and samples containing larger volumes of 

liquid were used. 

The data were corrected for a small amount of horn-horn coupling 

which was occasionally present. Other experimental problems were 

drift and short term fluctuations in klystron power. 

At 140 GHz, these fluctuations forced use of a metal plate which 

could be quickly interposed between source and sample. A comparison 

between plate and sample could be made quickly, much faster than the 

usual interchange of liquid samples. The reflectivity of the plate 

was a constant for a set of measurements . 
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The sample surface reflectivity is determined by the properties 

of the first few pm of water. Any teMperature gradient caused, for 

exaMple, by evaporation will result in an error no larger than the 

variation of reflectivity between wet and dry bulb temperatures. 

Because the variation of measurements of reflectivity was small and 

typically less than the standard deviation within one data set, we 

believe errors from all sources are no greater than the standard 

deviation. 

In contrast to Water, ice has quite low absorption at millimeter 

wavelengths and modifications to our technique were required. The 

bottom of the ice container was covered with absorber and oriented 

so as to eliminate any contribution from reflected energy. Errors 

due to surface irregularities and tilted surfaces reduce reflected 

power while free water on the surface increases reflected power. 

Ice temperature for reflectivity measurements was determined by 

using a thermistOr frozen 1/4 inch deep three inches from the center 

of the dish. The radiation source produced a spot about three inches 

in diameter. Liquid nitrogen was used to keep the water frozen. The 

ice surface tended to have irregularities which were smoothed and 

polished with a damp cloth. The dish containing the ice was leveled 

with a spirit level to an accuracy of 1/8 degree. Care was taken to 

raise the surface of the reference mercury to the same position as 

the ice surface for the reference measurement. 

An ice prism was also used. The deviation of the incident 

radiation by the prism is related to the prism angle and the index of 

refraction. At 140 GHz and 180 GHz with an unstable klystron, this 

technique was particularly useful. 

We have considered the potential magnitude of the error arising 

from the no-signal power coupled and reflected into the receiver horn 

from the signal source and surroundings. We have taken precautions 

to minimize the magnitude of this stray radiation, but is has not always 

been possible to completely eliminate it. It is a limitation mos t 

noticeable in situations where the reflectivity is very small. A good 

example is the case where absorber materials are being measured. 



I n Table I we show a typical set of readings taken from a set 
of data obtained during this study. Our usual procedure is to sub-

tract the coupling voltage from the signal voltage, correct this 

difference for any increase or decrease of the reference power, and 

record the ratio. In this case, the ratio is 1.82/4.51. 

TABLE I 

Typical Values From Measurement Of Reflectivity 
On 0.1 mV Scale, DVM 

Coupling Signal Phase 
Item Voltage Voltage Degrees 

Reference - 4.2 181.1 
Power 

Hg 0.01 4.52 0.87 

HO 
2 

0.01 1.83 0.84 

The measured signal power, [A'] 2 , consists of the sum of the true 

reflected power, A 2 , and the no-signal power, a2  , where the amplitudes 

A and a have a phase difference 4). The measured power is then 

[A'] 2  = A2  A 	2 a A cos 4 	u 2 
	

[1] 

The quantity used in our reflectivity calculations. is the.measured 

power less the no-signal power. This quantity is given by 

[A"1 2 	2 a A cos 	 [2] 

6 



The no-signal power does not depend on the position of objects 

beyond the immediate neighborhood of the source and receiver horns. 

It appears to be constant or nearly so during the course of an experi-

mental run, independent of the reflectivity of the surface being 

measured. If we assume that a and t do not change between sample and 

reference, we can write an expression identical to equation [2] for 

the reference power to be used in calculations, 

[B"] 2  = B 2 	2 a B cos t 	 [3] 

The power reflectivity is given by the ratio of the corrected power 

measurements which is 

[Atli2/[B0]2 = [A 	[1 4- 2 a cos 0 (1/A - 1/B)] 	 [4]: 

The error involved in using this technique is given by the term 

2 a cos 0 (1/A - 1/B). If we assume that cos t is close to one, the 

error for the data in Table I using this technique turns out to be 

0.0066, or 2/3 percent. We believe this error to be smaller than 

that which arises from klystron power drift and temperature drift. 

We have been able to reproduce values of reflectivity using a similar 

experimental arrangement in two different locations. Our results 

suggest that most of the no-signal power is due to horn-horn coupling 

from transmitter to receiver and does not represent energy reflected 

indirectly to the receiver off the sample surface or off other nearby 

surfaces. Thus terms not included in this analysis such as phase 

shifts of the no-signal power between sample and reference measurements 

are believed to be insignificant. 

The technique described here for compensating measured power for 

the no-signal power has the advantage of simplicity and ease of calcu- 

lation. The error incurred with this technique can be severe if the 

ratio a/A becomes sizeable. 



An alternative technique which is preferable, particularly 

where drift in temperature and power are small, is to subtract the 

square-root of the no-signal power reading from the square root of 

the reflected power reading. In this case the ratio of the power 

measurements becomes, in analogy to equation [4], 

[A ] H  2 /[3“ ] [A2/8 2 ] [1 - 2 a (1 - cos )(l/A - 1/B)] [5] 

The error is given by the term 2 a (1 - cos 43)(1/A - 1/B) which 

can be expected to be smaller than the corresponding term in equa-

tion [4]. As the value of 4 is very close to the phase of the refe-

rence and sample for measurements on water, the magnitude of the 

error could be reduced by a considerable factor. The technique of 

subtracting square-roots of measured powers should be particularly 

useful for cases where no-signal power cannot be reduced to negligible 

proportions and power fluctuations and drift are not major limitations. 



III. ANALYSIS TECH NIQUES 

The reflective properties of a plane surface of material are 

completely determined by the dielectric properties. These proper-

ties are described either by the complex index of refraction, n ik, 

or the complex dielectric constant, e' 	iE". For reflection at 

angles of incidence other than normal incidence, the reflection coef-

ficient depends on the polarization of the electric field relative to 

the surface. The relationships between 6 and n, and expressions for 

the power reflectivity are given in Table II. 

The dielectric constant of pure water has no significant fre- 

quency dependence from dc up to beyond 10 8  Hz. Over 30 determinations 

of the static field dielectric constant have been reported in the 

literature between 0°C and 100°C. These measurements are quite 

accurate. 

At sufficiently high frequencies, the real part of the dielectric 

constant falls to a value of approximately the square of the optical 

index of refraction while the imaginary part displays a broad absorp-

tion band. 

An expression describing this behavior is due to Debye [1]. It 

may be written as 

e. 	f(cs 	e.)/(1 	itxr)] 	 [6] 

where E s  is the static or low frequency value of the dielectric con-

stant and E is the residual value of the dielectric constant at fre-

quencies much higher than that of the dielectric relaxation process. 

The relaxation time t for the process of dipole orientation is a 

measure of the frequency at which the broad band absorption appro-

priate to this process reaches its peak. 

These equations may be rationalized yielding 

[(e s  - c)/( 1  + W2  r  ) 
	

[7] 

= (e 	wt/(1 	w2  T 2 ) 
	

[8] 
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TABLE II 

RELATIONSHIPS BETWEEN REFLECTIVITY AND REFRACTIVE INDEX 

The refractive index n = n -ik 

and the dielectric constant e = e l  - ie" 

are related by 6 = n 2  

for normal incidence, the reflectivity is given by 

R = [(n + 1) 2  + 

 

At angle of incidence e, the reflectivity for radiation polarized 

parallel to the plane of incidence, R (0), and perpendicular to the plane of 

incidence, Rs  (0, is given by 

Both expressions reduce to the normal incidence case at 0 = D. The 

above formulas refer to a dielectric-air interface. 
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These relations, the "Debye equations", have been subjected to 

many alterations and embellishments. Among these, the equations of 

Cole and Cole [2] are quite useful here. The equations are, 

(t s 
	) [1. + (X /A)1 	a  si (a7/2)) 

1 .4-
s
/X)

1 - a
sin (a1112) 4- (X

s
/X)

2(1 

(t 	c.)(Xs/X ) 1 	 acos(aR/2) 	 a 

a sin (te r/2) 	(x
s
/A)

2(1 
18.85 x 1010 

 

where for pure water a = 12.57 x 108  esu. 

Here A is the wavelength of the exciting radiation and A s  is the 

relaxation wavelength corresponding to T. The quantity a corresponds 

to a small variation in relaxation time. A small conductivity term 

is added in equation 10 to account for the effect of the conductivity 

of water to the dielectric properties. 

As will be seen, the effect of this conductivity for sea water as 

well as pure water on the dielectric properties is too small to be 

observed at the frequencies of interest to this work. 

Recent reviews using these equations to fit data concerning the 

dielectric properties of water over the spectrum from dc to the 

optical region are by Ray [3] and by Mason, Masted, and Moore 0]. The 

results of the measurements to be described will be compared with the 

predictions of these reviews. 

Finally, let us consider the reflectivity of the mercury used as 

a reference surface. The bulk power reflectivity of a metal varies with 

the conductivity and is given by, 

R = 1 - (8ew/a) 1/2  

where a= C a w (8.854 x 10-12 f/m)c. 

and ff = conductivity in mhos/m. 

Ill 

[10] 
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Data on optical properties of metals in this region are relatively 

rare. For silver at 50 GHz, 0 = 6.139 x 10 mhos/m at 20°C and 'E' is 

near 2. For these values, R = 0.9996. 

Using a value of the de conductivity of mercury at 20°C, 0 = 10 6 

 mho/m and a value of 2 for E l  leads to an expected minimum value of 

R . 0.991. 

The reflectivity of a clean mercury surface in the millimeter 

wavelength region should be higher than this value and its value has 

been taken as 1 in the calculations described in the following sections. 

Any errors associated with this assumption should be much less than 

one percent. 
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IV. MEASUREMENTS AT 100 GHz 

Measurements near 100 GHz include measurements at normal incidence 

over the temperature range 0°C to 50°C, measurements at oblique inci 

dence, measurements on saline solutions, plankton solutions, sea water, 

and measurements on ice. 

The results for normal reflectivity are shown in Figure 2 for the 

temperature range 0°C to 50°C. The three curves were calculated from 

equations [7] to [10] and the relations in Table II using the para-

meters given by Mason, Hasted, and Moore [4] and Ray [3]. The 

Deby model (0) and the Cole-Cole model (C-C) are within a half percent 

of each other in this frequency region and it is not possible to dis-

tinguish between them. The curve calculated using the parameters by 

Ray (R) has a slightly greater temperature dependence than the other 

two models and does not agree as well with experiment. 

The experimental value of reflectivity at 103.8 GHz at 20°C is 

0.392 0.014 and represents the average of 122 measurements. The 

slope at 20 C°is taken to be 0.0037/°C. 

The appropriate dielectric constant for water at 103.8 GHz at 

20°C is 

c' - lc" . 7.16 - i 11.825. 

The related index of refraction at 20°C is 

n - ik = 3.24 - i 1.825. 

Values obtained at 6.3°C and 47°C represent averages for 10 and 12 

measurements respectively. 

Measurements of reflectivity at oblique incidence were made 

with polarization perpendicular and parallel to the reflecting surface. 

The results for two different angles of incidence are compared in 

Table III to values calculated from the parameters given by Ray. These 

measurements were taken over temperatures between 0°C and 50°C, As 
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TABLE III 

REFLECTIVITY AT OBLIQUE INCIDENCE 

A. Measurments Near 46 °  Incident Angle 
Cal c.11.0t..ed 

Measurement 	AR e:',-  Temperature. 	Experimental Value 	Value 

R 46.2° 18.8% 0.557 0.528 

R 46.2° 19.7 ° C 0-271 0.268 
P 

B. Measurements Near 31 °  Incident Angle 
Calculated 

Heas .urement_ 	Angle 	Temperature 	Experimental. Value 	Value '..-- 
R 	 31.0 	19.0°C 	 0.478 	 0.454 

31.0 	17.6 ° C 	 0.452 	 0.449 

Re.fIeeti.vity Ratios for MI 

Meat4un-...ment 	Angle T1  

eit.Temperatures 

T, 	Experimental 
Calculated 

Value 	Values 

R sA  (Ts)/ItS 
 (T„) 47.2 °  19.7 ° C 5.3 °C 1.106 1.123 

47.2° 19.2 ° C 4..5 ° C 1.098 1.153 

47,2 39.6 ° C 20.1 ° C 1.093 1.1201 

47.2 40.5% 19.6"C 1.084 1.12/ 

31.0' 17.7 °C 3.9"C 1.133 1.176 
is 31.4' 16.8 °C 3.9 ° C 1.096 1.160 
as 31.0' 39.9 °C 17.7 ° C 1.159 1.239 
TT 31.4 °  39.7 ° C 17.9 ° C 1.150 1.163 
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previously discussed, reflectivity ratios were obtained for measure-

ments above and below room temperature. The ratio of the sample 

reflectivity to the reflectivity of a water sample at room temperature 

was measured. Each of the experimental values listed in Table III 

represents an average of approximately 16 readings. These measurements 

had a larger standard deviation than measurements made at normal 

incidence. Coupling between transmitter and receiver horns was quite 

small. The results provide a check on the reduction of normal 

reflectivity measurements into real and imaginary dielectric constants 

or indices of refraction. 

The results discussed thus far have been obtained using tap water. 

Sea water contains salts and organic matter. In order to verify that 

these data are representative of sea water, two solutions were pre-

pared. One contained NaC1 to approximate the ionic content of sea 

water, and the other contained plankton to simulate the organic content. 

Sea water samples were also measured. 

A 0.7N solution of NaC1 was used. This corresponds to 4.1% 

salinity, equivalent to a very saline region of the ocean. The ratio 

of reflectivity at normal incidence of the salt solution to the reflec-

tivity of fresh water was measured at room temperature. The result was 

R(salt water)/ R(fresh water) = 1.006 4- 0.010. The deviation of the 

ratio from unity is less than the standard deviation. Therefore there 

is no measurable difference between the reflectivity of fresh water and 

a 0.7N solution of NaCI at 97.75 GHz. 

This result may be anticipated from the frequency dependence of the 

ionic conductivity of salt water. The imaginary part of the dielectric 

constant can be considered to comprise an effective conductivity arising 

from the orientation of the polar water molecules and a real conductivity 

arising from the mobile ions. The ionic conductivity has a frequency 

dependence given by 

to
2
T 2 -1/2 [121 
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y p t of the dielectric constant may then be written as 
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[131 

where f is the radiation frequency. 

The conductivity of sea water is discussed by Halley [5]. Typical 
 values of de conductivity are in the range 35 - 45 x 10 sec -1 (esu 

units) and relaxation times near 1.1 x 10
-10 

 sec. At a frequency of 

100 GHz, the conductivity will be 0.45 ..0,7 x 10 9  sec -1  using equa-

tion [12]. At a frequency of 100 GHz, the ionic contribution to c" 

using equation [13] will be no larger than 0.014. The value of e at 

this frequency is close to 11. The effect of the added conductivity, 

near one part per thousand, is less than the sensitivity of our 

measurements. 

Samples of sea water from the Gulf of Mexico were compared with 

fresh water with the result R (sea water)/ R (fresh water) 	0.9996 

0.0040. Again the deviation of the ratio from unity is less than the 

standard deviation. There was no measurable difference between the 

reflectivity of this sea water sample and fresh water at 20°C. 

The organic component of sea water contains both dissolved matter 

and particulate matter. From estimates of the total amount of living 

cells [61, we can estimate the concentration of particulate matter for 

most ocean areas to be in the range of 150-300 g/m 3 . 

 

For these measurements, we prepared a solution containing 580 g/m 3 . 

This concentration would correspond to a heavy concentration of organic 

matter representing fertile coastal waters during the spring and summer. 

The reflectivity of this solution was compared to the reflectivity 

of fresh water. The result was R(plankton)/R(fresh water) = 0.999 + 

0.014, and the deviation from unity was less than the standard devia-

tion. We conclude that the presence of plankton in water does not alter 

its reflectivity at 100 GHz. 
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We have used our equipment to measure the normal reflectivity of 

ice at a frequency of 99 GHz. As mentioned previously, the sample 

holder was modified for this measurement. The bottom of the dish was 

lined with absorber material. Water was frozen in the dish in a wedge 

shape. Energy reflecting from the bottom of the dish will follow a 

different path than energy reflected from the surface. 

Temperature was determined with a thermistor frozen 1/4 inch deep 

in the ice surface three inches from the center of the dish. The 

radiation was focused to a spot diameter of about eight centimeters. 

Liquid nitrogen was used to keep the water frozen. The ice surface 

tended to develop irregularities which were smoothed and polished with 

a damp cloth. The dish containing the ice was leveled with a spirit 

level to an accuracy of 1/8 degree. Care was taken to raise the surface 

of the reference mercury to the same position as the ice surface for 

the reference measurement. 

The result for ice at 99 GHz is 

R(ice) = 0.0785 ± 0.0112 

where no temperature dependence was observed in the temperature region 

-5°C to -20°C. Assuming negligible absorption, the index of refraction 

and dielectric constant for ice are 

n = 1,78 	0.08 

E = 3.17 	0.27 

The results of Cumming [71 at a wavelength of 3.2 cm give a value 

of 1.78 for the index of refraction of ice. The literature indicates 

no absorption bands and no dispersion in the millimeter-centimeter 

wavelength region. Thus the result quoted here near 3m is in excellent 

agreement with the measurotent at 3.2 cm. Furthermore, the result should 

be independent of temperature in agreement with these observations. 

18 



As an independent check on the measurements reported here using 

the apparatus developed for water, we also determined the index of 

refraction of ice by sending radiation through an ice prism. The 

klystron energy, entering normal to the back face, was deflected 27° 

upon emerging from the front face of the prism with a prism angle of 

28°. The index of refraction, by Snell's law, is given by 

n = sin(28° 	27°)/sin (28°). 

This gives a value of n = 1.745 for ice at 99 GHz. The result agrees 

well with the value, obtained from reflectivity, of 1.78. The results 

substantiate the expected result, a dielectric constant that is fre-

quency and temperature independent in the millimeter-centimeter wave-

length region. Measurements on ice at higher frequencies, as dis-

cussed in the following sections, are consistent with this interpreta-

tion. 
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V. MEASUREMENTS AT 140 GHz 

Measurements near 140 GHz include reflectivity measurements at 

normal incidence over the temperature range from 0°C to 50°C and 

measurements on ice. 

The results of normal incidence reflectivity measurements at a 

frequency of 135.6 GHz are shown in Figure 3. As before, the data 

are compared to reflectivity calculated from three current models 

for the dielectric properties of water. For these measurements, an 

OKI klystron was used as a source, and a GaAs point contact detector 

was used to detect the reflected energy. In other respects the 

proceedures were nearly identical with those used at 100 GHz, 

The result of 115 measurements averaged at 20°C for a frequency 

of 135.6 GHz is a value for reflectivity at normal incidence of 0.341 

+ 0.002. The slope at 20°C is found to be 0.00427°C. This corres-

ponds to a dielectric constant of 

= 6.33 -i 8.96. 

The related index of refraction at 20°C is 

n 	ik = 2.94 -i 1.52. 

Measurements of the reflectivity of ice were scattered and 

irreproducible. This may have been the result of the particular 

geometry used at this frequency. A slight variation in elevation 

or angle from horizontal of the ice surface seemed to produce ex- 

tremely large variations in reflected power. Coupling between source 

and receiver horns at this wavelength was very small. The coupled 

power was at least a factor of 10 4  smaller than the reflected energy, 

and was not a factor in these measurements. 

To circumvent these problems, we returned to measurements on an 

ice prism used briefly at 100 GHz as a check on reflectivity measure-

men s. A prism with an angle of 28.4° was cast. The results of three 

20 
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separate measurements give the value n = 1.78 4 0.02, This value is 

the same as that obtained at 100 GHz and agrees with measurements in 

the centimeter wavelength region [7]. 

No measurements were made as a function of temperature. The ice 

prism was maintained below its melting temperature by periodic appli-

cations of liquid nitrogen. The temperature of the measurement was 

in the vicinity of -10°C. 
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VI. MEASUREMENTS AT 180 GHz 

Measurements at 180 GHz used a varactor doubler to double the 

frequency of a klystron operating near 90 GHz. The actual output 

frequency was 183.3 GHz, The output power was considerably less 

than was available at 100 GHz and 140 GHz. At no time was the power 

greater than 4 mW, and most measurements were obtained at lower 

power. At 100 GHz and 140 GHz power levels closer to 20 mW were 

typical. 

The resulting signal-to-noise ratio was lower than for measure-

ments at lower frequencies. The power output of the varactor was less 

stable than was typical for the klystrons used at lower frequencies. 

These problems combined to make accurate reflectivity measurements 

more of a problem than in previous measurements. 

It was found that use of a strip chart recorder provided a means 

of accomodating the drift and variations in output power. The ratio 

of reflectivities of mercury or water to a metal plate could be ob-

tained quickly and reproducibly from the strip chart record. Coupling 

between source and receiver horns was so low as to be into the noise 

level, As always, careful adjustment of the liquid level was necessary 

to tune the system to the point of maximum signal, 

Figure 4 shows the result of this measurement. At 20*C and at a 

frequency of 183.3 GHz, we find the reflectivity of water to be 0.301 

0.009. This corresponds to a dielectric constant of 

-is "  "I" 5.85 -i 7.13. 

The corresponding index of refraction is 

n -1k . 2.74 -I 1,30, 

At this point measurement of the temperature variation of the 

reflectivity was initiated. This series of measurements was barely 

underway when two equipment failures occurred. The klystron, which 
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had been used extensively prior to these measurements, began to fail 

with a radical loss of power and a large increase in beam current. 

In addition, the lock-in amplifier lost its lock-in ability in the 

synchronous detector section. 

We were able to complete measurements of the index of refraction 

of ice at this frequency by substituting another tube and using the 

preamplifier section of the lock-in amplifier in conjunction with 

another tuned amplifier. These measurements completed the tasks ex- 

pected during this grant. Additional measurements would have been 

desirable to be consistent with the data taken at lower frequencies. 

Sufficient signal-to-noise for additional measurements will not 

be available until the lock-in amplifier is repaired. In the meantime, 

the funds and time available for this task are expended. 

Measurements on ice again used a prism with an angle of 28.4°. 

The prism was cooled by occasional drenching with liquid nitrogen. The 

result of three separate measurements was 

n = 1.79 4 0.03. 

This result is in good agreement with our measurements at lo wer 

frequencies and is consistent with the results of Cumming [7]. 
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VII. AUXILIARY MEASURE:TENTS 

During the course of this research program, the facility we have 

developed has been used to measure the reflectivities of several 

materials of interest to on-going NASA programs. A set of measurements 

was made on absorber materials of concern to our parallel program 

"Research In Millimeter Wave Techniques", NASA Grant No. NSG-5012. 

Values ranged from 20% for Devcon plastic to 0.15% for a grooved Rexo-

lite absorber panel. A grooved carbon surface, to be used in a chopper, 

had a reflectivity less than the system noise level. The noise was 

typically 35 dB or more below the signal from a mercury reference 

surface. These measurements were made at 100 GHz. 

Samples of radiation absorbing sheet material from Rantec Division 

of Emerson Electric Company, Calabasas, California were measured using 

the OKI klystron at 140 GHz. The materials were designated EP-5 and 

EHP-8. 

The absorber materials were so effective at 140 GHz that a defini-

tive measurement was beyond the capabilities of this experimental 

arrangement. Absorption was greater than 40 dB and the reflected energy 

was below the system noise level for both absorber types. The increased 

sensitivity at 140 GHz compared to 100 GHz was due to the use of a new 

tube with increased power. The results were as follows, 

ENP-5 	Absorption > 41.5 dB 

EHP-8 	Absorption > 43 dB 

The reflected energy for both absorber materials was in the 10 

range or smaller. This result is consistent with the general result 

that most absorber materials become increasingly effective as wave-
length decreases into the short millimeter region. 
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VIII. SUMMARY 

Dielectric properties of water and ice in the short millimeter 

wavelength region have been studied by measuring reflectivity at 

normal incidence and oblique incidence. Measurements were made at 

frequencies of 103.8 GHz, 135.6 GHz and 183.3 GHz. Measurements 

on water covered the temperature range between 0°C and 50°C. A 

search for possible anomalies in the dielectric properties of water 

due to the presence of either salts or organic matter was lade. No 

effect on reflectivity was observed within the accuracy of our 

measurements. 

The reflectivity at normal incidence of water at 20°C 

at the three frequencies used in this study is shown in Table IV. 

Results for the index of refraction of ice at three frequencies are 

given in Table V. The frequencies near 100 GHz differ for the water 

and ice measurements because the frequency of the klystron was shifting 

as it approached• the end of its useful life. 

The experimental reflectivities were compared with reflectivi-

ties calculated from three recent models [3] [4]. The Cole-Cole 

model parameters by Mason, Hasted, and Moore [4] are in good agree-

ment with experiment at all frequencies and temperatures. Parameters 

for the Debye model [4] are also within experimental error and are 

somewhat easier to apply. These models are discussed in more detail 

in the next section. 
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TABLE IV. REFLECTIVITY OF WATER 

AT SHORT MILLIMETER WAVELENGTHS 

Frequency 	 Reflectivity at Normal Incidence 

GHz 	 Measurements at 20*C 

	

103.8 	 0.392 + 0.014 

	

135.6 	 0.341 + 0.002 

	

183.3 	 0.301 + 0.009 
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TABLE V. INDEX OF REFRACTION OF THE Ih PHASE 

OF ICE AT SHORT MILLIMETER WAVELENGTHS 

Frequency (GHz) Refractive Index 

99 1.78 4. 0.08 

135.6 1.78 4. 0.02 

183.3 1.79 + 0.03 
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IX. DISCUSSIO 

The measurements reported here agree well with the models for 

dielectric properties of water given by Mason, Masted, and Moore 

[4]. Parameters for the Debye and Cole-Cole models were given, A 

major difference between these models and the model by Ray [3] is 

the temperature variation of the high frequency dielectric constant 

e.. In Figure 5, the parameter e. is presented for the three models. 

The larger temperature variation used in the model by Ray (R) is the 

major source of the larger temperature dependence of reflectivity as 

shown in Figures 2, 3 and 4. 

Work at lower frequencies plus some data in the submillimeter 

wavelength region makes it a near statistical certainty that there is 

some spread of relaxation times in water in this temperature range [4]. 

We conclude that the Cole-Cole model with the parameters of [4] gives 

the most satisfactory fit to the dielectric properties of water in the 

millimeter wavelength region_ 

The Debye and Cole-Cole equations discussed in Section III are 

respectively: 

e = e' 	" = e 	[es 	ecy[l 	'jar] 
	

[6 ] 

e 	e' 	e. 	[e - e.]/[1 	(iwT) I-cl ] 
	

[14] 

The modification of the Debye equation by including the spread 

parameter a has the following significance. Equation [14] is appro-

priate for a dielectric with a distribution of relaxation times about 

a most probable value T o  [4]. The full width of the distribution at 

half height is about 400 a 	 The The form of the distribution is simi- 

lar to a Gaussian, but the frequency variation of the dielectric 

constant is not sensitive to the form of the distribution function for 

relaxation times. 
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Water is an example of several liquids believed to possess a 

distribution of relaxation times for dipole orientation. An 

essentially single relaxation time implies that the dipole orienta-

tion process is unique. That is, the reorienting dipoles have 

essentially identical surroundings. A small spread of relaxation 

times suggests a distribution of environments. Both bond-bending 

and bond-breaking may occur during reorientation. Bond-breaking 

is thought to dominate and can account for the principal relaxation. 

Water is considered to be a statistical assembly of molecules 

bonded to 0, 1, 2, 3, 4 neighbors with the fraction of bonds of a 

given type varying with temperature. Three-bonded molecules require 

for reorientation the breakage of two hydrogen bonds, two-bonded 

molecules require the breakage of one hydrogen bond, while one- 

and zero- bonded molecules are free to rotate without bond breakage. 

If all types of bonds are present, the faster, low energy 

processes dominate and make the slower high energy processes rare 

even though the three- and four-bonded species may be present in large 

proportions. In water, the principal reorientation process appears to 

be due mainly to two-bonded molecules as the necessary activation energy 

for breakage of a hydrogen bond matches the activation energy of the 

principal reorientation process. 

The zero- and one-bonded molecules may well contribute to a higher-

frequency process, but there are so few of these that this process con-

tributes only slightly to the static dielectric constant. 

Haggis, et. al. [8] have proposed that symmetric and asymmetric 

two-bonded cases exist with the asymmetric molecules dominating. It 

appears that the asynnetric types can orient more easily. A calculation 

of t based on the rate of formation of molecules in the two-bonded state 

when compared with experiment yields a value for the activation energy 

somewhat lower than the bond energy of the OH. . .0 bond. The result 

supports the idea that the asymmetrically two-bonded molecules can rotate 

with less energy than the O. . .0 bond energy. 
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The symmetrically and asymmetrically two-bonded species can be 

expected to have different relaxation times. With both species 

expected to coexist, two relaxation times should be observed. This 

model can explain the small observed value of the spread parameter 

a (a = 0.015). The experimental result is consistent with equal 

populations with relaxation times of 0.8e and 1.2e where 	is the 

average value for equation [14]. 

Studies related to the dielectric properties of water continue, 

and recent work has changed the interpretation of the origin of the 

polarization in the submillimeter wavelength region [9]. Bearing in 

mind the likelihood that further refinements are certain to be forth-

coming, the parameters used to calculate reflectivity with the Cole-

Cole model in Figures 2, 3 and 4 are listed in Table VI. These para-

meters with equations [9], [10], and [14] represent an excellent fit 

to the data obtained in these measurements on water in the short 

millimeter region. The effect of salt and organic components in 

sea water may be neglected. 

For ice, the index of refraction n = 1.78 through this region. 

The absorptive part of the index of refraction is very small, and is 

believed to be less than 10
- 
 at millimeter wavelengths. No 

measurements have been published. 



TABLE VI 

PARAMETERS DERIVED FROM THE COLE-COLE EQUATION 

FOR WATER [41 

90% Confidence Intervals Are Listed 

T(C) C o  T( 1 0 -9 s) 

0 88.26 ± 0.81 4.46 ± 1.60 17.90 ± 0.60 0.014 ± 0.023 

10 84.04 ± 0.40 4.10 ± 1.16 12.61 ± 0.29 0.014 ± 0.012 

20 80.35 ± 0.22 4.23 ± 0.14 9.31 1 0.079 0.013 ± 0.005 

30 76.75 ± 0.30 4.20 = 0.20 7.21 ± 0.097 0.012 ± 0.008 

40 73.18 ± 0.28 4.16 ± 0.19 5.83 ± 0.089 0.009 ± 0.009 

50 69.90 ± 0.31 4.13 ± 0.22 4.76 ± 0.088 0.013 ± 0.009 

60 66.62 ± 0.36 4.21 ± 0.28 3.95 ± 0.131 0.011 ± 0.013 
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