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PREFACE

This report was prepared by Dr. John W. Perry, Archie W. Straiton and Bob M.
Fannin of the Millimeter Wave Group, Electrical Engineering Research Laboratory,
The University of Texus at Austin, under Grant DA-ENG-27021-73-G39. The work was
performed as part of the Advanced Reseuarch Projects Agency's Arctic Surface Fffect
Vehicle program under ARPA Order 1615, Dr. Picter Hoekstra and Dr. Richard Munis
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Technical review of the report was performed by Dr. Roger Berger of USA CRREL.

it R e

e

R T







Unclassified
Secunty Classification @Eé’ae 2 g 2 0 ‘
DOCUMENT CONTROL DATA-R & D

Security cless:lication of title, body of almtract and indexing must be when the overall report Is dan"lod‘
' ORIGINATING ACTIVITY (Corporate euthor) Y2e. mEPOAT SECURITY CLASSIFICATION

U.S. Army Cold Regions Research Unclassified
and Engineering Laboratory 28 cmoum
e N Hampshire Q3785

[T REPGRT TiTLE

COMPLEX REFRACTIVE INDEX OF ICE FOG AT A
RADIO WAVELENGTH OF 3 MM

4 DESCRIPYIVE NOTES (Type of report and inclusive dates)

[+ acT=onR, (Firat name . middie initial, last name)

John W. Perry, Archie W. Straiton and Bob M. Fannin

¢ RLEGRY GATE 78. TOTAL NO OF PAGES 7. NO OF REFS
|_October 1974 03 o0 89
88  CNTHACT OR GRA =1 MO 88. CRIGINATOR'S REFOR Y »LMBE R(3)

DA-ENG-27021-73-G39

RJJECT N 58
t - ec1no ARPA Order 161/ Technical Repor’t 255

c. 8. OTHER REPORT NO(S) (Any vther numbers that may bo aseigned
thie report)

17 DISTRIDUTION STATEMENT

Approved for public release; distribution unlimited.

(7T sSUPPLEwE Kiirdiced By - 12. SPONSORING MILITARY ACTIVITY §
AHOQAL1TCHNKAL Advanced Research Projects Agenc
INFORMATION SERVICE 1400 Wilson Blvd.
 aaainier i amien Arlington, Va. 22209

T3 aesTARET
An investigation of the complex index of refraction at 97 GHz
for low temperature ice fogs was carried out over the temperaturs
interval -30° to -48°C in a specially constructed environmental
chamber of approximately 70 cubic foot volume. A Fabry-Perot
semi-confocal cavity, conslsting of a 6-in,-diam aluminum
spherical mirror of a 72-in. radius of curvatvre and a copper
flat plate separated 36 in, from the spherical mirror, was used
to make the electromagnetic measurements. Wavegulde feeds
brought through the back of the flat plate coupled energy into
and out of the cavity. The complex index of refraction of the
ice fog medium in the fields of the Fabry-Perot resonant cavity
were found from the change in the resonant frequency and ampli-
tude response of the cavity when the fog was present. The fog
could be controlled and introduced to the cold chamber fiom an
external steam source, and a blower located inside the chamber
was used to mlx and dissipate the fog as desired. A phase
locking technique was used to sweep the klystron signal source
over the response range of the Fabry-Perot cavity. The sweep
frequency was beat with known marker frequency oscillators to
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provide reference markers, and this,
plus the output of the loosely
coupled square law detector connected
to the Fabry-Perot cavity, was put on
an oscllloscope and photographed for
later study. The cavity frequency
change was measured by posltioning the
marker frequency beats at the peak of |
the cavity response before and after
the 1ce fog was admitted. Ice fog ,
particle number-density measurements, |
together with the measured extinction
of a helium-neon laser (6328§), were |
used to help characterize the fog
propertles at the time of the electro-
magnetic measurements. For the fogs
studled in thils experiment, corrcspond-
ing to 1 dB/m of laser extinction, |
measured refractive index changes of 1
to 2 N-units occurred,_and fhe extinecH
tion was about 5 x 10=7 em™! at the
lower tgmperitures, and reached 3 or

4 x 107™° em™ at the -30°C upper tem-
perature limlt, A literature search
Indicated there were no reported com-
plex dlelectric constant measurements
of 1ce at 97 GHz. The complex
dlelectric constant of ice 1ig ilmportarnt
both for understanding 3-mm radio wave
propagation in an arctic environment
and for some of the theoretical develdp-
ment of thils 1ce fog research.
Accordingly, these measurements were
made for laboratory prepared slab-ice
samples and the results are reported
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’ COMPLEX REFRACTIVE INDEX OF ICE FOG AT
" A RAD!O WAVELENGTH OF 3 MM

by

John W, Perry, Archie W. Straiton and Bob M. Fannin

I. INTRODUCTION

Goperal

The last decade has seen a strong trend toward expanding commercial communications from the
highly congested low-frequency channels into the UHF imicrowave and millimeter wave spectrum.
This move toward using higher and higher frequencies has been helped along consid :rably by the
increasing use of satellit¢-borne millimetcr wave transponders and the increasing pressure for higher
data bit rates.

The millimeter wave region is a transition region between the radio (long-wave) domain and the
infrared region. Many of the problems and peculiarities of this domain are unique. Molecular 4
absorption becomes important, and absorption and scattering by raindrops represents a severe atmo- ]
spheric limitation for communicaticr links. Thermal (blackbody) radiation becomes increasingly ]
more important as a source of background noise, and at the same time millimeter wave hardware such i
as harmonic generators, mixers and sources are at about their maximum usable frequencies, particu-
larly when operating at 90 GHz and above.

G e b

Since atmospheric behavior represent:; o2ne of the most important factors in millimeter wave
propagation, much effort has heen made to u. :« stand and study its effects. However, most of this
effort has been devoted to the warm atmosphere.

Problem description

Very little is known of the effects of arctic and subarctic atmospheric propagation on milli-
meter waves. It is important to understand and study these effects because in recent years exten-
sive efforts have been underway to link arctic communities with ihe rest of the world by ground-
based and satellite-based links. Recently a 95-GHz pulse-type ragar was planned to be used on a

i surface effect vehicle for navigation/guidance purposes. This proposed vehicle would travel at

' high speeds (up to 100 knots or about 115 mph) over water, ice and open tundra surfaces, and Since
it has limited deceleration characteristics it must be capable of detecting ice objects and other
obstacles far enough in advance to be able to change course or slow down. This 3-mm radar looks
horizontally at low grazing angles and must be capable of penetrating fog and snow (at least light,
" dry snow). '

ok Gan 28

In arctic areas ice fog is a common occurrence. Ice fog is a low temperature phenomenon, and
almost never forms at temperasures above about _30°C. lce fogs form where open sea water leads
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form in cracks in sea ice packs; where warm, moist air is advected over cold, dry areus; or where
moist air from natural hot springs, cooling tower stacks, or industrial or automobile exhausts is in-
jected into cold, dry air. The transition from a lignid state to an all solid state takes place be-
tween -30 and about -36°C, and it is in this region that the maxinum radio signal absorption
effects are expected to occur. Extremely dense ice fogs have heen observed in arctic areas, aund
their extent and duration have proven to he very disruptive to airport and other commercial and
private activities.

Very little is known about the effects of ice fogs on 3-mm radio wave propagation, particularly
in the transition temperature interval -30° to -36°C. It has been the goal of this research to
measure the complex index of refraction, phase coustant, and signal loss associated with ice fogs
of uniform density formed over the temperature interval -30” to -48° C,

Since this was to be a laboratory experiment, it was necessary to construct an environmental
chamber especially suited for making these low temperature fog measnrements. The chamber so
constructed has a volume of 70 £t and a temperature control capability down to -50°C.

Fog particle size measurenivits weie made with an impactor to help characterize the tog but,
for reasons snown later, a far more gecurate indication of fog uniformity was given by continuously
monitoring the extinetion of & G&8s A lelidmneon lusur bean, shiot terotuEh & preseribed path in the
ice fog, In this manner, a ‘reference fog level’' can be readily attained for each operating tempera-
ture,

A high-Q Fabry-Perot cavity was desigred and eonstructed for making the electromagnetic
measurements to determine the complex index of refraction of the fog. The resonant frequency
change and signal amplitude change of the cavity due to the introdnction of the fog, were measired
by 4 method devised for phase locking and sweeping the klystron signal source over the cavity
response frequency range. A high degree of frequency stability and precision frequency neasure-
ment was attained in this manner.

As 4 suppleiicnt 1o these electionagaetic ice tug measurements, the complex dielectric
constant of slab ice was measured. The authors could not find any repoited dielectric constant
measurements of ice at L mm Those riasusamenty dro w Ohviogs desot Lo e Megeatios] palow-
lation of ice reflections, aud the backseattering and extinction cross sections of hail at 3 mm.
These ice measurements were made separately using a free-space quasi-optical technique commonly
deseribed in the literature.

Method of presentation

As far as the presentation of the material is concerned, it was deemed appropriate to present
first the results for the slab ice complex dielectric constant measurements. The literature review
of solid ice permittivity measurements, instrumentation, and calibration techniques was incorporated
in the same chapter (Chapter II).

Chapter Il is concerned with the meteorology and the appropriate literature research of arctic
ice fog formation.

Chapter IV is devoted to a theoretical development of the dielectric behavior of a gas with
homogeneously distributed small dielectric spheres.

Chapters V and VI cre devoted to describing theurctically the Fabry-Perot cavity ased in these
measurements and the means of electronically generating and sweeping the signal over the response
frequency of the cavity. It is in this section un imstromentation that the rafrigoratioo chamber and
laser extinction measurenrznt methods are described. Literature surveys are included where
appropriate.




COMPLEX REFRACTIVE INDEX OF ICE FOG AT A RADIO WAVELENGTII OF 3 MM 3

The measurements and results are treated fully in Chapter VII. The early sections in this
chapter are devoted to analyzing empirically the effects of ice accumulation on the mirrors. Data
analysis and application to one-way signal propagation are treated here, and the results appropriate
to propagation through fogs of a given reference laser extinction are plotted and tabulated,

II. COMPLEX PERMITTIVITY MEASUREMENTS OF SOLID ICE

Introduction y

In microwave remote sensing applications, the dielectric constant of the material being sensed
is a very mnpottant parameter. The backscattering cross section of an ice sphere in a thunderstorm,
when struck by i radar wave, is a function of the sphere circumference in wavelengths and the
dielectric constant of the material. Mie's (1908) treatment of the scattering and extinction cross
sections of dielectric spheres was restated by Stratton (1941), and numerical methods of machine
computing the nt} electric and magnetic modes involved in these calculations have heen devised
(Aden 1950).

In order to model the conmplex permittivity of a low temperature ice fog, it is necessary to have
a knowledge of the complex permittivity of ice. No published data appropriate to the operating
frequency of 96 GHz exist. Inference trom published data at other frequencies leads to inconsistent
conclusions. It is therefore appropriate to make dielectric constant measurements of ice at 96 GHz,
This chapter contains a literature survey of the available published data for ice, and details the
theory of dielectric measurements and the instrumentation, calibrations and results for ice at this
frequency.

Review of the literature on dielectric behavior of ice

Ice can occur in six allotropic forms for pressures in excess of 2000 atmospheres (Bertie and
Whalley 19b4), and for pressures of 1000 atmospheres or less, ice can occwr in the noomal ienagonal
(Iy). cubic (lc), or amorphous state, depending upon temperature and the method of preparation
(Bertie and Whalley 1964, Lonsdale 1958). Between about 0° and -80°C the equilibrium form of ice
is the normal hexagonal form /. For temperatures below -80°C and above -130°C ice may exist in
the cubic form Ic, and below about ~130°C ice may be in the amorphous form. These temperatures
are appruxituate sincs disugreoment Sxists fu the Litorature a8 to the exatt boundary values. tHow
ever, as it occurs naturally in the terrestrial environment, the normal form of crystalline ice is lh.
While it is important to recognize what possible crystalline forms ice can take, it is not important
to the purpose of this research to further discuss these forms since for all practical temperatures
and forms (slab ice, snow, hail and ice fog) only lh exists.

Irvine and Pollack (1968) reviewed the literature on the absorption coefficient and reflectivity
ot both water and ice, and for each phase they tabulated both the real and inaginary parts of the
index of refraction (m = n* - jn") for wavelengths between 0.95 and 152 microns. Their values of
the complex index of refraction are well accepted in this wavelength interval.

The microwave values for the complex refractive index of ice given by Gunn and East (1954)
are for n' - 1.78 at all temperatures and n" = 24 x 107* at 0°C, 8 x 107 at -10°C, and 6 x 1074 at
-20°C. These values ate based upon the work of Dunsmuir and Lamb (1945), Lamb (1946), Lamb
and Turney (1949), and Cumming (1952) over ine centimeter band. Lamb (1946) used a cavity
operating at 3 cm (10 GHz) and found a relative permittivity of 3.05. However, he later found a 4%
ereor i Lis measutenents due 16 effcets from an lee Holder eup in Liw eavity, snd Lanb and Turney
(1949) repeated these cavity dielectric measurements at 3-cm and 1.25-cm wavelengths (10 and 24
GHz). They reported a relative permittivity near 3.17 at both frequencies near 0°C, and this value

i Al Y i s b s
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g i e i g e b

changed only slightly for temperatures down to -195°C. Dunsmuir and Lamt (1945) and Lamh
(1946) reported that the loss tangent of their ice samples varied from 12 x 1074 at 0°C to 1.9 x
1074 at -20°C, and to nearly 1.3 x 1074 at —40°C,

Cumming (1952) later used a measuring technique employing a section of waveguide filled with
ice to make permittivity and loss measwrements at 3.2-cm wavelength, Cumming found a relative
permittivity of 3.15 indeperdent of temperature (over a temperature range of 0° to -20°C) at this
wavelength, In terms of the imaginary part of the complex index of refraction, Cumming found loss
tangent values about twice those of Lamb, with measurements of 23 x 1074 at 0°C, 7.9 1074 at
-10°C, and 5.5 x 1074 at -20°C. His medsurements have heen considered to be the best, even
though made only over a 0° to -20°C temperature range and at 3.2-cm wavelength,

Perry and Straiton ( 1972) reported making complex permittivity measurements on slab ice at
35 and 94 GHz. These measurements were made using a quasi-optical free space technique. A
discussion of this technique is deferred to a later section dealing with the theory of dielectric
measurements as made on slab ice at 96 GHz. The results presented by Perry and Straiton for the
relative dielectric constant, 1.91, are better than 30% below the low frequency value given by Lamb,
etc. Since the temperature control exerted over these ice samples was poor, and since an error in
the phase shift interpretation was found, these measurements were repeated in an environmental
chamber. The results of these recent measurements are deferred to a later section,

2 ooibh e e

Von Hippel (1954) reports measurements made by Westphal on ice at -12°C over the frequency
range 0.1 MHz to 10 GHz. His results, 3.20 at 3 GHz and 3.17 at 10 GHz, are in accord with the
above results of Cumming. Between 1 MHz and 1 GHz his measured results were surprisingly high,
being 4.8 at 0.1 MHz, 4.15 at 1 MHz, and 3.7 at 10 MHz. At these frequencies tan § was found to
be 94104, 7x 1074, 8000 x 1074, 1200 x 10~4 and 180 x 10~¢, respectively.

Yoshino (1961) made dielectric constant measurements between 1 MHz and 3 GHz on Antarctic
ice core samples over the temperature range -18° to -36°C. His r2sults are in accord with
Von Hippel's measurements over this frequency range, being nearl:r 4,0 at 5 MHz, 3.8 at 10 MHz,
3.45 at 100 MHz and about 3.3 at 3 GHz,

These results in the intermediate (HF-UHF') frequency range of both Von Hippel (1954) and
Yoshino (1961) are surprisingly high and in good agreement with each other in this interval.

More recently, Ragle, Blair and Persson (1964) reported on Westphal's dielectric measurements
of glacier ice made from 150 MHz to 1GHz and from 1° to -§0°C (Table I). These measurements are
significantly below what Von Hippel (1954) and Yoshino (1961) had reported over this frequency 4
range, and aside from the decrease in the second significant figure of the dielectric constant with E
increasing frequency, the dielectric constant is approximately constant at 2.9, both with temperature
and frequency. The loss tangent, however, decreases both with decreasing temperature and increas-
ing frequency, except at 1 GHz, where it is reported to be constant with decreasing temperatire, i

Ray (1971) made an empirical model of the complex refractive indices for ice and liquid water 3
which is apolicable from -20° to 0°C for ice and from -20° to 50°C for water, His model extends 3
from 2 p to :.everal thousand kilometers in wavelength for ice. His expressions are of value in that
they fit quite well the majority of the absorption bands in the infrared and optical parts of the
spectrum. In the radio frequency part of the spectrum he adjusted his expressions to hest fit the
data of Cumming (1952), Lamb (1946) and Lamb and Turney (1949), and for a single relaxation time
effect and no losses (o = 0) his model reduces to the classical Debye expression.

Worz and Cole (1969) made static dielectric constant measurements of redistilled water samples ]
further purified by zone refining techniques to yield dc conductivities as low as 4 x 10~!! mho/cm ;
at -10°C. Their measurements were made over the temperature interval 0° to -80°C. From their :
measured data, the equation best describing the static dielectric constant is of the form
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Table I. Complex permittivity of glacier ice core samples
from 150 MHz to 1 GHz.

(After measurements made by Westphal and reported by Ragle,
Blair and Persson 1964.)

Temp
{°C) 150 MHz 300 MHz 500 MHz 1000 MHz

Dielectric constant

1 2.95 2.94 2.93 2.93
-10 2,92 2,92 2,915 2.015
-20 2,91 201 2.91 2,91
~60 2.90 2.90 2,90 2,90

Loss tangent

-1 0.00200 0.00108 0.00052 0.0004
~-10 0.00110 0.00056 0.00028 0.0004
~20 0.00068 0.00034 0.00019 0.0004
=60 0.00005 0.00003 0,00003 0.0004

. 20715
0 ~oT 38

and ¢ is taken to be 3.1. The reluxation tin

1e of the ice thus prepared was found to obey an
Arrhenins rate equation of the form

. Ae;(E/RT)

where A4 53 x 10716 gec

E - 13.2 keal/mole - 5.52657¢ « 10% J/mole
R -8.3143 J/K - nole

and is in good agreement with the relaxation times measured by Auty and Cole (1952) in the tem-
peratire range above -50°C. Worz and Cole (1969) give slightly higher values for the static
dielectric constant of ice uat very low temperatures, and their resnlts are probably better than Auty

and Cole's (1952) findings (0° to -66°C) due to the care taken to reduce the dc conductivity of
their water samples.

Perhaps the easiest way to nnderstand what is meant by the relaxation time is to visualize the
molecular dipoles as tiny spheres, as Debye (1929) did in his original theory. The rotation of these
spheres in 4 viscous medium is opposed by forces related by Stoke's law to the nmacroscopic

viscosity 7 of the surrounding medium, and Debye (1929) dednced that

47777213
kT

where  a - molecular radius,
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It is interesting to put some numbers, appropriate for water, ‘“to this simple expression for
relaxation time. Water, at room temperature (about +20°C), has a viscositv of Z 0.01, and the
“‘radius’’ of the water molecule is ahout 2 x 10~ 10 m, giving a 7 of 0.25 » 10710 gec. The relaxa-
tion time of water is in fuct associated w_th an ahsorption peak in the centimeter band. This
“"sphere’”” model of Debye's is really only important in that it postulates that the orientation of

polar molecules in liquids and solids leads, spectroscopically to a simple relaxation spectrum,
whieh is indeed what is observed.

More recent approaches to the problem of dipole relaxation Luave involved the idea that the
dipole activity rotates between two positions of equilibrium sepaiated by a potentiul energy barrier.
If the height of this energy barrier is written as D, then the relaxation time — which is 4 measure
of the transition probability — is given by a relation of the form

C
7o = oD/kT _ 7 oE/RT
w

where R - k x M, C is only slightly teriperature dependent, and n/w s the average time required Ly
an excited molecule to turn from one equilibrium direction to the other (Saxton 1952).

The relaxation time of ice increases with decreasing temperature. Auty and Cole (1952) and

— 5 . ~ -

Wore and Cole (1902} repott # 10 tafge frum abunt 2 < W% see v Cio 25 x 15 sec at —40 'O,
It is interesting to compare these relaxation times of ice with the relaxation times of water. Saxton

(1952) has measured 7 of water to be 1.87 x 10711 at 0°C to about 6 x 10 12 at 40°C. Thus water
has a relaxation thne about 1078 that of ice.

At least in a first approximation, both water and ice traverse u simple Debye relaxation
spectrum since only one relaxation time has been found for each phase over the known radio wave
speotewrn (Biverborg and Kowen an YY), Thus the relative dielectiic coustant « /tq and dielectiie
loss "/« are givenby the expressions

K'= — o — "
9 ‘9 rO(l + m,gr,g)

" (r',-(‘m)wr

k!l 5
0 (0(1 4 mgr’?')

where ¢'_ /¢, is the limiting value of the high frequency dielectric constant and "s/‘O is the static
(de) dielectric constant.

The principal dielectric loss of water at low frequencies (frequencies below 100 MKz) is due
primarily to free charge carriers, such as ions and other free radicals. This dielectric loss mech-

anism, caused by the dc conductivity of the water, decreases with increasing frequency according
to the relationship

'w) o

(U (0(1)

where o is meuasured in mhos/neter.

At ligh frequencies, the dielectric loss of water is due primarily to viscous friction losses
assoeiated with the rotation of the polarized water molecules as they follow the incident electro-
magnetie radiation. Ions and other radicals cannot contribute significantly to the dielectric loss
since they are just too massive to fr!'ow the ineident electric field variations.

o
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Figure 1. Complex dielectric spectrum of water and ice.

Figure 1 shows the dielectric spectrum of ice and water at various teniperatures as caleulated
from the Debye equations with the appropriate relaxation times and static dieleetric constants. For
iee, the Worz-Cole expression for the static dielectric constant was used, and the relaxation times
for each temperature were taken direetly from Auty and Cole's paper. ln the case of ice, ¢ was
takeu to be 3.1. For water, the relaxation times and statie dielectric eonstants appropriate for
each temperature were obtained fronr a tabulation in Kerr's book (1951). The value for ¢, for water
appropriate for all temperatures was taken to be 5.5, In plotting these curves, the effect of the dec
conductivity on dielectric loss was assumed to be negligible. The dietectiic spectrum of water at
0, 10” and 20°C and iee at -0.1°, -20.9° and -32°C was plotted.

Table Il summarizes the reported values of the complex perniittivity for ice over the electro-
magnetie spectrum.

Theory of dielectric measurements

For general nonmagnetic materials where Ky = Bg- two independent experimental quantities
must be found to allow the analytic calculation for the simultaneous solution of ¢’ and ¢".

The propagation constant, defined for the fizld guantities E or H, can be expressed as

U'=a+jp

where a is the attenuation in nepers/m and £ is the phase constant in radians/m. The propagation
constant of a material is also written

S e
| = jo Ve, - jo 4‘“0(—)
‘0

where €. Is the complex permittivity and is written
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Table II. Reported complex permittivity of ice.

k! k"

f(or A)

Remarks

1.69 5.2 x ll')'(gi 1 micron A Irvine and Pollack (1968)
1.327 9.2 » 10 10 micron A Irvine and Poilack (1968)
2,74 2.6« 10 100 micron A Irvine and Pollack (1968)
3.05 “3.66 - 1073 3 Gliz Dunsmuir and Lamb (1945) and Lamb (1946A). mea-
sured tun O over 0°C to 40°C range
3.17 - . 10, 24 Gllz Lanmb and Turney (1949)
3.16 7.6 % 107 9.375 Gllz Cumming (1952)
1.91 “6.0 ~ 1072 35, 94 Gllz Perry and Straiton (197 ° jwor control over temiper-
atire and an error in phase shift calculation
3.20 2.88 10_3 3 Gllz Von llippel (1954) reporting some of Westphal's
early measurements of ice at -12°C
3.17 2,24 ~ 02 10 Gllz Von Ilippel (1954) reporting some of Westphal's
early measurements of ice at -12°C
4.80 3.84 0.1 Mllz Von llippel (1954) reporting sonie of Westphal's
early measurements of ice at -12°C
4.15 0.498 1.0 Mllz Vou llippel (1954) reporting some of Westphul’s
early measurements of ice at -12°C
3.70 0.0667 10 Mtz Von Uippel (1954) reporting some of Westphal®s
early measurements of ice at -12°C
4.0 - 5 Mllz Yoshino (1961). Antarctic ice core samples
3.3 - 2 Gllz Yoshino (1961); Antarctic ice core samples
2.9 to 2 x 10 ~ 10_3 .15 1o Ragle, Blair, and Persson (1964) reporting measure-
2,95 to 4> 10 1.0 Gllz ments of Westphal on ice core samples over the
temperature range —1°C 10 -60°C
91.5 - de Worz and Cole (196¢): Auty and Cole (1952), T —
0.1 C
A ¢ = Jc 1
and thus
(c ¢ . (u
— e - ’ =
© Q0
C
k' - jk"
3
and ¢ is the permittivity of free space, 8.854 x 10" !2 farads/m. The quantity k' is referred to as y
the relative permittivity or the dielectric constant of the material, and k" is associated with the
dielectric loss of the material and is known as the relative dielectric loss factor.
; By equating these expressions for the propagation constant I,
atjf jw Vpelk' - K" ;
then ;

(a® /32) +j2af3 = "‘)2I“0(k' - jk")

o pa b an ot i il o s i
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anl eqnating the real and imaginary parts gives

2_ .2 AV
A b R

D) 9
m‘";uo -
A\ 2
)
ke . 2aB l(_o_) af.
2 2\ g
T

Thus the complex dielectric eonstant may be computed from a knowledge of the meusured uttennation
and phase shift of the material.

A wide variety of methods are used for obtaining un independent pair of these quantities. For
low frequencies one technique places the dielectric material between the parallel plates of a
capicitor in a resonant circuit. From a measure of the @ of the resonant circuit 'with and without
the d.electrie niaterial between the capacitor plates, and from a measure of the frequeney shift of
the cireuit, one ean calculate k' and k", As the frequency of measurement increases the cavity
replaces the resonant lumped-parameter cireuit. Other techniques, such as standiag wave measure-
ments made in conjunction with the null shift, have been successfully employed (see, for example,
Von Hippel 1954).

One approach successfully used at X-band with long (in terms of wavelength) samples is to fill
a section of waveguide with the diclectric material and to compare the phase shift and attenuation
through the sample with that through an empty section of guide (Straiton and Tolbert 1948, Wiebe
1971). For yet higher frequencies, where the dimensions of the guide prove too small for practical
applications of this technique, the wave is propagated through a free-space path and through a
section of waveguide to a detector where the signals from each path are combined (Hertel, Straiton
and Tolbert 1953, Montgomery 1947, Saxton et al. 1962). The amplitude change of the signal
propagated through the free-space and material sample gives information about the attenuation
constant, and the null shift at the detector gives a measure of the phase shift due to the sample.
This particular technique was used to make the dielectric measurements of ice at 96,5 GHz, and a
more thorough discussion of this appro: :h is deferred to a following section.

In practice, a number of material samj.. thicknesses are used since in general a plot of attenua-
tion versus sample length will not be a linear function due to variations in the wave impedance as
the electrical length of the sumple is changed. The attenuation and phase shiit factor are obtained
by plotting a large number of points and taking the slope of a straight line drawn as the average of
the points. That this is true can e seen from the following argument. In Appendix A it is shown
that for a plane electromagnetic wave normally incident upon a three-layer dielectric, with the
bounding dielectric materials having a complex propagation constant I' , and with the inner, sand-
witlied Tayer Baving & esuples propagation eonstan! l"3, thel: e ratio of the suplitudes of the
advancing components of the electromagnetic field incident upon and leaving the layered dielectric
are given by

4

1
Bt ¢ nglng Ny mg)lg e

(2I‘gd +I"eL)

n

(el

+ (ng + 1)y + ng)(ns - gl - ng) €

R —T——Tr
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el pd - | '314 )
! ("g ' ',”)(713 -, )(II“ /Ml oy ¢ I]g) ek

(3L
: (’/g NN hy )(’/g v Mg, r/g) ¢

(I‘_- l‘)
g e )y o) o8

¢ eld |.3l4l
- (r,“ 1/(])(113 1,“)(11“ 7/3)(7,(.’ r/g)(' h

3L
' (r/g gy r,“)(r,g /N ’Ig) ot 13

2 ‘gd I'sL)

(
AU T 1/“)(r,g g )y r,g) ¢

where  n,  intrinsie impedance of free space ( \ g/ )
, impedance of bonnding dielectric slabs
Ty dmpedance of middle dieleciric layer
¢ complex propagation constant of hounding dielectrie slabs
g~ cowplex propag:tion constant of middle dielectric layer
3 propag
d, L layer thicknesses s defined in the sketch
Al' A,) amplitude coefficients ¢ the advancing waves in media 1 and 5.

Figure 2 is a sketeh of this layered diele ric.

For ice no “holding’" dielectric slabs are

necessary. Therefore, 7 Mo aud d - 0 and
3 the expression Al/A', colilupses to
> > > —= — o A ' 0
y < e 2 —1 l(r} 1 )Eel alk (y S} ) t“l dLI
£y e d’ o 0"’ v

= Ay dngng

rq Ty r@ where l'd propugution constant of the

o { d dielectrie

Figure 2. Geometrv of dielectric material holder. 14 — intrinsic wave impedance of the

dielectric.

Since for a low loss dielectric Iy iB,. then

4

1 B o
y ey |4"0"d cos (B4L) + 12(173 +73) sin (B4L)1.
3 lo "1y

Let Bel® Angng cos (ByL) + j2ink + r,ﬁ) sin (B,L).

o
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degrees
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PHASE DEfLar,
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Figure 3. Phase relative delay as a function of dielectric

thickness,
Thus
s+ 0%
tan ¢ = SR tan (8, L)
2Uoﬂd
and so
Ay dmgng

and the advancing component in medium 3 can be written as

E =A3e—lﬁ(L +Z)

A
S LI P o-1B1(L + 2)
B

in Figure 3, which is a Plot of the transcendental expression for ¢ given above. Thus a measured
Plot of a and &, in nepers/m and radians/m, respectively, will not be a linear function, but rather
a slowly varying sinusoidal function about a straight line drawn ag the average of the points. Thiy
i8 indeed the way that the observational data look. The effect of a material dielectric loss is to
damp out this sinusoidal variation with increasing material thickness L. The maximum variation of
the relative phase above or below the straight line fit of Figure 3 is ahout 10°, or nearly 0.028
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Figure 4. Quasi-optical free-spuce method of measuring complex permittivity, ' and (" .

wavelength, This is iy agreement with the measured data for ice, which vary from 0.02 to about
0.06 wavelength ahove and below the straight line fit,

Instrumentation for ice dielectric measurements

For practical reasous, the best techuique for making complex dielectric constant measurements
at 96.5 GHz involves me:suring the amplitude and phase change of a signal propagated throngh a
free-space path containing varying thicknesses of the dielectric material. With this technique, a
millimeter wave signal from a klystron source is split by a -3 dB coupler and travels over two wave-
guide propagation paths, Each path contains an attcnuator, but only the atter.uator in the path con-
taining the dielectric sample between the two horns must be 4 precision attenuator. After passing
over these two paths, the signals are recombined in s standing wave pattern in a section of preci-
sion slotted line. Figure 4 indicates this expcriment:1 measurement technique. The isolator is to
prcevent reflections from reentering the waveguide and causing anomalous phase and amplitude
changes. In practice, the sample material is tilted at g very small angle to aid in eliminating these
reflection effects.

The horns are made of electroformed copper, with an opening of about % in. The minimum horn
scparation distance is set by the Fraunhofer far field criterion, d - 2 Di, where D)\ is the aperture
opening in wavclengths and A is*,the operating wavelength,

The system is initially balanced by removing the slotted line section and adjusting the attenua-
tors for equal signal levels over each path. For phasc measurements, the attenuators are not
touched again, since it was discovered that changing the attenuator setting by several dB would
shift the phase a small amount. The degree of balance was indicated by thc sharpness of the null
in the standing wave pattern. Howecver, a high degree of balance is not really required, since the
detection system was sensitive enovgh to follow a null shift even when more than 6 dB of imbalance
existed, For ice and polystyrene, both low loss dielectrics, the signal loss, even through the
thickest ice samples used, was under 2 dB, The measurements with water presented the greatest
problem. The details of how this measurement was accomplished are delayed to a later section, but
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£y for water samples less than about 0.010 in. thick satisfactory
EY / 8/, attenuation and phase measurements were made.
{ [_’:' For atteuation measurements, propagation ~uiy over the free
1 £, ;(i E, space path is important. A power detector was mounted on the
: 8 receiving horn, and the attenuation measurements were accon-
plished in either one of two ways. For moderate and high loss
: dieleetrics, the dB change in the precision attenuator setting
Figure 5. Phase relationship necessary to restore the same power level at the detzetor with the
1 of transmitted and reference dielectric in the path as was present without the dielectric is a
'f fields in the slotted line sec-  measure of the dielectric loss. For low loss dielectrics, where a
1 tion for the null condition. change in the precision attenuator setting is hacd to read, the

dielectric Inss was calculated from the change in the output meter

reading on the high-gain tuned amplifier. This amplifier was
checked against various dB settings of the precision attenuator, and its output meter reading was
very linear in power, thus indicating that the crystal detector was operating in its square-law region.

E With several hours warm-up, both the klystron and this amplifier proved to be quite stable, and over
the course of the measurements the output leve) returned to its initial value on the vutput meter with
[ the initial (reference) precision attenuator setting and ne dielectric in the path.

b To make phase shift measurements, each propagation path is connected up to one side of the

,' slotted line section after having heen balanced as well as possible, as described earlier. The probe
p in the slotted line section is adjusted for minimum peneiration depth consistent with a workable

] signal level. This assures a minimum perturbation of the fields within the waveguide. With no
dielectric material in the path, the probe position is adjusted for a null in the standing wave pattern.
A dielectric sheet placed in this free space path causes this null to shift in position, and the
amount of shift, in hundredths of a millimeter, can be read by the gauge attached to the carriage of
the slotted line. This null shift, in millimeters or fractions thereof, can then be put in terms of
fractional parts of a wavelength shift and plotted as a function of dielectric thickness, as is usually
done,

With a slotted line techinique of making phase measurements, the measured phase shift is actually
. half the true phase shift, Let E and Et be the reference and the transmitted E-field vectors in the
slotted line at the probe for no dlelectnc in the free-space path and for the probe positioned at a

null in the field. With the introduction of the dielectric slab in the free-space path, the phase of the
transmitted wave shifts E to E ' (see Fig. 5) by an amount 6. To reestablish a null, the probe is re-
adjusted to shift the phase by 0/2 since in moving E' to E" through an angle 6/2, E is moved 6/2

in the opposite direction to E; thus making E' and E' agam 180 degrees out of phase with each

other.

For all dielectric measurements made, the klystrom repeller was modulated at 2 kHz, and the
high-gain amplifier used after the detector was sharply tuned to 2 kHz. This procedure is usually
followed to avoid the problems of flicker noise (If noise) and drift associated with a high gain dc
amplifier. There is no special reason to choose a 2-kHz modulation frequency, but in general the
modulation frequency should be chosen to avoid the 60-Hz line frequency and its harmonics.

Calibrations with polystyrene and water samples

In order to establish the accuracy and to become familiar with this dielectric measurement
techmque, dielectric measurenients were made on polystyrene ard water prior 1o the ice ucusure
ments. The measurcments were all made at room temperature.
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Figure 6. Polystyrene phase shift curve.

Polystyrene. Slabs of polystvrene were made by machining disks from a 2-in.-diam polystyrene
rod. Eleven such disks were machined in thicknesses from 0.025 in. (o over 0.5 in. Figure 6 is a
Dlot of the phase shift curve for the polystyrene samples. The error bars were set by the uncertainty
in measuring the null shift with the slotted line and in the variations of the observed datu points from
repeated measurements. Figure 7 is the aitenuation curve measured for this polystyrene sample set,
The error in these data is about +0.1 dB. This inaccuraey arises principally due to changes in the
titt angle of the dielectric slabs. Since it was impossible to orient the samples exactly the same
each time, many repeated measurements were made to average out this effect.

Polystyrene was chosen for calibration purposes since its complex dielectric constant is well
known and, except for its dielectric loss, essentially constant (ITT Reference Data for Radio
Engineers Handbook, 1970). The measured aid published conplex dielectric constants for this
material are given in Table I1I,

Water. Water was chosen for measurement purposes because its behavior is well described by
the Debye expressions. In addition, measurements have heen made of the comniplex dielectric
constant at milhimeter wave frequencies and reported in the literature (Zolotarev et al, 1969,
Chamberlam et al. 1966, Collie et al. 1948 and Lane and Saxton 1952).

Water is a particularly diffrcult material to work with. Because of its great dielectric loss at
this frequency (96.5 Gllz) it is practical to make measurements only on very thin layers. It was
determined that the upper limit to the water thickness was about 0.010 in. This limit is clearly set
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Figure 7. Polystyrene attenuation curve,
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Figure 8. Holder arrangement for water samples.

Spring Clomp

by the available klystron power which in this case is about 100 mw, and which suffers about a

1 4-dB loss in just getting to the horns. Varying thicknesses of water were obtained by using two

: pieces of very thin slide glass separated by pieces of shim stock of a known thickness. A thin
pipette was used to place the liquid between the bounding glass layers. Capillary action then drew
the water into the enclosed space. Figure 8 diagrams this arrangement. With this arrangement, the
slotted line was adjusted for a null with the holder present in the propagation path but with no water

present. The null shift caused by the addition of water to the holder was then plotted as a function
of water thickness.




16 COMPLEX REFRACTIVE INDEX OF ICE FOG AT A RADIO WAVELENGTH OF 3 MM

iz F
ok
“
£
>
13 i
L
N
't
: e ;
s /'
- .
LS
I osf /
»
Wy
"
N
1 Qe | f =965 GHz
- . Slope = 427 M
i T2~ FoC
[ o=z |6 ,u_mho/cm
o2 a 25eC
| 1 1 l
2 q LY ] 10

THICKNESS | inches 1 10°——w

Figure 9. Phase shift curve for distilled water.

Attenuation measurements were made in essent ially the same manner, that is, the signal level
was recorded with and without water in the holder.

Figures 9 and 10 are two phase shift curves of distilled water and lake water, respectively,
The measured de eonductivity of these two water samples was 1.6 pmho/cm at 257°C and 565 pmho/
cm at 25°C, respectively. Figures 11-13 give the attenuation curves for distilled water, rainwater
and lake witer. The rainwater sanple had a measured conductivity of 33.6 jmilio/cm at 25°C, but
this sanmple was lost before a phase shift enrve for it could be obtained.

Considering the practical problems involved in working with thin water samples, the agreement
is surprisingly good between these measurements and values published in the literature. The major

! sources of errc: in this work were in determining the water thickness accurately and in reading the

! “bottom’’ of the null shift when water was introdnced in the holder. The nulls tended to be some-

: what flat, especially for thicknesses greater than about 0.006 in. In this ease, the average valne
of two points of equal response on either side of the null was taken to be the true null point. The
error bars shown in the following figures were fonnd by assuming the measurement errors were
essentially random, aud thus the error shown is ”i’l\’N' where o, refers to the error associated with
an individnal measurement and N is the number of individnal measurements made for a given sumple
thickness,

Table 111 gives the complex permittivity values for polystyrene and water as derived {ron these
measurements,  The values of the appropriate published data we also listed for €¢omparison purposes,
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Table III. Complex permittivity of polystyrene and water samples at 96.5 GHz.
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E

Material

] B(rad/m) alnepers/m) k' k"(103) Remarks
f’ Polystyrene 3275 t 55 7.25 + 1,35 2.63 + .09 11,74 + 246  Perry, U.T., 1973
Distilled de- 7390 + 1000 4900 + 900 7.5 +1.h4 17.9 +6.2 Perry, U.T., 1973
3 ionized water 0 = 1.6 umho/cm at
1 25‘0
1 Lake water 7740 t+ 1000 5160 ¢ 900 8.45 4 1.h 198 1 ¢ Perry, U.T., 1973:
i @ = 565 pmho/em at
25°C
Rain water = 4810 + 300 = = Perry, U.T., 1973;
0 = 33.6 yunho/cm at
25°C
Polystyrene - - 2.54 3.05 Ref Data Radio Engrs
(1T&T), for 25 Gliz
Polystyrene = - 2.55 0.842 Ref Data Radio Engrs
(17&7), for 3 Gliz
Polystyrene - - 3.4 5.78 Mate (1967), 94 Gliz
“"Pure'' water = - 9,33 16.3 Calculated from Debye
equations
Water - - 19.2 29,1 Collie et al. at
1.25 em
Water = - n® - 4.44 + .08 = Chamberlain et al.,
A .3mm
Water - - n2 =430 ¢ .08 - Chamberlain et al.,
A 0.118 mm
Water - - n =3.55 = Zolotarev et al.,
A=3.1 mm
Water - - 13 23 Lane and Saxton,
A= 6.2 mm at 20°C
Wate; - - 7.84 14.1 Lane and Saxton,

A=6.2 mm at 0°C

Since the measured B is the difference between the phase shift in 1 m of air and 1 m of the ]

sample, then the true 8, is obtained by adding /Ay, or 2020 rad/m, to twice the measured 8. It 4

is this value that is given in Table lI1.

The values foi k' and k" measured here for polystyrene agree well with the published values A
for this material. Water is well described by a Debye expression for the complex permittivity, at
least in this part of the millimeter wave spectrum, The values of k' and k" measured for aistilled,
deionized water agree well with the Debye predictions, and are close to other reported measurements |
in the millimeter wave spectrum. From these measurements it appears that the water samples with ]
the higher amounts of impurity had a slightly higher dielectric loss and dielectric constant. How-
ever, the error bars are overlapping, so one cannot draw any strong conclusions. !
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Figure 14. Phase shift curve, ice made from distilled water, T = -28°C,

Results for ice

The icc samples used in making these measurements were prepared from two different water
samples: lake water and distilled, deionized water. These water samples had the measured dc
conductivities given in the previous section. All ice samples were prepared in specially machined
aluminum holders of prescribed thickness. Once the samples were frozen, the holder sides could
be removed to release them. Ice samples were made in thicknesses from 0.125 to 0.404 in. The
advantage of preparing ice in this manner is that the frozen samples had flat, parallel sides. In
order to make ice samples as free from internal stress cracks as possible, freezing was accom-
plished in two stages. The water was slowly frozen over a 12-hour period at about -1°C, then
transferred to the environmental chamber where it was chilled down to about —28°C before the
dielectric measurements were made.

Waveguide was run through the walls of the environmental chamber to the interior horn antennas
where all measurements were made.

Several individual sets of measurements were made with ice prepared from each type o water.
Figures 14-17 are representative of the phase shift curves obtained in this manner. The measured
phase shifts varied between about 118 and 128.5 wavelengths/m. This phase shift is just half the
true phase shift, as explained earlier. The ice made from the lower impurity level water showed a
lower average phase shift (about 121.3 wavelengths/m), compared with about 129 wavelengths/m
for the other ice samples. Figures 18 and 19 are attenuation curves for these ice types. All of
these ice samples proved to be rather sensitive to the orientation angle, and it was necessary to
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Table IV. Measured complex permittivity of ice at 96.5 GHz.

a(nepers/m) B(rad/m) k' k"(x 103) Remarks

2.27 +0.8 3545 + 120 3.08 +0,2 3.99 *+ 1.50 Distilled, deionized
water sample
-28°C < T < —9y°C

2,32 + 0.8 3635 + 120 3.24 +0,2 4.17 + 1,62 Lake water sample

-28.5°C < T <-31°C

average over many data points to obtain consistent results.
points, and while the points plotted are the average of a* le
error bars are indicative of the uncertainty in the individual
possible error associated with the indiv
attenuation, in dB, was calculated from
the precision attenuator setting,

The error bars shown apply to all
ast ten different measurements, the
ice sample measurements, The
idual loss measurements was less than +0.1 dB. The

relative changes in output meter level, and not changes in

Table 1V gives the results obtained from these ice
in this table is twice the measured phase shift, inrad/

sample measurements. The appearing
i plus the phase, shift of free Space, 2n/A0.
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lli. THE METEOROLOGY OF ICE FOG

Introduction

Fog is a common arctic sight. Polar ocean meteorological stations report a frequency of
100 days per year of fog orcurrences, and Greenlund coastal reporting stations observe 50 to 60
days a year of fog occurrence (Orvig 1970). Summer fogs in the Arctic are generally caused by ad-
vection of relatively warm and moist air over melting ice or cold water. This fog is patchy and of
short duration, and does not occur for wind speeds over 10 m/sec. During winter, steam fog forms
over open water leads in the ice pack where the sea water may be near 0°C and the air temperature
may be at -40°C, thus setting up a strong thermal gradient over a relatively short distance. Such
a fog is generally known as an ice fog since it is composed largely of minute ice crystals. This
fog. also known as *‘arctic sea smoke,”’ develops when very cold air flows over open oceun,
causing a rapid discharge of moisture and heat to the air,

One of the principal requirements for fog, formation is the existence of a stable atmospheric
condition It is well known that the most stable atmospheric conditions oceur under and within
temperature inversions. There are three main causes of temperature inversions.

1. When a warm air mass flows over a cooler surface, a temperature inversion may form in the
bowdary bayer betweer the two, Here, e teuperatare is relatively constant fiow the giound up
to the boundary layer, then increases sharply upon entering the upper air mass. This type of
inversion is responsible for entrapment and intensification of the infamous Los Angeles smog.

2. When there is a net loss of energy from the eartn’s surtace (by outgomg long wave radiation)
4 temperature inversion forms at ground level, These inversions become especially well developed
over snow and ice surfaces and are quite common both day and night in the Arctic and Antarctic.

3. Subsidence is generally associated with high pressure areas where there is a descent and
warming of deep layers of air. This effect causes a decreasing of the temperature gradient and is
a frequent cause of temperature inversions of the lower troposphere.

The type of inversion described by 2. is expecially common in the Fairbanks area, and has
been responsible for producing some of the strongest temperature gradients in the world, with
values of 10° to 30°/100 m (Benson 1965, 1970). These inversions rarely extend over 50 or 100 m
in height, but within this ground-based inversion layer dense ice fog can form. Not only are these
some of the severest inversions known, but they are also the most persistent, sometimes lasting for
weeks at a time (Ball 1959, Ber.son 1965, 1970). Surface winds within these inversions are ideal
nurseries for the development and intensification of ice fogs where conditions are right for their
production.

Ice fog is not restricted to coastal and ice pack areas, and commonly occurs s an inland form
of low-temperature air pollution. Aside from local sources of water vapor in an inland area such as
hot springs and caribou herds, ice fog is restricted to populated areas. It is produced by the water
vapor output from automobile exhausts, power plant stacks, household chimneys, cooling water dis-
charge areas of electric generating plants, and other sources ussociated with urban development.
Since air pollution, i.e. the presence of unwanted material in the air, varies in specific detail from
ot Joeality to the next. e fop ean qualify as s air pollution nacerial o the Fanrbauks Fr. Wain-
wright area of interior Alaska. For this reason this literature, which tre. s ice fog as a low tem-
perature form of air pollution, has been consulted for details concerning ice fog crystal measure-
ments and the mechanisms for ice fog formation.
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In arctic and subarctic regions where sufficient volumes of moisture or open water exist, and
where temperatures go down to about -30°C, a fog composed of minute ice crystals appears. Be-
cause of its close association to human activities (such as automobiles, home heating, power plant
exhausts) as well as its obvious adverse effects on traffic and airport visibility, Oliver and Oliver
(1949) suggested that ice fog be studied as an air pollution problem. Accordingly, Robinson et al,
(1955), Benson (1965, 1970) and Ohtake (1970) have shown that ice fog does qualify as a low
temperature form of air pollution and have published detailed characteristics of the ice fog particles
and of the meteorolngical conditions occurring during ice fog events.

Physica! distinguishing characteristics and optical properties

The optical properties and ice crystal types occurring in an ice fog are different from those of
other concentrations of ice crystals in the atmosphere such as cirrus clouds or *‘diamond dust’’
displays. Ice crystals which have well formed hexagonal plates and columns are called ‘‘diamond
dust’’ because of the way they twinkle under a low sun or nighttime illumination. ‘‘Diamond dust’’
ice crystals in the atmosphere are responsible for the interesting halo effects sometimes seen when
cirrostratus clouds come between the observer and the sun or moon. This halo takes the form of
a bright ring having a radius of about 22 degrees, and besides this halo there may be numbers of
“'light-bows’" and concentrations of light in spots, each with a name of its own, which combine to
form the halo phenomena. Minnaert (1954) describes in detail each of these halo phenomena, as
well as the physical cause underlying the display. All clouds giving rise to halos are composed of
small ice crystals, and the regularity of the shapes of these crystals is responsible for the beautiful
symnetry of the light phenomena. The small halo phenomenon is caused by ice crystals in the
shape of a prism, with the crysials generally between U and 300 p 1 diameter. Vertical pillars of
light, appearing at night above automobile headlights, and above and helow the rising or setting sun,
are caused by ice flakes inclined nearly to the horizontal in the air. Crosses, halos, light pillars,
double suns, and parhelia or mock suns at the same altitude as the sun are all optical phenomena
associated with the passage of light through ensembles of geometrically configured euhedral crys-
tals. However, halo effects are entirely absent in ice fogs. The optical properties of an ice fog
are similar to those of a water droplet fog, yet water droplets are not present in ice fogs (Robinson,
Thuman and Wiggins 1957). In addition, visibility is much lower in an ice fog than in a ‘*diamond
dust’’ shower., These differences are explainable in terms of the crystal sizes involved. Smaller
particles tend to have a more pronounced scattering effect than larger particles. The similarity in
the optical properties of ice fogs and liquid water droplet fogs is shown by Kumai and Russell
(1969). This optical similarity between water and ice fogs is due to their optical values of the
complex index of refraction, which are very nearly the same. They calculated the extincticn
coefficients of both water and ice spheres (for an assumed particle density distribution) at wave-
lengths of 2.2, 2.7, 4.5, 5.75, 9.7 and 10.9 microns. The attenuation coefficients and backscattering
functions of ice fog and water fog were within the same order of magnitude for the same fog con-
centrations and wavelengths, Recent measurements of laser extinction in an ice fog were made by
Munis and Delaney (1972). They made measurements of lase: extinction at 0.6382, 1.15 and 3.39
microns, and compared these measurements with the theoretically calculated values given by the
Mie extinction coefficients for the measured particle distributions involved. In general, the
measured extinction coefficients were within about a factor of 5 of the Mie extinction coefficients,
with the best agreement between theory and experimental measurenients being at 1.15 microns.

Their experimental finds at 0.6328 . are of special interest to this research work in that a helium-

neon laser, operating at this same wavelength, was used to obtain additional insight into the fog
statistics.

'
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Figure 20. Small (1 mm) snow crystals,

Ice fog crystal size and formation

Ice fog crystals range bciween 2 and 20 u in diameter (Robinson, Thuman and Wiggins 1957,
Kumai 1964). Ice crystals larger than 30 u can occur, and in general they are more euhedral. Many
of the small crystals tend to lack a definite crystalline form. Because of this Thuman and Robinson
(1954) coined the term droxtal in reference to these ice fog particles. According to them, a droxtal
is a small, poorly formed ice crystal. 1t is an equant solid particle with rudimentary crystal faces
which seems to have the characteristics of both droplets and crystals. The term droxtal appearing
in the literature does not mean that ice fog particles are not crystals. When a supercooled droplet
freezes, it becomes crystalline ice regardless of its shape and the presence cr absence of any
crystalline faces. There has been no evidence of amorphous ice existing in ice fog particles. This
is not to say that only poorly defined geometric forms exist for ice fog particles. Ohtake (1970) has
fourd 14- and 20-face polyhedral crystals in ice fog at -47°C, although it is true that the vast
majority of the droxtals are ‘‘spherical’’ ice crystals.

Figures 20-22, from Benson’s (1965) report, show the difference between small 1-mm snow
crystals, diamond dust crystals (from 1 to about 300 y in diameter), and ice fog crystals with
diameters of 25 u or less. In general, ice fog particles are an order of magnitude smaller than
diamond dust crystals which in turn are an order of magnitude smaller than snow crystals. The
differences in size and shape of the ice fog droxtals and the cirrus cloud or diamond dust crystals
are due to the different rates of cooling and growth. Gotaas and Benson (1965) measured cooling
rates as high as 4°C per 12-hour period for the arctic free atmosphere, with typical cooling rates on
the order of one-half to one-third this value. However, such low cooling rates in a very low tempera-
ture environment cause water vapor to precipitate out of clear air (the typical diamond dust shower)
in the form of well developed large crystals. Where the atmosphere and the water vapor contained
in it cool simultaneously the ice crystals formed grow in a saturated air volume as long as the cool-

ing continues. The size of the crystals increases with both the original moisture content of the air
" and the length of the cooling period involved, the ultimate result being a snowstorm containing large

and well formed ice crystals. -
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Figure 22, Ice fog crystals collected from a dense ice fog in a Fairbanks, Alaska, supermarket
parking lot. Average droxtal diameter is in the 10-20 u range,
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These conditions are in sharp contrast to the formation of ice fog crystals. When droxtals form
from cooling exhaust gases, originally at temperatures exceeding 100°C, the cooling takes place in
less than 10 seconds when the gases are ejected into air of temperature ~35°C or less (Benson
1965). These cooling rates are on the order of 108 times greater than those in the free atmosphere.
Cooling tower fogs and steam fog from open areas of water also have rates of cooling that are
orders of magnitude greater than in the free atmosphere. Such a rapid cooling condenses the water
vapor into many small droplets which become supercooled, and at temperatures below about -30°C
they begin to freeze. This process also differs from that in the free atmosphere in that the crystals
do not grow in a continuously saturated environment. When studied under the microscope, many ice
fog particles appear to be twinned (two crystals joined along a common plane). Collections of ice
fog crystals show many twinned crystals, whereas twinning of cirrus cloud or diamond dust crystals
and snow crystals is not prevalent.

Ice crystal density distribution

Thuman and Robinson (1954) made some of the first studies of ice fog size density distributions
at Eielson Air Force Base (Alaska). They found that the average particle size in ice fog at -40°C
was 13 p diameter, and the size increased to 16 p at -30°C. Kumai (1964) showed some size dis-
tributions for ice fog particles with sizes from 4 to 12 p for ~-30° and -41°C in downtown Fairbanks
and at the airport, respectively. Kumai's distributions were based upon a count of the crystals
precipitated on a collection surface (a glass slide) and are subject to some doubt since the fall
speed of the ice fog particles may be less than local turbulent air updrafts, Ohtake (1970) made
calculations of the terminal velocity versus particle size using Stokes' law for spherical particles.
For 33-u particles, the terminal velocity is 3.47 cm/sec, while for 9-; particles the terminal velocity
is only 2.7 mni/sec. Thus only slight air motion can cause considerable uncertainty in any statis-
tical properties deduced from ice fog precipitation studies.

For this reason, Ohtake made studies of ice fog density distributions using an impaction device.

This device consisted of a cylinder with a nozzle at one end facing an interior glass slide coated
with a thin film such as silicone oil. A measured volume of air was drawn through the nozzle, and
the ice crystals collided with and were captured on the silicone oil film. The slide could then be
withdrawn for microscopic study and photographiug. Using this technique, samples of ice fog were
taken and studied over the temperature rangs 30° to - $1°C. Although his data were sonewhat
scattered, it was clear that the mean diameter of the ice fog particles was a linearly increasing
function of temperature. Figure 23, taken from Ohtake, illustrates this relationship between mean
diameter and temperature. From this figure it is clear that 30-u size particles are the rule for
-31°C ice fogs, with particle sizes of 10 p or less dominating in —-40°C ice fogs. Ohtake found that
the lower the temperature became, the narrower was the breadth of the distribution in crystal sizes.
In addition, for temperatures of about -37 € and below, the spherical pariicles (Thuman and
Robinson's *‘droxtals’’) make up the majority of the fog particles, whereas at higher temperatures
other crystalline forms are more common.

The role of nuclei and low temperatures in crystal formation

Ice fog is a phenomenon associated only with subfreezing temperatures. Naturally occurring
ice fog has always been observed to disappear when the temperature rcse above -30°C (Benson
1965). The occurrence of liquid water droplets in subfreezing temperatures is the commonly ob-
served phenomenon of supercooling which occurs in fogs above about -30°C. The only condition
necessary for producing supercooled water is that no ice be present vhen the water is cooled down
to and below 0°C. That is, the melt must not be ‘‘seeded’* with the solid phase. Furthermore,
supercooling always takes place in unseeded melts before freezing occurs. This is also true for
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Figure 23. Relationship between mean diameters of
total ice-fog crystals and temperatures. (From Ohtake
1970.)

supersaturated solutions prior to crystallization and precipitation of one of the components of the
solution. In a cloud, freezing starts either when the cloud is cooled below a certain temperature or
when the cloud is seeded or nucleated with some suitable foreign substance.

Many observers have reported that at a temperature of -40 ¢ 1,5°C clouds are always composed
of ice crystals (Civilong 1945, 1947a, b, Schaefer 1946, 1948, D’Albe 1948, Oliver and Oliver 1949,
Mason 1950. Civilong used a Wilson cloud chamber in his study, and he found that when the tem-
perature was greater than -35°C at the end of expansion progress, when condensation had just
started to occur, no ice crystals were to be observed. However, when the temperature was below
-35°C, then a few ice crystals formed in the fog. Larger numbers of ice crystals began to appear
as the temperature was lowered, and at about —41°C the fog was composed entirely of ice crystals.
Civilong found that below this temperature, -41°C, sublimation was involved where ice crystals
and no water droplets formed. This ‘‘threshcld temperature’’ was found to increase with an in-
creasing nucleating impurity added to the air.

Schaefer (1946, 1948) made supercooled fog by blowing moist air into a cold chamber. He found
that ice crystals did not form until the temperature was lowered below about -39° C, or upon the
introduction of an appropriate nucleating substance. Vonnegut, in a series of papers (1947, 1949a, b),
investigated the effects of silver iodide, potassivm iodide, and several lead oxide compounds as
nucleating agents for ice crystal formation in clouds. He found silver iodide (Agl) to be the most ef-
fective nucleating agent, and attributed its effect to its close crystalline similarity with ice crystals,
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thus allowing water vapor in the air to sublimate dircctly onto the silver iodide crystals. In urban
areas, combustion hyproducts of sizes generally less than about 0.1 p diameter can also he effec-
tive ice fog nucleating agents (Ohtake 1967, Kumai and O’Brien 1965). The role that foreign
impurities, of all types, pluy as nucleating agents in *“‘clean”’ air is well documented, especially
since the advent of the electron microscope (Chtec 1949, Mason 1950, Kuroiwa 1957, Kumai 1951).
That these '‘condensation nuelej' play an important role in ice fog formation is undoubted, since
ample photographie evidence of ice fog particles with an enclosed nucleus exist (Kumai and
O'Brien 1965, Ohtuke 1967, 1970). Benson (1965) reports that in the Fairbanks-Ft, Wainwright
area of Alaska ice fog begins to set in at about -35°C and is always well developed at —40°C and
lower. In the "'polluted’’ air of this area droplet freezing may set in at air temperatures us high
as -30°C. and the pollutants necd be of no special type in order to be effective.

All of this is not to say that condensing and freezing nucle1 are indispensable to icc fog
formation. While Kumai reported that all of the ice fog crystals be collected had nuclei, Ohtake
(personal communication, 1972) reported that ice fog can be formed without active nuclei provided
the temperature is -37°C or lower. Uhieke (1970) also reported that 71 out of 713 crystals from
Chena and Manley Hot Springs inspected under the electron microscope did not have any nucleij.
Most of these were found at temperatures hclow about —40°C. Furthermore, at the center of Fair-
bunks 1.7% of 236 crystals examined from an ice fog at ~39°C had uo nuclei.

Phase change effects on development of ice fog

While the size of the ice fog particles is a linearly increasing funetion of atmospherie tempera-
ture, the coucentration of the crystals is determined in part by the amount of moisture vapor injccted
into the cold atmosphere. Typical coneentrations for Fairbanks, as reported by Ohtake (1970), are
around 200/cm3, to r* nost 1000/em®. And although Ohtake reports finding only about 300 condensa-
tion nuclei per cubic centimeter at Chena Hot Springs under ice fog conditions, he found about twice
that concentration of ice crystals, Other observers (Kumaij 1964, Benson 1965) are substantially in
dgreement with these measured concentrations.

In addition to the available noisture, from whatever sources, the role of atmosplieric temperature
and the effect of the change in phase from water to icc in ay ice fog event need to be examined, It
has been observed that air containing high concentrations of combustion byproducts can furnish
ample condensation and freezing nuclei for the onset of an ice fog event at temperatures as high as
-30° or -35°C. The phase change fron water droplets to ice crystals at this temperature has a
strong effect on fog formation. If the air near the ground is cooling rapidly, and some supercooled
water droplet fogs are forming, sach as over open water areas, then the low level air will be
saturated or close to saturation with respect to water.

For example, -34°C, the capacity of the air to hold water vapor decreases with decreasing
temperature at about -0.027¢ g/m3 °C (over water). Thus, if the air is saturated, cooling the air
one degree from -34° to -35°C would provide about 0.0279 g/m® of condensed moisture. Now
Suppose the droplets freeze at ~34°C. There is now an additional reduction in the air’'s capability
to hold moisture because the saturation vapor pressure must be found with respect to ice. The
Saturation vapor density over ice at -34°C is 0.2254 g/ms, while over water the vapor density is
only 0.3138 g/m®. Thus, the excess water vapor produced simply by freezing droplets at -34°C is
0.0884 g/m3, which gives a total of about 0.1163 g/em? in going from -34°C to -35°C, whereas only
about 0.0279 g/m?3 water was condensed in going from -33° to -34°C. Thus, the excess moisture
produced by freezing at -34°C is 3.16 times 4s great as the moisture condensed by one degree of
cooling at -34°C. Now suppose that freezing is postponed (for whatever reason) until -44°C, The
excess moisture produced by freezing at ~44°C is now 3.36 times as much as is produced by one
degree of cooling at -44°C. Therefore the relative contribution of water vapor due to freezing
increases with & decreasing freezing point.
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This argument is meant to enphasize and snbstantiate two observational facts about ice fogs:
they have been observed to appewr suddenly over widespread areas, and denser fogs have heen
observed at low temperatures than at higher temperatures. The aubove culculations were based up-

on the densities of water vipor at saturation over water and over ice (List 1966, Tables 108 uand
109).

IV. DIELECTRIC BEHAVIOR OF A MEDIUM WITH
HOMOGENEOUSLY DISTRIBUTED PARTICLES

Dielectric behavior of a medium of small particles
Van de Hulst (1957) derived an expression for the complex refractive wmdex of u medium con-

tining many small scitterers, His expression for m, n' jn"is

2m

n'oo1 i Im [S(0)]
k3

oaN
n" = RelS(0)]
k3
where ko 2a/0; wy e,
N scatterer number density

S(0) complex amplitnde coefficient for forward scattering

T a8 | pS
< (2n v 1) b))

DO | =

and where u‘: and b:' are the complex amplitude coefficients for the nth magnetic and electric modes,
respectively.

This expression wus derived to appl. to the case where the distance between particles is
large compared with hoth the wavelength and the size of the particles. Dense packing of particles
1s thus excluded. Scattering contributions from the small particles which affect the phase of the
transmitted wave come not from particles on all sides, but only from particles that are nearly

directly behind the point of observation. This expression is accurate for the complex refractive
index of the medium close to 1.

An alternate expression for the opposite case is the e» ssion derived by Lorentz-Lorenz
(Jackson 1963):

2
3(ms - 1)
qmaN T
D
My v 2
where  « - polarization of the particle

p aEO. the induced dipole moment due to the incident electric field EO.

b
This expression, derived as a part of the theory of molecular »ptics, is clearly not the same as ;
the Van de Hulst expression, yet hoth expressions give the compl '« refractive index of a medium as
a whole in terms of the scattering properties of the individual particles.
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The Lorentz-Lorenz expression is derived for the conditions that the mutual distances of the
particles are small compared with the wavelength, which of course means that the particles ure
much smaller thian a wavelength. The field at a given point of observation is due to the scattered

fields of a fairly large number of nearby particles on all sides of the point of iuterest, These fields

dre nearly in phase with the incident field, and it is the statistical effect of these fields which
gives rise to the Lorentz-Lorenz formuly.

However, the Lorentz-Lorenz formula can give the Van de Hulst expression for the euase of a
dilute gas of small scatterers where m. .1. Here,

3mE - 1) 3lem, - 1)
2 = 3 = (my,
me+2

4nuN

- 1)

ot m, - 1+ 2nuN

and m,, refers to the complex dielectric constant of the medium as a whole. For scatterers smull
in terms of a wavelength

S(0) - jk3a
since for spheres of radius a
2
m* +2

where m is the complex refractive index of the sphere material. So

2—
,@(”’r 1)(ka)3
3\m? .2

is the coefficient for the first electric mode of a dielectric sphere, which is just the familiar
expression for the case of Rayleigh scattering. Thus,

m 1 + 2nN S(0)

m
which is just Van de Hulst's expression.

This expression 1s appropriate to use to model tle complex refractive index of an ice fog
since an ice fog is composed of a dilute ussemblage of ice particles that are small in terms of the
incident electromagnetic wave.

Sample calculations using the Van de Hulst expression for the index of refraction of the ice
fog medium are delayed to a later section pending the fog impactor measurements and a discussion
of the results. However, it is clear that this expression predicts a refractive index which is
sensitive to the total volume of ice per unit volume. Thus, on a per ice sphere busis, an ice
particle 30 p in diameter has nine times the effect of one 10 . in diameter. A relatively small
number of large particles can strongly influence the measured refractive index, Thus, in order to
accurately apply Van de Hulst's formula you must know not only the numbers involved but also the
particle sizes.
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Radio wave erergy 1655 mechanisms

When a plane electromagnetic wave is incident upon a dilute cloud of small particles, energy
1s extracted rom the incident wave in proportion to the absorption and scattering cross sections
presented by the small particles. For the case where the incident electromagnetic wave has a
wavelength much larger than the circumferential size of the aerosol particles, the Rayleigh approxi-

mations for the scattering and absorption cross sections (Stratton 1941) are valid and are given by
the expressions

2n° o Lo pg

S

Q, - »° Im (-K)A*D3

a

where Im = imaginary part of argument

D/\ particle diameter in wavelengths

2.2
and m is the complex refractive index of the aerosol dielectric material.

A computer program was used to determine the extinction, scattering and absorption cross
sections for ice spheres from 1 to 35 p in size. This computer routine was used since it had
already been written for use at optical frequencies to calculate 6328 A heliun-neon laser extinction
due to a fog. This routine calculates the complex amplitudes of the nth electric and magnetic modes
set up in each dielectric sphere by the incident wave. These amplitude coefficients, a, and b
(Stratton 1941), were in turn used to calculate the following parameters appropriate for each fog
particle size from the following expressions:

Scattering cross section

Q - total power scattered over 47 steradians
3 incident power density

A% = g
=§—2: @0 + 1) (la, % + |b_|?) (1)

Extinction cross section

Q. - total power extracted from the wave
E incident power density

A2 =
- Re [Zl @0 + 1)@, + bn)] @)
ns

Absorption cross section

Qp - Qp - Q,
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An equivalent expression for the extinction cross section is given by
Qp - 2kn”

where n" is the imaginary part of the Vin de Hulst expression for the c

omplex index of refraction
given earlier, and kK 2n/A.

While the Van de Hulst expression gives an extinction coefficient,
expressions for scattering and absorption.
1-3 were used to determine these parame
In computing the scattering, absorption and extinction cross sections in the manner defined above,

five terms were tuaken in the summation indicated. However, this is not necessary as all terms
preater than the first are orders of magnitude smaller.

it does not give sepurate
Since these quuntities may be of interest, expressions

Table V lists the dominunt Rayleigh parameters und the attemation and scattering cross sec-

tions for ice fog particles at 96.5 GHz for u coniplex diclectric constuant of 3,08 - J(0.004) which is
appropriate for the actuul measured complex dielectric constamt at this frequenc

y. It is clear thn
at 3 mm wavelength ubsorption is the dominant extinction mechanisni,

For a wuve passing through such a dissipative medium, the extinetion coefficient per meter
thickness of the fog, 7, is tound from

12
aD*~ -1
7 -— NID)Qy, (m, D) neters
2 N
all
particles
where D purticle diameter, neters
N(D) number of particles of diameter D per cubic meter
QN(m. D) - normalized extinetion coefficient
QE/("Dz/(l).

It is clear that this implies that

P-P,e s

where P - received power density
Py - initial power density

X absorption path length.

The application of these expressions to the electromagnetic measurements is deferred to u
later chapter pending the actual fog impactor and electromagnetic meusurements. However, it can
be suid here that this model is in reasonubly good accord with the EM measurements considering
the uncertainty which is shown to exist in the fog impactor measurements.

ters with the aid of a previously written computer program.

NS TP e
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Table V. Complex scattering coefficients and attenuation cross
sections for ice particles at 96.5 GHz.

Particle Complex tirst electric Absorption Scattering Normalized extirction
diam - mode coeff cross section cross section Cross seg)lion
(W b, b, (m?) (m*) [Qp/i7D> 1))

1 3.25x10°1% 08710710 p4gx10718 57510 %P 1.88 % 1078
2 261100 230% 107" 119 x 10717 240 10793 5.78 - 10 8
3 8.80x10 ¥ 7751077 4.01x10717 293 <1073 5.67 > 100
1 2.09x 10710 1841078 9.50 - 10717 1.54 107°1 7.56 1075
5 4.07<10°11 3501078 1.86 > 10716 586> 10721 9.46 « 1078
6 7.04x 10711 G20 1078 3.21x 10716 195 . 1070 1.13 > 1077
1.12x10 10 984 x1078 509 <1016 441 %1070 1.32 « 1070
8 16710010 147> 107 7.60 = 16716 g9g3. 10720 1.51 « 107°
9 238 « 10710 pog v 1077 1.08 x 10719 1,99 x 10719 1.70 » 107"
10 3.26 > 10710 287 . 1077 149 x 1071 897510719 1.89 » 1077
11 13410710 382 %1077 1.98x 1015 .65 10719 2.08 % 1077
12 763x 10710 496 <1077 257 = 1071 125 10718 2,27 « 107"
13 7.6 x 1010 .80 x 1077 3.26 %1071 18110718 .46 1072
14 8.95+ 10710 787 % 1077 .08 » 1071 wgax 10718 2.65 x 1072
15 1.10 » 1079 9.68 « 1077 ROLx 10710 oy 0!8 2.84 ~ 1077
16 1.34 « 1077 1.18 « 106 6.08 10715 29, 10718 3.03 » 107D
17 1.60 x 1077 1.41x 1078 7.30 101" 9.06 < 10718 3.2 % 107°
18 1.90 x 107 1.67 x 1078 8.66x 10715 1pgx 10717 3.41 % 1077
19 sog .10 Y 1.97 x 1078 rozgx 10 ¥ 9710717 3.60 x 107"
20 2.61x 1077 230« 108 1.19x10714  240x 10717 3.79 x 1077
21 3.02 x 1077 2.66 < 1078 1.38x 10714 g9 1077 3.98 % 1070
22 3.48 x 107 3.05 <10 © 1.58 » 10714 4510717 417 <1070
23 3.98 x 1077 2.49 % 1070 1.81x10°1" 555 <10717 4.36 > 1077
24 4.52 > 1079 3.97 v 108 2.05x10°14 74710717 4.56 x 107°
25 5.11x1077 448 x 1078 2.32 <1074 9,16 > 10717 4.75 > 1077
26 5.75 % 1079 5.04 % 1079 2.61» 10714 116 ¢ 10”16 4.94 > 10
27 6.45 x 1077 5.65 x 1070 293 % 10 1.45 « 1616 5.13 % 1077
28 719x10° 6301078 3.26 <10 1g81x1018 5.33 x 1077 .
29 8.00% 10  700x10%  3e2xi0 ' L23x10716 5.52 % 1070 :
30 886 x107  7.75x 1078 4.01x 10714 274x10716 5.72 x 1070
31 9.78x 102 8.55x1078 4.43x 10716 333510716 5.91 x 1072 f
32 1.08x 108  940x 107 4.87 x 10714 40310716 6.11x 1077
33 1.18 x 1078 1.03 x 1070 534 x 10714 4,85+« 10710 6.30 x 1070 ;
34 1.29 x 108 1.13 x 1072 584x10°14 580 x10718 6.50 x 1077 i

35 1.41 x 1078 1.23 x 107" 6.37x 10714 ggox 10716 6.70 x 10°°
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V. METHOD FOR MAKING COMPLEX PERMITTIVITY MEASUREMENTS OF A FOG

Literature review of millimeter wave Fabry-Perot interferometry

If 4 cavity is used to measure low losses and refractive index chianges of ten N-units or less
(1 N-unit = (n - 1) - 108, where n is the index of refraction), it must have a high @. Using a cavity
with a @ of 10® oue can easily detect a 1 N-unit change (97 kHz at 97 GHz). One type of high €
cavity successfully used at millimeter wave frequencies is the spherical mirror Fabry-Perot
interferometer (FPS). The FPS is widely used in maser and laser technology because of its inher-
ently high resolving power and its relative ease of adjustment. This cavity has a much higher @
than the quarter-wave couaxial cavity more commonly used in the microwave spectrum (which may
have unloaded @'s of up to 10,000). An extensive body of literature exists on the Fabry-Perot
cavity, and some good tutorial papers are those of Fox and Li (1961), Schawlow and Townes (1958).
Boyd and Gordon (1961), and Boyd and Kogelnik (1962). The paper by Kogelnik and Li (166) is
an excellent review of open-sided resonators and contains much matorial of a tutorial natvre,
Culshaw, in i series of papers (1959, 1960, 1961, 1962), discussed the application and design of
Fabry-Perot interferometers for the millimeter wave spectrum. Much of Culshaw's emphasis was
placed upon the theory and design of the parallel-plate Fabry-Perot, and methods of coupling the
electromagnetic energy into and out of this type of structure. His 1960 paper describes one such
plane-parallel resonator built for operation at a wavelength of 6 mm which had a @ of about 100,000.
Zimmerer, Anderson, Strine and Beers (1963) discussed the construction of both plane-parallel and
spherical Fabry-Perot resonators and considered the problem of obtaining efficient power transfer
into the resonant structures. A separate paper by Zimmerer (1963) considered measurenients of the
transverse E-field variations of a spherical mirror Fabry-Perot resonatoras a function of reflector
size and spacing. Valkenburg and Derr (1966), Culshaw and Anderson (1962), Frenkel and Woods
(1966), Degenford and Coleman (1966), and French and Arnold (1967) are among some who have
built and used the FPS to make measurements of gas absorption and permittivity in the millimeter
wave spectrum. Dees and Sheppard (1965) reported on the construction of a semi-confocal FPS with
a @ of 88,000 at 168 GHz. Zimmerer (1962) reports the construction of a novel high precision wave-
reter covering the 50 to 75 GHz band. Zimmerer mounted his confocal resonator on a precision
screw thread, and took advantage of the fact that cavity resonances occur at intervals of A/2 to
measure the operating frequency to a high degree of accuracy.

There are two basic geometric forms for the Fabry-Perot interferometer: the parallel flat plate
type il the eonforal type . The paraliel-plate wrsion is the form of the original ogtical resonator
as constructed by Fabry and Perot, and is perhaps the most widely known version of the two. This
type uses very highly reflective plane parallel plates whose suifuces must both be flat 1o within
about 1/1000A and parallel to a very high degree to minimize diffraction losses in order to attain a
high operating @. The millimeter analog of this type has been built (Culshaw 1961, for example),
but plate alignment is a nontrivial problem and in general relatively large plates are required to re-
duce diffraction losses, even for relatively close plate separations. Both Culshaw in his series of
papers (op. cit.) and Zimmerer et al. (1963) have treated the problem of coupling energy into and out
of these flat-plate resonators.

The confocal type of the Fabry-Perot interferometer has all of the advantages and few of the
disadvantages of the flat plate type of interferometer. The spherical mirrors eliminate the critical
alignment problem, and the focusing action of these mirrors decreases the diffraction loss signifi-
cantly. The confocal FPS has two mirrors of equal radius of curvature, with the radius of curvature
of Lach miirrut coiivident with the surface of the oilet {see Fig. 21a). The setd-eonforal FF5 i 8
version of the confocal type, with one spherical mirror imaged by the flat plate. The semi-confocal
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Figure 24, Confocal and semi-confocal Fabry-Perot interferometers.

FPS is quite practical and easily built, and the coupling problem is simplified in that waveguide
feeds may be brought through the back of the flat and located symmetrically about the center line
of the cavity. The separation of the flat and the spherical mirror is at a distance of half the radius
of curvature of the spherical mirror (Fig. 24b). The field and mode distribution for semi-confocal
and confocal FPS are identical for equal mirror sizes and equal radii of curvature, However, the
Q of a semi-confocal FPS is half that of the confocal FPS since energy has to travel only half as

far in the semi-confocal case.

Theoretical considerations

In order to discuss the relationship between cavity @, mode structure and mirror size, it is
necessary to discuss briefly the basic theoretical development behind these resonators. In this
sense, the approach of Fox and Li (1961) will be followed. Their approach to the open resonator
problem was to consider a propagating wave which was reflected back and forth between two plane
mirrors. By assuming an arbitrary initial field distribution at the first mirror, the field at the
second mirror was calculated using the scalar formulation of Huygen's principle. This field was
used to calculate the field back at the first mirror on the second transit, etc. Only after several
hundred iteraticns did the field approach a steady state, differing only by a complex constant from
mirror to mirror. Without further derivation, their iterative equation for confocal spherical mirrors of

circular cross section is

j a 2m
g1 (o ¢2)=27f

ug(ry. é4)

R
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with
R lbf 4 rf 1 r:j -2 ry cos (d (,62)I'/2
and
by -b «1 - '\2
T LAY 1o LN I O
o
%
==, 11,2 for large b/a,
2b

Using this simplification, Uy (r,, ¢,) simplifies to

o7

je~ikb 4 < .
gy (ry, by) W f f ug(ry. ¢y) exp lik(ryro/b) cos (b - b)) (1 dép dr )
0 0

which is strictly valid for (a°/bA) << (b/a)?.

Figure 25 defines the terms appropriate for the above terminology. In this equation, the single
most important parameter is (a°/bA). This parameter, called the Fresnel number, is approximately
the number of Fresnel zones seen in one mirror from the center of the other, and determines the
numbers of ripples in the amplitude and phase distribution of the electric field of each mirror.

Calculations ny Fox and Li made using the iterative procedure and tiie above equations indicate
that of all the ’l‘EMl,m(l modes, those with higher order of radial variation (m > 1) and angular varia-
tion (n - 1) have higher losses and phase shift than does the T‘EMOO( mode. Higher order mode
losses decrease sharply with increasing Fresnel number (N - u"/b)\). To decrease hoth the level
and the number of undesired higher-order mode frequency responses, the Fresnel number of the milli-
meter wave FPS is made as small as possible, with the minimun N set by the mirror diffraction
losses. This effect is well shown by Figurs 15 of Fox and Lij, reproduced here as Figure 26. From
this figure it is clear that the power loss is 20 times greater for the TEM01 mode than for the
TEM 00g mode. From this figure it is also clear how the power loss of the mirror (diffraction loss)
varies as a function of the Fresnel number N. At N - 1.0, this loss (in percent) is about 0.05, and
for N - 0.5, the loss is about 10. Thus, for a factor of two change in N, the loss increases 200
times. It is clear that the optimum range for N is closely restricted to a narrow range about 1.0 for
there to he a minimum diffraction loss together with good higher order mode suppression. Kogelnik
and Li (1966) calculated the phase shift per transit for both TEM01 and TEM;,, modes in a
confocal resonator. For N - 1,0, the phase shift for the TEM;,, mode is about 95°, while for the
TEM;,, mode it is 190°. This phase shift difference of 95° implies that the two modes will
resonate at different mirror separations. This separation should be about A/4, and in fact the
higher order mode for the cavity built for this experiment had this higher order mode displaced
0.26A from the TEMOOQ mode, in good agreement with the above prediction.

Both Boyd and Gordon and Fox and Li give as the @-factor for a multimode confocal resonator:

o ("g )2 onb

_)\— aA

uA
4
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since Ay A1+ A/2mb] < i

b - mirror-to-mirror separation
u = losses of cavity, per transit
A wavelength,

This relationship would seem to indicate that the cavity @-factor increases directly with mirror
separation, This is true up to the point where nirror diffraction effects increase the losses as
fast as the separation inereases, even allowing for the increasing mirror size (as dictated by the
Fresuel eriterion) with separation. Cavity Q-factors greater than 10% at 150 GHy, have heen re-
ported by Freneh and Arnold (1967). Depending upon the coustruction, coupling technique, and
the precision with which the FPS is made and aligned, @'s of 50,000 and greater are not difficult
to achieve at millimeter wavelengths,

In order to caleulate, at least to first order, *' » required separation of the mirrors for a given
Q, some estimate of the losses must be obtained. 'This loss estimate will be made from summing
the expected reflection, ditfraction and coupling losses.

Mirror reflection loss is given by
[=

ap 1-

1+

8

where | 1

reflection coetficient of the metal surface

and where

p ( g )':‘
daef

and all other symbols have their standard meaning. For the aluminum spherical mirror

o 372 107 mho/m
and the copper flat plate

0y - 5.80 + 107 mho/m

and since f - 9.7 ~ 1010 ¢/s, then

g, 1.857 < 10

£, - 2.32x10%

cu

Thus

1- “‘IQ g - 1.08 x 107, for aluminum
§

8.62 x 1074, for copper.
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e The spherical mirror was made of aluminum
i since a suitable piece of round stock was avail-
/ able for cutting, grinding and polishing. Time
.'\ and the lack of a large enough piece of copper
! % did not permit this mirror to be made of copper.
' The initial flat was turned from alnminum, but
- ~ the later availability of a piece of copper plate
-5 . allowed this piece to be made from copper. This
operation was not timc consuming, since the face
Figure 27, Amplitude distribution of TEMo ~ of the flat was lathe turned within half a day’s
mode (at any beam cross section), time.

The coupling loss into and out of the cavity
is the ratio of the total waveguide cross sectional
area to the beam waist area on the flat mirror. The amplitude distribution for the fundamental mode
('I‘EMOOq) across the waist (in a radial direction) is Gaussian in form. The parameter w, of the
beam waist is the radial distancc from the center one must move for the amplitude to fall to 1/e of
its maximum value. Figure 27 is a sketch of the radial beam amplitude distribution. wg. often
called the beam radius or spot size, is given by the relationship

2 bA
wy = —,

on

where b is the radius of curvature of the spherical mirror and A is the operating wavelength. w
designates hean radins at the beam waist where d = b/2.

For a mirror of 72-in. radius of curvature and an operating wavelength of 3.09 mm, the spot
size is of 30-mm radius. In assuming a spot size of 30-mm radius, this meuns that the muajority of
the power is concentrated in a spot with this radius on the flat mirror. This power within the spot
size, as a fraction of the total power on the flat mirror, may easily be found as follows.

.For F(x) = cunulative distribution function of standardized normal random variable

X 1 2
a2t
e ™ dt
:[ V2T

then 2(1 - F(x)) - area in wings of the Gaussian function for [x| = \2. From a table of the normal
distribution function 1 - F(x) - 0.0793, and hence the fractional power enclosed by the spot size is
0.84 of the total power on the flat mirror.

For a type RG-09 waveguide, the area enclosed by the guide walls is 4.802 mm®, Thus, the
coupling loss is approximately

9.604 mm®>
2,82 » 10° mm®

- 3.4 » 1075,

Mirror diffraction losses are not so easily obtained. However, Fox and Li indicate that a
diffraction loss on the order of 5 » 1074 may be expected for a Fresnel number N - 1,0,

Thus, the total losses (per transit) for a Fabry-Perot cavity operating in the dominant mode
with the mirrors constructed of copner and aluminum and fed with two type 99 waveguides located
symmetrically about the centcr of the flat plate are the sum of the I?R mirtor losses, the coupling
losses, and the diffraction loss. This comes to aq = 5.84 x 1073, but since further losses must
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arise in practice due to mirror alignment errors and surface irregularities in the metal optics due to
machining and grinding a more reasonable total loss is taken to be 1.0 x 1072,

For this experiment, a *‘practical”” FPS size would be a mirror-to-mirror separation of 72 in,
(corresponding to a semi-confocal mirror-to-flat separation of 36 in.). For these data, the design @
can be calculated. Thus,

b
Q-2 _ 186.000.

A @ of 186,000 implies an effective path length of

gﬁ-» 91.5 m.
2n

1t is obvious from this relationship why a high @ is desirable for increased measurement sensitivity,

With a mirror-to-mirror separation of 72 in. (confocal), the optimum mirror radius for N - 1.0 is
found from the relationship

a2
— - 1.0,
bA

Thus a - 75.15 mm
or a diameter of 5.92 in.

This completes the theoretical considerations appropriate to the design of the semi-confocal
FPS for an operating wavelength of 3.09 mm.

The spherical mirror, as previously indicated, was made from a 6-in.-diam section of alumimimn
rolled stork. Initial forming and shaping of the mirror was done on a lathe, with final grinding and
polishing doae in an optical laboratory. Since facilit’es and equipment existed for grinding and
polishing telescope mirrors for a 72-in. radius of curvature (36-in. focal length), this was set as the
design parameter.

Deviation from a true spherical surface is measured by an optical fringe pattern test known as
a Ronchi test (Ingalls 1970). A true spherical surface gives a finge pattern consisting of alternating
straight light and dark bands across the visual surface of the mirror. Bowed bands indicate varying
degrees of parabolism and hyperbolism of the surface. This mirror wis found to give a nearly
perfect straight fringe pattern, with only a slight tendency toward parabolism.

The flat pla.e was machined on the latle from a Y-in.-thick copper sheet to a tolerance of
+0.005 in. The final diameter of the flat was about 8.5 in., which is certainly much larger than re-
quired by the beam waist diameter. RG-99 waveguide coupling feeds were brought throngh the back
of the flat mirror und located symmetrically about the center line of the 2avity, with a guide-to-
guide separation of 1.5 in.

Figure 28 shows the completed cavity mounted on an optical hench and installed in the environ-
mental chamber,

Details of the cavity @ measurement’s and response are delayed to Chapter VII, pending details

of the electronic phase locking and frequency sweeping techinique described in the following
chapter.
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Figure 28. Two views of cold chamber interior, showing details of
evaporator mounting and FPS placement.

VI. INSTRUMENTATION

Electronic frequency locking system

In order to extract information
mental measurements of the cavity
) change.

about the complex perniittivity of the cavity medium, two funda-
response are necessary: the frequency shift and amplitude (or

The task of making frequency shift measurements as small as a few kilohertz at 97 GHz

a trivial one. The classic solution to accurate frequency measurements in the millimeter spe
is to sweep the klystron reflector with a linear sa

the klystron operating frequency by several megal

is not

ctruni
wtooth voltage of sufficient amplitude to change

heriz. A sample of the klystron output is taken
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Figure 29. Block diagram of classical millimeter-wive frequency measuring system
using variable-frequency markers.

from a directional coupler and routed to a harmonic mixer. The other input to the harmonie mixer
is typically an accurately known submultiple of a frequency in the range of the klystron. This
lower frequency signal is usually established by an X-band phuse-locked source referenced to a
free rmning oscillator near 100 MHz. Since the 100-MHz oscillator frequency can be measured
with a high degree of precision, the frequency of the X-band sonrce can be established with the
same degree of precision. Beats between the swept klystrom and multiples of the X-bund source
establish frequency ‘*bench marks'’ appropriate for calibration and measurement of the high fre-
quency klystron source. Varying the frequency of the 100-MHz oscillator ‘‘moves’’ the marker on
the oscilloscope, thus establishing a ealibration of the frequency seale. This system is
diagrammed in Figure 29. The principal disadvantage of this system lies with the stability of the
essentially free-running high frequency klystron. Modulator amplitude stability, klystron filament
temperature, and klystron beam «nd reflector voltage ehanges all contribute to drift in the @-curve
displayed on the oscilloscope.

Another technique for phase-locking klystrons employs a fixad low frequency oscillator whose
signal is harmonically multiplied up to the Klystron frequency. This harmonic multiple is then
mixed with the klystron signal to produce an IF, which is in turn used to phase lock to a reference
signal at the same intermediate frequency. The reference oscillator itself may be linearly swept
+ A f ahout fo The function of harmonically multiplying the fixed low frequency oscillator signal
up to the klystron operating frequency and simultaneously mixing this signal with a portion of the
klystron output ¢an be accomplished by one diode. This is no trivial feat, since the low frequency
fixed oscillator may run near 2 GHz, and thus this harmonic generator/mixer crystal must generate
a significant amount of harmonic energy at the 50th or so multiple and mix this with the klystron
output to provide an IF signal. Recent advances in high-performance harmonic mixer diodes have
made possible the phase-locking of klystrons to well above 100 GHz. The principal application of
this phase-locking system to data has been in the area of millimeter wave radio astronomy for the
study of extraterrestrial molecular line spectra (Weinreb 1970). A phase-locking system using this
special type of mixer diode was bnilt to take advantage of the extreme stability. simplicity, and
precision frequency measurement offered by this technique. The following discussion refers to the
block diagram of this instrumentation shown in Figure 30.
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Figure 30. Instrumentation for phase Jocking and sweeping of FPS cavity «t 96.5 GHz.

s sampled by the 10-dB directional coupler and

fed, via an attenuator, to the harmonic mixer. An isolator between the directional coupler and the
FPS cavity prevents reflections from the cavity from entering the harmonic mizer and causing the
system to become unlocked. This harmonic mixer is also coupled by a triplexer assembly to the
IF sysicm and a 2.GHz frequency locked oscillator. Precision frequency determination at 2 GHz
is no problem since fairly hiph power (> 200 mw) oscillators exist which “lock’’ to a high miltiple
of a stabilized 100-MHz sonrce. Since the frequency of & 100-MHz osctiitator cap pe directly
counted to six or more signifi~ t figures, the 2-GHz locked oscillator output 15 known with equal
precision.

A multiple of this known 2-GHz frey. - ncy is generate
to mix with the klysiron signal. 1n practice there is no problem in
9.GHz oscillator is being mixed since the trequency of the klystron i

or better by an absorption ty,e wavemeter. The difference he
the frequency generated within the harmonic mixer is the 1F. Phase lockin: is done at the IF fre-

quency since mixers translate amplitude and frequency relationships without distortion to lower

frequencies for ease in further processing. A6
convenient for use with this system.

1t is the purpose of the triplexer assembly to separate the 2-
quency from the 60-MHz output 1F frequency from the harmonic mi
considerable time was spent in building and optimizing this component for & 60-
details and electrical performance are indicated in Figure 31.
critical frequency - 100 MHz) to further

The output from the Varian VC-713H klystron i

GHz locked oscillator input fre-
xer crystal bias current. Since
MHz IF, its circuit

The 60-MHz IF output is first lov pass filtered (filter
isolate the high power 9.GHz reference
duction into the phase locking system.

equency to the phase locking system is & 60-MHz signal from a

The second reference input fr
Af MHz, and is linearly swept by an

sweep oscillator. The sweep oscillator frequency is 60 *

d by the harmonic mixer/generator crystal
determining which multiple of the
s resolvable to within * 0.5 GHz
tween the klystron signal frequency and

0-MHz IF a- nlifier and phase locking system proved

vecillator from the IF system, then amplified prior to intro-

oaat o
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k Port (2) - (3) 0.40 dB@ 60 MHy Insertion Loss
Port (1) - (3)3.3dB @ 2.17 GHz Port (1) - (3) 3.35 dB @ 2.17 GH<z
measured with HP432A power meter. Port (2) - {(3) 0.514 dB @ 60 MH=

(measured with HP8551B/851B

a = - spectrum analyzer)
E i
i’- @ 1 ¢ @ Cl = 2.7 pf {low ind. cap.)
26, —p @} 26, (JFD 2R7C) in parallel
J T B <4—60me with 3.3 pf ceramic
J
by L 3 C, = 43 pt/1000v mica
|
|

CF,,CF, = .001 mfd feed
through capacitors

Ll =10 turns #24 nyclad wire on
15000, 1/2 watt carbon re-
sistor

q-——-
]
I
4
I

Ill
i
T
J I —

(2]
-n

I.,2 = 189 ph peaking coil

I.,3 = 1 mh coil

R, = meater shunt resistor, 100
te give 0-10ma full scale
reading

Ry
: | meter Jl.J2 = TNC female connectors
1
| = i
L.___...._J( 0-10 ma) J3 Aniericon #26805

Components mounted in 2-chamber
milled aluminum box with interior
compartment gizes 1.2" wide x

1. 55" long x 0. 68" deep.

Figure 31. Triplexer assembly.

external sawtooth function generator. This sawtooth voltage is also used to control the sweep of -
the horizontal time base of the oscilloscope. The sweep oscillator has an internal mixer and
provisions for external input sources to be added to the mixer. Thus marker pips are generated by
the sweep oscillator frequency at frequencies corresponding to the external oscillator frequencies.
These pips are displayed on one of the vertical channels of the oscilloscope and, by adjusting
these pips to correspond to the half-power points of the cavity response and to the peak of the @-
curve, the cavity @ and frequency shift can be accurately measured by the difference in frequency
of these 60-MHz reference oscillators. In practice, frequency measurenient to within a few hundred
cycles precision is possible at an operating frequency of 97 GHz.

Since the output of the phase-sensitive detector is a dc error voltage which is added to the
klystron reflector voltage, the klystron frequency is electrically tuned in a direction to minimize
this dc error signal. The effect of this is to phase lock the klystron in such a way that it is swept
Af in frequency by the 60-MHz sweep oscillator.

Whether the klystron frequency is above or helow the reference frequency by the IF frequency

can be resolved by observing the lock points as the klystron reflector voltage is increased and/or
decreased.
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Figure 32, View of electronic hurdware associated with klystron phase locking system.

A wavegnide feed couples the cavity to an ordinary millimeter wave crystal video detector to
sample the cavity respouse, This signal is coupled to one of the verticul chanuels for visuaul
presentation aud meuasirement of eavity response. Between the crystal deteetor and the flat plate
a precision RF power attenuitor is located for calibration and test purposes. Figure 32 is a view
of the microwave plumbing, ineluding the triplexer and harmonic mixer assembly.

Environmental chamber and refrigeration system

The environmental system eonsists of a Styrofoam chamber of interior dimensions 6 ft 8 in. -
4ft » 21 8in. The wall thickness of this chamber is 8 in., and access to the interior is gained
through the frout side which is held to the chumnber by six screw-type extension clamps. This
method of securing the door provides a maximum access ared, quick entry, and a4 minipm amount
of heat leakage,

The refrigerant evaporator system consists of two parallel evaporators, each with its own
independent evaporator control valve. Each evaporutor consists of approgimately 72 ft of *4-in.-
diam copper pipe with aluminum “'disk’" fins 1% in. in diameter and u fin radiator density of 8/in.
One evaporator is 6 ft 5 in. long by 3 {t wide and is mounted on Styrofoam support blocks which
hold it near the chamber roof. The other evaporator is more compact, consisting of three stucked
coils surrounded by a fan shroud, and is mounted at one end of the chamber. The fun, a 600-cfm
squirrel cage type, draws air over this set of coils und discharges this air upwards and over the
roof evaporator coils. This fan provides a considerable amount of air eirculation within the chuam-
ber.

The optical bench, eontaining the Fabry-Perot cavity, sits on the floor of the chamber with the
flat mirror monnted near one end wall. Waveguide runs throngh the chamber walls to conneet the
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b. Partial view of chamber and electronics.

Figure 33. Further details of environmental chamber and peripheral equipment.

millimeter wave electronic components to the Fabry-Perot.
looking in on the system. Figure 33 is an overall view of t
electronics. The access port, visible in the door, is show
the interior floor plan of the chamber.

Figure 28 is a front view of the chamber
he chamber and a partial view of the

n in this photo. Figure 34 is a sketch of
Note that in this sketch the laser beam is shot through the
chamber in parallel with the door and alongside the FPS cavity, Entrance to and from the chamber

by the laser beam is “itained by 1%-in.-diam Lucite tubes sealed at each end with clear slide cover
glzss and containing several ounces of calcium sulfate, a good dessicant. Thus no moisture will
condense on the interior glass covers as the temperature is loweled,-and there is no scattering or
difiraction of the beam except by the ice fog aerosols. A photocell detector and dc amplifier drive
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Figure 34. Environmental chamber floor ptan and equipment layout,

a chart recorder which is uscd to continu

(o)
ously monitor the 6328 A laser amplitude level. The optical
detector output current is proportional to

input power, hence the laser extinction may be found from

10
dB loss = -10 log =

I = no-fog quiescent output current as shown on chart paper

I = reduced output curent due to fog scattering and absorption effects.,
Figure 35 shows the change in output current due to a 3-dB change in path absorption. From this
figure, it is clear that the optical detector is indeed “square law,'’ and hence the above relation is

true. This 3-dB calibration check was accomplished by passing the laser beam through a 0.3 normal
density optical filter borrowed for this purpose.

The refrigeration equipment consists of g single-stage 3-hp Copeland condensing unit (Model
94-A) which drives the paralleled evaporators within the chamber. Euch evaporator is fed through
iIts own separate expansion valve, as each expansion valve has its own separate thermostatic bulb
thermometer attached for continuous temperature readout. Thus edach evaporator may be ‘“*balanced’’
by adjusting the valves to give the same or nearly the same refrigerant evaporation temperature,

Optimum system capability is achieved (empirically) by adjusting these valves in combination
until the suction line input pressure is -5 in. of mercury (vacuum). Refrigerant 502 was chosen as
the working fluid for this system as the hest compromise between low-temperature capability, system
compatibility (the original compressor was designed for R-22 use), and economy.
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Figure 35. Laser extinction due to 0.3 normal
density optical filter,

Temperature control of the chamber was achieved by adjustment of the pressure-sensitive
switches on the inlet and outlet lines of the compressor. While not designed to function as a
thermostat, these limit switches in fact work quite well for this since there is an explicit relation-
ship between evaporator temperature and evaporator pressure for each type of refrigerant used, This
system does not allow for rapid chunges in setting the chamber temperature, but after the appropriate

pressure settings for each desired chamber temperature were experimentally found, this technique
would hold the temperature constant within + 1°C for all settings used.

Warm fog was admitted in controlled amounts to the chambet through a slim glass pipe in one
wall. This fog was generated in a teapot on an electric héater (Fig. 36), and seemed to produce a
much steadier, more uniform fog than earlier techniques which were tried. Fog was added to the
chamber only after electrical and temperature stabilization was achieved (meuning, generally, only
after several hours of cperation), and in measured amounts. A crude measurement was achieved hy
timing the fog admission time with a stopwatch. Five to ten seconds would be sufficient to produce
a very dense fog, which was mixed and dissipated by operating the internal chamber fan. Generally
this mixing/dissipation was done until the laser level returned to withiin -3 dB of its initial level,
This level of operation was chosen since this fog density provided for an easily observed cavity
frequency shifi and satisfactory impactor measurements, and compared with a known calibrated
extinction point (the 0.3 ND optical filter) of the laser on the chart record.

Once the desired fog density was reached (by observing the chart-recorded laser level) both
fan and compressor were shut off to minimize vibrational effects on the cavity operation, All
mechanical operations were stopped whenever a photographic record and/or frequency measurement
was made. At this level, an oscilloscope picture was made of the cavity response to compare with
the no-fog cavity response. Interestingly enough, for the small amount of steam fog admitted, the
chamber temperature changed very little from its no-fog condition. This change was at most 2°C

and typically 1°C or less, which is an adequate testimonial to the low temperature capacity of this
system.
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Figure 36, Teapot mode of steam fog production,

VII. MEASUREMENTS

FPS operation

Prior to all operations and measurements the klystron and klystron power supply were thoroughly
warmed up. All low frequeney oscillators, including the 97-MHz reference oscillotors and the 60-

MHz beat (marker) oscillators were run continnonsly during the data taking operations. Prior to data
tuaking and measurements in the cold chamber it is necessary to run for several hours at the desired ;
temperature to assire that adequate thermalization in the mechanical parts of the cavity has taken 1
place,

Longitudinal mirror wovement was remotely controlled by a wotor snitably geared down so as
to move the spherical mirror very slowly. Thus, as the air was cooled down and dried ont the index
of refraction decreased, and hence the resonant frequency of the cavity increased. For air saturated
with water vapor at room temperature there is a change of over 100 N-mmits as the air is cooled to
-35°C and becomes saturated with 1espect to iee at this temperature.  Rather than disturb the
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reference 2-GHz oscillator setting to track the cavity frequeney, the spherical mirror was moved by
the remote controlled motor to keep the Q-curve on the oscilloscope.

The reference oscillator frequency controlling the 9.GHz locked oscillator was kept near
97.9213 MHz, and the locked oscillator output was 1762.5834 MHz (corresponding to the 18th nulti-
ple of the 97-MHz input). A spectrum analyzer check indicated 1760 MHz. For a multiplicative
faetor of 55, the klystron frequency is therefore 96,942.087 MHz + IF. An absorption wavemeter

check indicated 97 GHz.

The purpose of including the RF waveguide-type calibrated attenuator in the crystal detector
waveguide from the FP cavity was to check the square-law characteristic of the detector dicde.
For a square-law detector, the outpnt voltage of the detector, y, goes as

2

y k-v
constant, characte.ized by the amplitnde of \he sine wave signa! divided by the RM3

where k
noise amplitude

v  voltage impressed upon the erystal by the input waveform prior to detection.

Since input power is proportional to vZ, the linear measure of y is a meusurement of the input

signat power to the crystal detector.

w character of the video crystal was checked by changing the attenuator setting

The square-la
e. The detector law is in fact square-law since

-3 dB and observing the response on the oscilloscop
the peak of the cur.e dropped by one-half.
avity @ made in the open laboratory environment,

Figure 37 shows two measurenients of the ¢
35% and the temperature 74°F. The Q is found

During this measurement the relative humidity was
from the relation

{
Q- —
Af
where [ Klystron center frequency, - 97 GHz

A f - half-power frequency separation.

The beat markers, visible at the bottom of the photographs, were set to correspond to the right- and
left-half power points of the Q-curve by adjusting the frequencies of the two 60-MHz marker oscilla-
tors. The variation in the @ between these two curves is attributed to the difficulty of setting these
marker oscillators exactly at the half-power points.

Figure 38 shows the cavity response curves in the cold chamber at a temperature of -35°C.
The video amplifier gain and the horizontal sweep width (the Af of the 60-MHz sweep generator)
were reduced to bring the curve down to full scale on the oscilloscope and spread the curve out for
increased @ measurement accuracy, respectively. Still, it is difficult to accurately measure the
cavity @ because of this difficulty in determining the marker separation. However, the cavity Q in
a cold, dry environment was taken to be 140.000. in good agreement with the theoretical cavity Q of
186,000. Undoubtedly this measured @ would have been higher but the mirror vertical travel slide
hit the upper stop before the amplitude of the @ curve peaked. No effort was made to remount the
mirror so as to increase the available travel because of the time limitations placed upon some of

the borrowed equipment.
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Figure 37. Fuabry-Perot response Figure 38. Cavity response curves
curves in laboratory environment (rel- in dry, cold chamber with no fog.
ative humidity 35%, temperature 4F)

The extinction coetficient, in em™!, due to the scattering and absorption loss of the dielectric
mediwn, is given by

2r {1 1 l
A S
where QO cavity @ in a cold, dry, fogless chamber
Q1 cavity @ after introduction of fog
A - operating wavelength, in cm

with a loosely coupled Squure-law detector,

therefore

2n 'r__ ,

—_— cm
20,
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Figure 39. Method for photographing ice particle
accuamulations on mirrors.

Changes in amplitude are far more aecurately and easily measured than changes in €. Therefore,
loss coefficient measurements are best found in this manner where the amplitudes are directly
scaled from the oscilloscope photographs taken.

Since it is possible to read the amplitude of the cavity @-response curve on the oscilloscope
photographs to about 0.3%, the minimum detectable loss will be about

. ~4|{100.3\":
Nmin -~ 145 <10 [(—10—0 -1

2.10 7 em L,

FPS mirror effects

The effects of ice accumulation on the cold mirrors was investigated in an empirical manner.
Several schemes were attempted and discarded in an effort to measure mirror ice accumulation.
Direct photography of the mirror surfaces invariably was inconclusive for any viewing condition
with white light. However, a technique whereby red-sensitive film was used to photograph laser
scattering due to small particles on the mirror surface worked surprisingly well for accumulation
and documentation studies.

With this technique, a laser beam is directed tangentially across the flat mirror and so adjusted
that there is only the barest grazing contact with the mirror. When so adjusted the berm itself
leaves no visible trace across the mirror. However, dust particles on the mirror surface too small to
see directly with the unaided eye cause a distinct and highly visible amount of light scattering,
Photographic exposures of this light scattering effect are made through a 2-in.-diam Lucite tube
penetrating through the Styrofoum wall and sealed at each 2nd with clear slide glass. Frost forma-
tion on the interior gluass cover is prevanted by the addition of a small amount of drying compound,
Cu2804. The viewing tube is so positioned that about 4 3%-in. length of the grazing beam on the
mirror is visible, and the scattered light to the viewer is at an angle of about 40° from the forward
direction. Figure 39 is a sketch of this arrangement,

With this viewing technique it is easy to see that dust iu the air is amazingly abundant. A
clean mirror surface does not stay that way for long. Any passing air current carries with it dust
which builds up a rapid accumulation, and in a short period of time these dust particles sticking to
the mirror ‘‘paint in"" & solid red line.

A relative size calibration can be had by dusting the mirror surface with a 3-u polystyrene dust
and photographing the scattered light. Figure 40a shows a clean mirror surface. Several dust grains




Clean, dust-free mirror,

3. polystyrene **sphere’* dust on mirror.

Chimber temp =48' C, no fog, about 10 dust particles visihle,

Chamber temp -46.5"C. picture made 4 minutes after steam fog
mtroduced in chamber-ahout 43 particles visible,

Figure 40. Photographs made from 6328 A
light scattered by particles on mirror sur-
face.

Ice fog particle measurements
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are visible in the right center. Figure 40b is a
photograph of this same surface very lightly dusted
with the 3-x polystyrene dust. This dusting was
accomplished by putting a small amount of the
polystyrene dust oa a piece of clean tissue and
shaking the tissue about 6 in. in front of the mirror.
While it was strikingly visible in the photograph,
this amount of dust was almost undetectable to the
eye over other parts of the mirror. Some clumping
is evident, as seen by the larger areas of scattered
light, but it is clear that this technique is quite
sensitive to detecting light scatterinig from small
particles. The mirror was then cleaued as well as
possible, and the chamber temperature lowered to
-47°C. Figure 40c¢ is a picture of the mirror taken
at this temperature with no fog having been admitted
to the chamber. Dust from the interior of the cham-

ber, stirred up by the evaporator fan, is clearly seen.

Figure 40d was made about four minutes after a
dense ice fog was formed in the chamber. The
accumulation seen here formed very quickly after
the admission of the warm steam fog, and no further
accumulation was noted as time went on, even
though the fog remained optically quite dense for
better than eight minutes. 1t is clear that the fog,
while still in the liquid state, will adhere to the
mirror and freeze, but once frozen the ice fog crys-
tals bounce off the cold surface. This effect was
noted as the fog particles became visible in the
beam, recoiled from the surface, and disappeared
out of the beam. The freezing time for these small
droplets at this temperature is apparently quite
rapid. If a4 measure of the freezing time can be had
by measuring the accumulation time during which
the particles will adhere to the mirror, then the
steam fog is largely crystallized within 5 seconds
of admission.

The cavity response was undisturbed by a thick polystyrene dust coat on the mirror. Polysty-
rene dust was applied to the mirror until a thin white coat covered the surface, Figure 41 1, the
FPS response curve made before and after this dust was applied. There is no visible change in the
Q-curve. The same sort of effect was later noted with a thin film of frost on the mirrors. This
frost, brought on by applying warm, moist air directly to the cold mirrors, had no discernible effect
on the cavity response. However, any degree of liquification of the frost caused the cavity ampli-

tude response to die out dramatically. This same effect was previously demonstrated during some
early cxperimentation with this cavity (Fig. 42).

Physical measurements of the ice fog were made separately from the electromagnetic measure-
ments. These measurements of the particle sizes and densities were made at the same temperatures
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Figure 41. Liberally dusting mirror with  Figure 42. Q-perturbation due to a thin film of water on
3-u polystyrene dust produces almost no mirror surface (expanded s cep).
effect,

as electromagnetic measurements of the fog were made, i.e. ~30°, -35°, -39°, -43° and -47°C.
These fog measurements were made at or near the -3-dB extinction level which was taken to be the
standard operating point for each fog and electromagnetic measurement. Thus all measurements over
the temperature interval above are referenced by the common laser extinction level, This laser

level, as mentioned earlier, was chosen because of the calibration established by the known trans-
mission of an optical filter, as well as its cffect in producing a visible change of the cavity response.

A UNICO four-stage cascade impactor was used to collect fog samples for study. This impactor
uses two glass slides, coated with magnesium oxide, as impact areas for the ice fog particles, The
n gnesium oxide slide coating is formed by holding the clean slide over a burning magnesium ribbon
(Rothman and Ledbetter 1968). This impactor is so constructed that it contains a sequcnce of four
internal knife edges over which the sample volume of air containing the aerosol is drawn. These
knife edges are seriesed, and each cdge is closer to the slide than the preceding knife edge. In
theory, the most massive aerosol particles have too great a momentuw to make the turn with the
airstream around the first sharp edge. Their momentur: seids them crashing into the magnesium
oxide layer to leave a crater, the size of which is a measure of the size of the ice Yog particle.

The aerosol particles are ‘‘sized”’ stage by stage in this manner, with the fourth stage collecting
the smallest particles. A rotometer and stop watch are used to determine the volume of air drawn

through the impactor, and {rom a count of the number and sizes of the impact craters a number-density
distribution can be found.

While in theory this mezsurement technique sounds simple, in practice it is subject to many
errors which make these counts unreliable, Since this device is hand-controlled and -operateg, it is
clear that each individual’s technique and skill directly affects the final count. The average of a
limited number of samples was considered as the ‘‘best estimate'” of the actual fog number-density,
The second major limitation of this method centered around the very poor contrast of these fog
particle crater , in the magnesium oxide film. Figurc 43 shows a photomicroscopic picture made of
a given impact area. Fatigue after several hours of close study was undoubtedly responsible for
some error. The third area for measurement error involves the collection efficiency of the impactor.
No published data were found which attempted to answer this question. The collection efficiency,
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Figure 43. Photomicrographs of 10 w{upper) and 7 i (lower) craters left by
ice fog particles on a4 magnesium oxide slide.

especially for the smallest particles, must certainly be poor since on several slides there were
definitely traces of craters smaller than about 4 x diameter which were of too poor i contrast to
count. Attempts to improve their rcadability by depositing thicker and thinner magnesium oxide
coats did not help, nor did efforts at staining the slide. The meteorology group at the U.S. Army
Cold Regions Research and Engineering Laboratory uses a single-stage impactor which samples
10 cm® of volume and causes the aerosol particles to impact upon a small area on a gluss slide
containing a drop of silicon oil. A photoniicroscopic picture thus ‘‘sees’’ the entire particle
collection, and can later he enlarged for eounting. However, this technique requires that the
ambient temperature be below freezing before and during the time the particles are being photo-
graphed to prevent particle evaporation. This was clearly not possible for this experiment, thus
ruling out this techuique.
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' Table VI. Measured parti;le diameter (number/cm®).

Experiment N Laser extinction
no. <Tu 7-12u 12-19u 19-26u >26u total (6328 A)(dB/m)
T . 47 + 0.5°C
1 - 121 13 3.73 1.12 189 1.33
2 - 165 4.1H 0.218 - 159 1.16
3 29.50 164 8.62 0.144 0.088 202 1.20 3
Avg 10 164 8.6 1.4 .406 183 1.23 7
%Nop 5.5 89.5 4.7 .3 183 - '
' + .5°C b
T —43—1.000 3
10 167* 12.2 179 1.42 :
11 162* 6.35 168 1.50 3
Avg 165% 9 174 1.46 4
_ %Np 94.8+ %
4 T --39+.5°C
A 8 151.2% 12.7 163.9 1.46
] g 174.5* 1.52 176.0 1.42
: Avg 163* 7.1 170 1.44
4 % Np 96+ 4 -
X T - -35+.5°C
i
3 4 - 85.5 17.2 0.58 1.26 104.6 1.37 ;
5 = 164 76.4 3.25 0.8 244.5 1.33
6 - 117 48 .68 1.2 166.8 1.14
: 7 10.7 74 10.2 4.6 .59 100.1 1.04
1 Avg 2.68 110 38 2,25 .96 154.2 1.24
: ' %a NT 1.68 713 24.7 1.46 .624
, T - -30°C
18 96.2 15 4 133.2 145
<6p 6-12p 12-204 220p
216 87 32 32 317 1.50 é
"H-12p
5
;
The number densities reported in Table VI are therefore lower limits, particularly regaraing the i

smaller sizes. Table VI{ is a distillation of the raw numbers appearing in Table VI. Particle
tiameters reported here were made by comparison of the erater sizes with a microscopie scale (in
the microscope eyepiece) calibrated from a stage micrometer,

Several conclusions can he drawn from this work. From these tables it is clear that the large-
size ice fog particles are associated with the warmer fogs; the majority (95% or better) of the
particles associated with fogs 39°C or lower have diameters less thun about 12 u. For the same
laser extinctiou, the total number densities oi *iiese fogs at all temperatures are comparable. The
lowest total number density (100/cm3) and the highest number density (317/cm3) are for the warmer
reported fogs, and the lower temperature fogs had iutermediate number densities.
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Table VII. Gross statistics.

Temp N/cms/dB,’m Particle size distribution (%)

(°C) 6328 & No/cm®  512g 12-19p 19
-30+ .5 149 217 H4 38 8

35+ .5 1:4 154 73 20 2
-39+ .5 118 170 96 4 -
a3t 8 119 174 94.8 5.2 -

- 1.0

—-47 + 1.0 149 183 95 4.7 .3

Perhaps the most significant finding of all is the reproducibility of these fogs. For fogs -39°C
and colder, the measured number densities repeated with excellent agreement fromn cxperiment to
experiment. What measurement difficulties thiere were arose with the warmer fogs. In the four
experimental measurements made on the -55°C fog the number densities varied by as much as a
factor of 2.5. The characters of the -30° und -35°C fogs were much different ttun those of the
colder fogs. These fogs would dissipate more rapidly and generally required the admission of more
steam fog for formation and mixing. While measured amounts of steam fog at the colder temperatures
would generally give a reproducible effect, sueh was not alwuays the case here. These effects were
even more pronounced at -30°C, but due to the critical nature of ice fog formation in this temper-
ature interval, no great efforts were made to describe fogs at -30°C. However, electromagnetic
measurements were made at this temperature at the same laser extinction level as were the lower
temperature measurements.

These measured number densities were used as a basis for calculating the laser extinction to
compare with the measured extinction. The calculations were made by assuming the ice fog
particles were spherical and applying Mie's theory to calculating the absorption and scattering cross
sections of each particle size, This procedure, as well as the optical depth calculation, was out-
lined in Chapter 1IV. Figure 44 shows five number-density distributions used in these calculations.
Curves A and B are more nearly representative of the actual impactor measurements made of these
fogs, while C, D and E weight the small particle sizes quite heavily. Table VII( lists the calculated
and measured optical properties of these fogs. Table IX tabulates the extinction cross sections for
ice spheres from 1 1o 35 p diameter for 6328 A laser light.

These calculations indicate several interesting things. First, the small particles are more
effective scatterers than the larger particles (not surprisingly). However, a rzlatively small number
of larger particles can contribute significantly to the total extinction (distribution B, Table VII).
Secorii'1, there is a factor of between 3 and 5 difference in the measured und calculated attenuation.
Recently other investigators have reported similar results (Munis and Delaney 1972, J. Albertine of
the Jolins Hopkins Appl.od Physios Laburatory, orivate communication). Thie diecrepancy ie being
studied, but as yet there is no proven explanation.

The principal point here is the obvious differencc between the measured and calculated optical
attenuation. Three things come to mind as possible explanations: 1) the refractive index for ice at
this wavelength is inaccurate, 2) the measured number-densities are wrong, and 3} wlie theory cannot
be applied, since these particles may be mostly geometric figures with flat, prismatic faces. Whiole
1t 1§ certainiy uue Jhai improved measurements of Jie complex index of teliaciion of ite <l 5328 A
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Table VIII. Calculated and measwed 63283 optical properties ot ice fog.

Percentage of particles 7, Meuasured loss,
Total of diameters (%) extinction, Calculated dB/m,
Disuibution N/em® “6p 6-120  >12p m! loss, dB/m where appropriate

A 183 6 94 - L0271 .239 1.23
B 170 29.4 41.2 29.4 0431 1380 1.24
C 1125 37.8 62.2 - L0926 816 -
D 480 64.2 35.8 - L0296 261 -
E 4368 87 13 - .1071 931 -

Table 1X. Optical extinction cross section for ice spheres at 6328 A
(M; 00 = 1.302 - j 1.9 x 1079),

Total extinction Total extinction
Cross SeC”On, QEXT cross Seclion, QEXT
Diam QxT 7 2 Diam QEXT a2
2.56 v 10712 3.26 19 5.80 x 10710 2.05 :
2 8.32 % 10712 2.65 20 6.64 x 1010 2.12 !
3 1.50 « 10”11 2.12 21 7.21 x 10710 2.08
4 3.02 x 10711 2.41 22 7.98 x 10710 2.10 ;
5 3.89 » 10711 1.98 23 8.76 x 10710 2.11
6 6.79 » 10711 2.40 24 9.40 » 10710 2.03 -
7 7.72 v 1071 2,01 25 1.04 x 1079 2.12
8 1.21 » 10710 2.40 28 1.08 ¥ 1077 2.04
9 1.27 » 10710 2.00 27 1.21 x 1079 2.12
10 1.81 » 10710 2.30 28 1.25 x 1079 2.03
11 1.86 - 1010 1.95 29 1.40 x 1079 2.12
12 2.55 x 10710 2.25 30 1.43 x 1079 2.03
13 2.64 » 10710 1.99 31 1.60 x 1072 2.12
14 3.43x 10710 2.23 32 1.61 % 1079 2.01
15 3.57 » 10710 2.02 33 1.81 x 1077 2.12
16 4.415 10 10 2.20 34 1.83 x 1077 2.02
17 4.60 » 10710 2.03 35 2.03 x 1079 2.12
18 5.43 » 10710 2.13

can be male, it is not likely that these new measurements would be radically different from what
was reported by Irvine and Pollack (1968) for ice at 1.0 p.

In vegard to the problew of making accurate fog number-density-measurements, it is worthwhile
to quote some of the remarks of Rinehart (1969), who made a study of the methods of measurement
for fog drop size distributions. She studied capture ar/or replication media which included poly-
vinyl aleohol, gelatin, oil and magnesium oxide, and : .cluded that fog drop size distributions '
were method-dependent :nd none of the above media was sensitive to or retained for lengthy periods
the impressions of small drops. Furthermore, she noted that *‘lack of correlation between number of

captured droplets and visibility was preseat in even the most careful determinations employing ;
impaction methods."’
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Figure 44. Assumed number-density distribution used in laser ex-
tinction computations.

One other sampling effect should be mentioned. The craters, seen in Figure 43, may not
accurately reflect the true impacting particle size. A solid spherical particle striking a thin
magnesium oxide film would only crush the film down to the point of contact of the particle with the
underlying glass. This, in effect, would leave a ‘crater’’ smaller than the true size of the particle.
This effect, while operative mainly with the larger particles, also indicates that the rieasured ice
volume is really a lower limit to the true ice particle volume per unit volume in the cold chamber.

It is clear from these fog impactor measurements that considerable uncertainty exists about the
true ice fog number-density distribution. This is particularly true in regard to the smaller particles
(those less than about 7 p in diameter) since the impactor registered these particles poorly if at all.
There does not exist at this time a method or technique suitable for making an accurate measure-
ment of the fog number-density distribution.

Although desirable, it is therefore not possible to refer the electromagnetic measurements to a
fog particle number density. However, a suitable reference fog level is the measured extinction of
a 6328 A helium-neon laser. It was shown that comparable levels of laser extinction give comparable
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Table X. Electromagnetic measurements, normalized to 1 dB/m at 63283 extinction.
Laser

T At extinction N

(°C) (kHz) N (dB/m) N/dB/m em—1 X/dB/m
-46 228.6 2.36 1.46 1.62 5.50 - 1077 3.76 « 10 7
46 238.3 216 1.35 1.82 10.40 ~ 1077 7.70 » 10 7
45.; 229.6 2.37 1.46 1.63 6.25 > 1077 4.98 <107
46 236.9 2.44 1.42 1.72 9.55 + 1077 6.71 » 1077
-46 233.1 2.11 1.16 1.65 8.70 « 1077 5.95 » 1077
46.! 2621 2.71 1.90 1.43 4.80 » 1077 2.53 ¥ 1077
47 236.0 2.43 1.28 1.90 5.50 » 1077 4.30 » 1077
~46.5 260.0 2,68 1.80 1.49 6.40 « 107 3.56 » 10 7
—~48.5 92405 2.32 1.17 1.98 7.25 .« 1077 6.20 » 1077
—42.f 250.5 2.59 1.57 1.65 9.57 » 1077 6.10 x 1077
43 260.9 2.70 1.565 1.74 10.40 x 1077 .70 < 1077
42.8 340.9 3.52 1.56 2.27 10.30 1077 6.65 « 1077
43 £298. 1 .08 1.19 2,59 9.00 x 1077 7.55 » 1077
43 203.4 10 1.13 1.86 9.15 % 1077 8.10 » 1077
4R 279.7 2.89 1.40 2.06 1.94 % 1077 3.52 < 1077
42,0 324.4 3.35 1.61 2,08 7.26 « 1077 4.50 % 1077
-3 392.5 .33 1.57 2.12 13.60 v 1077 8.65 v 1077
44 298.0 .08 1.44 2.14 5,05 % 1077 a.14 > 1677
42 286.8 96 1.51 1.96 11,50 x 1077 9.60 ~ 1077
42 587.0 05 2.53 2.39 10.90 x 1077 4.31 <107
—42.8 331.2 a2 1.48 2.31 7.84 x 1077 5.30 x 1077
-43 261.8 70 1,72 1.57 8.00 x 1077 4.65 % 1077
-43. 537.3 65 3.00 1.85 18.90 » 1077 6.30 % 1077
-43 £34.9 42 1.25 1.94 7.85 » 1077 5.80 x 1077
-39 769.7 7.94 2.76 2.87 5.4 x 1077 9.2 +1077
-39 772.0 7.96 2.9 2,73 9.0 x10 ' 3.08 % 1077
39 95.4 8.51 3.03 2.81 18.1 %1077 4.32 » 1077
-38 393.3 4.05 2.13 1.90 6.95 x 1077 3.26 % 1077
38 424.4 4.37 2.02 2.16 8.70 > 1077 4.31 % 1077
-38 333.2 3.43 1.61 2.13 26.8 x 1077 16.00 ¥ 1077
-87 398.2 3.39 1.35 2.51 14.50 x 1077 10.72 x 1077
-38 270.5 2.79 1.28 2.18 2.8 x 1077 17.80 % 1077
-38 302.9 3.13 1.24 2.52 4.50 x 10 7 3.63 % 1077
37 275.9 2.84 1.28 2.22 8.85 % 1077 6.91 x 1077
-38 333.2 3.44 1.59 2.16 6.95 % 1077 4.37 > 1077
-39. 331.8 3.42 1.31 2,61 15.2 x 1077 11.60 x 1077
-38 241.9 2.50 1.22 2.05 18.1 » 1077 14.80 x 1077
-38 429.0 4.43 1.64 2.70 5.22 % 1077 3.18 » 1077
-38 267.9 2.76 1.77 1.56 8.55 ¥ 1077 4.84 x 1077
385 3619  3.73 1.40 2.66 128 x1077 9.15 % 077
38.5 3465  3.58 1.51 2.37 129 x 1077 8.56 x 1077
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Table X (cont'd).

. Laser
: o \f extinction N
' (C) (kliz) N (dB m) N dB m cem 1 N dB/m
33 585.8 6.0 2,06 2,60 F641 108 1.62 108 -
35 3993 4.12 2.07 190 Rol o 100 2.2 108 1
34 §43.9 B.65 2,88 .31 532 - 10 8 1865 1078 )
35 385.6 3.98 .31 172 6.36 - 105 2,75+ 1079 1
a5 608. 1 6.27 2.8% 2.18 i waat® naq « 10 © 3
34 362.8 3.74 1.86 2,01 2.06 - 10 8 1.65% 1078 j
35 634.4 6.54 2,55 2.56 4.55% 1078 1.78 < 1078 :
34.5 609,53 6.29 2,02 2,15 3.08 ~ 10 0 1.04- 109 3
34 442, 4.57 2,38 1.92 4log = ah8 1.71 « 14576 i
34 531.6 .50 3.8 1.65 6.35 » 10 8 1.91 %100 §
35 2965 2,34 1.10 2.12 3.42 % 10 Y 3.11 <10 Y
-34 U58.3 267 1.02 1.39 3.25% 10 Y 1.69 x 109
34 9955 3.05 .56 1.19 6.90 > 1070 270 - 10 ]
35 276.8 2,86 2,16 1.32 41510 192 x 10"
34 206. 1 .13 1.06 2.01 4.16 <10 8 g2 7 10 8 ;
34.5 637.3 6.57 2,50 .63 7.0 108 280 109 -
35 270.4 2,79 1.90 1.47 3.98 » 10 Y 2.10% 10 8
27,5 972.9 2,82 .57 1.8 3.92 > 10 © o5 <109
29 558.9 5.76 2,07 2.78 7.05~ 10 8 3.84 > 10 9
30 263.9 2.72 2.31 1.18 10.1 w108 a7 100 ;
30 183.1 1.89 2,44 0.775 126 > 1078 5.16 % 10 Y
-29.1, 154.8 1.60 1.94 0.825 9.6 *10Y 4.95% 107 !
-29 141.2 1.46 1.94 0.754 10.4 >108 6.35 - 109 '
-9 168.7 1.74 1.96 0.890 5.08 > 100 2.59 > 10 0
v 231.2 .39 1.96 22 5.05 < 100 3.04 x 10 ©
29 170.0 1.76 1.96 0.9 g.un - 108 472> 1079
-30 282.7 2,92 1.66 1.76 4.58 108 9.76 > 1079 1
30 213.5 2,20 1.48 1.49 40010 Y 2.85 x 10 Y 3
fog impactor number-density measures and, as will be seen in the next section, the electromagnetic :
measnrements correlate very well with the laser extinction level. Thus, the best possible ice fog
characterization is obtained by the impactor measnrements together with the laser extinction level. ;'

Electromagnetic measwements and applications to one-way
propagation through ice fog

Sixty-nine differemt electromagnetic measnrements of the complex permittivity of a foy were
made covering the temperature ranpe ~30° to -48”C. Recorded sinmltaneously with the cavity fre-
quency shift and amplitude change was the laser extinetion, which was put on chart paper for con-
venience in futnre analysis. Chart speed in all cases was 3% in./min.

Since it is obvions that an accurate measure of the fog number-density distribution is at present
impossible to obtain, it is necessarv to refer all electromagnetic measurements to some other refer-
ence fog level. One such convenient level is the §328 A extinction record. The laser extinction,
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Figure 45. Normalized ice fog N-unit measurements at 97 Gliz.

in dB/m, was used to normatize the measured N-unit change of the cavity refractive index and the
extinction coefficient Xoot' the radio wave in the fog. That is, the units for these quantities are
N-units/(dB/m at 328 A) and cm‘l/(dB/m of 328 A). The data from these measurements are
presented in Table X. Figures 45 and 46 show plots of the normalized N-unit change in cavity fre-
quency and extinction coefficients as a function of temperature. For Figure 45, the standard devia-
tion error o associated with the spread in the data points decreases with decreasing temperature,
dropping from o = 0.642 N-units/(dB/m at 6328 A) at -30°C to 0 = 0.182 N-units/(dB/m at 6328 A)
at -46°C. The standard deviation error o was computed from the relationship

1 & -
. _E__ X - X
o "—lizl(l )

where X is the mean value of y or the refractive index found from averaging these experimental
measurements. The mean values of y and N at each temperature interval of interest were found by
assuming that the measurements appropriate to these intervals applied to some mean temperature
appropriate to that interval. The smaller standard deviation error of the colder fogs is consistent.
with the fact that the colder ice fogs were much more easily reproduced than their warmer counter-
parts. However, the refractive index of these ice fogs is relatively constant over the temperature
interval -30° to —47°C.

The plot of the extinction coefficient, in em™! (Fig. 46), shows an interesting rise associated
with the warmer ice fogs. Since —30° to -35°C is rather critical to ice fog formation, it is reason-
able to suppose that some percentage of the ice fog is in the liquid state; either some small per-
centage of the droplets could be liquid, or some ice crystals could have a liquid coating. By the
time that the temperature has dropped to ~-39°C or lower the extinction coefficient has dropped by a
factor of 4 or 5 to about 5 x 10~7 em™! (for 1 dB/m of laser extinction). A part of the error asso-
ciated with the measure of y of the colder ice fogs is the difficulty in accurately reading small
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Figure 46. Normalized ice fog extinction coefficient
measurements at 97 GHz,

changes in the cavity amplitude response. For this reason, the standard deviation error bars are
larger for the colder ice fogs.

T Pl I L Pt T

Figures 47-56 are traces of the oscilloscope photographs made of the cavity response to these §
fogs over thie temperature interval -30° to 48°C. Two pictures a* each temperature interval of
interest were chosen as representative samples. Accon:panying each photograph tracing is the
section of the strip cliart with the laser level at the time the photograph was taken. The original
photographs were not of high enough quality and contrast to reproduce directly, which is why traeings
of these pictures are included rather than reproductions of the original photographs. The high corre-
lation hetween the measured laser extinction and the electromagnetic measurements is well demon-
strated by Figures 45 and 46,

pr—

The extinction coefficient x» in em™ !, and the change in the refractive index An were directly
measured. Knowing these two quantities, the propagation constant /3 in the ice fog cin be compnted
from the relation
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where n' 1+ An
A free-space wavelength
u X/2.
This expression can be simplified in this case, and to a ligh degree of accuracy is given by
s n'. /30.

The loss tangent, tan &  ¢"/¢', of this medium can be readily determined. Writing

T N
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Figure 49, Sample cavity response due Figure 50, Sample cavity response due
to ice fog, T - -35°C. to ice fog, T = -35°C.

m, - n' -t - e

and since

where
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Figure 51, Sample cavity response due to Figure 52, Sample cavity response due to
ice fog, T - -39°C. ice fog, T = -39°C.

and thus

1 " /\
tan & mzn n = an" a(—()) = x(ﬁo-)
2

(n")2 - @y n 2n

Table XI lists the appropriate propagation parameters which characterize the propagation of
97-GHz radio waves through ice fogs over the temperature interval -29° to -46°C.

At the conclusion of each data run, the fan was switched on to dissipate the fog. As the fog
dissipated, the cavity response curve was observed to shift back to its original unperturbed state,
which is a strong argument against drift and mirror accumulation effects.

With these results, calculation of the effects of an ice fog on 97-GHz radio wave propagation
can he made. In terms of signal propagation effects, it is more appropriate to refer to a 1-km path.
The attenuation and phase shifts, appropriate for the temperature interval studied, for a 1-km path
and an assumed 1-dB/m extinction of 6328:\) light, are presented in Table XII. As pointed out
earlier, the electromagnetic measurements are well correlated with the reference helium-neon laser
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Figure 53. Sample cavity response due
to ice fog, T - -43°C.

LASER EXTINCTION RECORD

Figure 54, Sample cavity response due

to ice fog, T = ~43°C.

Table XI. Propagation constan’s of ice fogs at 97 GHz for

1 dB/m extinction of 328 A red light.

Mean
extinction
T coelt (B - By~ 103
(°c) N-units X(cm_l) (rac?/m) tan §
-29.3 1.31 + 0.64 3.83 + 1.11 X 10 ® 2.666 1.58 X 1077
-34.4 1.96 + 0.46 221407 x10° 3.989 1.09 X 1077
-38.3 2.36 * 0.36 8.08 4 4.88 X 10 7 4.803 3.98 X 10 8
-42.8 2.04 + 0.28 6.12 + 1.79 X 1077 4.151 3.01 x 10”8
~46.2 1.69 +0.18 5.0 +1.71%1077 3.439 2.46 x 108
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Figure 55, Sample cavity response due to ice

fog, T = -46.5°C.
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Figure 56. Sample cavity response due to ice fog,

T = -46.5°C.

Table XII. One-way radio wave propagation effects
(far 1 dB/m extinction of 6328 A red light).

Differential
T Attenuation phase shift
(°C) (dB/km) (B~ By * 2 (rad/km)
—29.3 1.66 * .48 2.666
-34.4 0.96 + .31 3.989
-38.3 0.35 *+ 0.2 4.803
—42.8 0.7 + .08 4,151
—46.2 0.22 + .08 3.439
. . i g ke o o e e el 3 et S s o L pd. ad s S b ol Rt
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level for extinctions of 2 dB/m or less. Therefore, it is appropriate to scale to propagation
parameters from this table according to the measured laser level so long as this limitation is ob-
F served,

Comparison of computed and measured values

Change of index of refraction due to the ice fog. The ,general results obtained in the previous
section may be compared with the theoretical prediction of the Van de Hulst expression

nt =1+ MImiS(O) 8

! k3

The ice fog impactor measurements of Chapter V1I emphasized that the number-densities re-
ported were a lower limit to the :rue number-density since the collection efficiency of the impactor
was unknown and the smaller particles were poorly sampled. As iudicated in Chapter VII, the
craters measured under the microscope were taken to be indicative of the particle size making them,
but this may not be accurate. For example, a solid spherical particle colliding with a thin magne-
sium-oxide coated glass surface would not necessarily make a crater the size of its own diameter,

but could in fact make a much smaller area proportional to the amount of magnesium oxide crushed
down to the point of contact of the spherical particle surface with the glass.

Both the literature and private communication with some authorities in this area have indicated
that no method or technique exists for making accurate, reliable ice fog number-density measure-
ments. The measurements made on these ice fogs indicated the existence of number-densities of
from 100 to about 300 particles/cm3, with the apparent diameter of most particles less than about

15 p.

In any case, it is reasonable to take 200 particles/cm? of 20 p diameter, which gives an N-unit
refractive index change of

6
(n_l)x106=§2_")(_2M_)..§.2_30x10‘6x106 3

8.43 x 10°
= 0.52 N-units.
The expected change in the index of refraction is quite sensitive to the ice particle size, as pre-

viously stated. This can best be emphasized by making one more brief calculation for 30-u-diam
particles with the same density. Here,

6
(n—1)><106=2—"@(m-§-7.75x10‘6><106

8.43 x 10°

e b

= 1,73 N-units,

These calculations assumed small (with respect to a wavelength) spherical particles of c.liplex
dielectric constant €. = 3.08 —j .004. The value of S(0), appropriate to these particle diameters,
is 3/2 times the value of bl”n listed in Table V.

This is not meant to minimize the effective contribution of the smaller particles. Large num-
bers of the smaller particles are undoubtedly present, and their effective contribution, which varies
directly with their number density, is likely some significant fraction of the overall N-unit measure-
ment.
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For example. 10,000 particles of 6 u diameter per cubic centimeter would give a chiange in the

index of refraction of

DY P, » 4 o 6 (i . N
@m-1-100410° 8 oo 108 . 108
8.43 » 10°

@ -1 1wt

= 0.7 N-unit
and several tenths more N-unit coutd easily come from the more easily detected larger particles in
the size range 15-25 .

Radio wave loss due to the {og. The exnression for energy loss due to an assemblage of small

scatterers, as given, 18

v 2knt,
where K £
A

anN
and 0t 22 RelSo).
3]
and sizes of the particles involved. To consider a case

This, too, is very sensitive to the number
particles 6 p in diameler would give a

similar to the last case in the seection above, 10,000
theoretical loss of

1

e -
1.5~ 10° 2

4, q0b .
Am> 107 - 107 3 g4 90 11 107% om

995~ 108 em!

and, tor 200 particles 30 p in diameter, the loss would be

) « 2 ¢ 6 g - -0
(4")(“') 10 : 10 i ';i o 8.9 . 10 9 ~ 10 ~
4.5 % 10% 2

75 ‘,0’8 em L.

The cavity measuremenis, tfor the colder and more stuble fogs, indicate a loss of about 5 x 10"7
1 This is about a factor of 7 greater than the last theoretical calculation would indicate.

cm
ctric constant of ¢, - 3.08 -j -004.

These calculations were again made for a diele

Ttese calculations can be compared with the predicted loss for a water fog. In this case,

(o 1u-115 and for g-p-diam water spheres

b, 17> 10

Therefore the ratio
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T .
g,ie) water 4 5. 1078 |

(bl”') e 7 x 107!

260

and thus the expected loss for a water fog would be on the order of 250 times that for an ice fog of
the same number-density. The theoretical and experimental measurements are in far closer agree-
ment than this (less than a factor of 10) for the ice fog, and, as mentioned in the preceding section,
this discrepincy certainly reflects in part the uncertainty in the particle size/number-density
distribution. Of course, some smull fractional part of the fog particles could still he liquid at these
temperatures, which could account for this discrepancy.

Experimental and theoretical relationship of n' with n*. One further bit of information can be

_ extracted from these data. From the Van de Hulst expressions for the complex refractive index of
3 the mediumn,

n -1+ 2N Im {S(0)}

k3

ar 2N Re {S(o)l

k3

S(0) % Z (2n 4 1)(:1;‘:' + b:)
n-1

where all factors are the same as previously described in Chapter IV, Then the ra‘io

nn/(nl - 1) 10"6

is independent of the actual fog particle number and distribution, and only dependent upon the
complex dielectric constant of the individual particles. This can be readily seen for this case
where the wavelength is much larger than the particle diameter (Rayleigh approximation), where

é Z (2n + 1) @3 + by 53 (a] + b))
n-1

and where

j(m2 - 1
X )ps

a
I 45

= first magnetic mode in the sphere

2
: ms —
b:—’g 1 p3

3\m2,

first electric mode in the sphere
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where | - koa
a - radius of dielectrie sphere
ko 2a/k
m = complex refractive index of the suall spheres,

o, dominates a,, hence the ratio RelS(0)!/Im Im S(0)1 is the ratio of the real to the imag nary part
of bl, and hence the sphere size dependence drops out.

The Fabry-Perot cavity measures the extinction coefficient assoeiated with the fog losses.
Since for this wavelength and this size particle absorption dominates scattering effects, then for
all practical purposes extinction absorption, and

x = 2a

where ¢ is a field quantity and x 18 the extinction measured for the power loss due to the ice fog.
Another form, as given earlier, for the complex index of refraction is

. c .
mon'—jn" - 28 - ja).
w
Therefore,

e SO W 10° for y in em™Y |
w 2w 4070

Writing

n" X 102

@ 1)+ 105 4070« 107

o X0 453 o4
§ 246 - 10

From these ice fog measurements, appropriate values to tuke for the 97-GHz extinction due to the
ice fog and the N-unit change in the medium refractive index would be

y=5x1077
and
N -9,
to get
ne 51077 ~ 2.46 ~ 10 6.15 x 1073,
(n' -1)~1076 2

and for a measured solid ice complex dielectric constant of te ~8.1-7J .004.

9
S(v) i(m “1),3

m< ¢ 9

N

£ 0.462 %10 74 j 0.411
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then

Re ig(o)! -3 3
I 1S(0) ' Chi

The ration /(n' - 1) 10~ ¢ was based upon data taken from the low temperature ice fogs,
5> 107 em ! is well within the possible error for the thre: lower temperature fogs. A y of 5 >
1077 ¢m™ ! was used since these lower temperature fogs are stable in that they are considered be-
tow the transition temperature for spontaneous droplet freezing. In computing the ratio of

Re 1S(0)!}
Im {S(0)!

the mean dielectric constant found eurlier for slab ice was used. The match between the measured
value of

n"/(n' _ 1) lob
and the computed quantity

Re IS(O}
Im {S(0)!

is fairly good, and these results are not unexpected in light of the results of the preceding section.
With the error bars involved on the measured quantities, going into the above ratios, it is possible
to obtuain 4 neuar-perfect agreement, although this is not the important point here. The point is that
the Fabry-Perot cavity measurements which can be related to the complex dielectric constant of
the ice log particles are in substantial agreement with previously made slab ice complex dielectric
constant measuements,

VIII. SUMMARY AND CONCLUSIONS

The main thrust of this work was to make measurements of the index of refraction and signal
loss associated with propagation of 3-mm radio waves through an arctic ice fog. This work was
origina'’y motivited by the planned operation of 3-mm pulse radars on surface effects vehicles to
be operatea over arctic terrain. These radars scan horizontally at near grazing angles of incidence
and must be capable of seeing objects through low temperature fogs soon enough for evasive action
to be taken. The low temperature ice fog is a relatively common meteorological occurrence in the
Arctic and Antarctic, and almost nothing was known of its effect on 3-mnri radio waves. These
measurements are thus a ‘‘first ever’' attempt to characterize the 3-mm radio wave propagation effects
of an ice fog.

It was also of specific interest to make measurements of the complex dielectric constant of
slab ice at 97 GHz to compare these measurements with the high frequency limiting values of ¢
typically used in the Debye equations and found in the literature for frequencies up to about 25 GHz.
The complex dielectric constant of pureice was found to be ¢, = (3.08 + 0.2) ~ J(3.99 * 1.50) x 1073,
The real part, 3.08, is in excellent agreement with the limiting values reported in the literature for
frequencies up to 24 GHz, but the imaginary part is slightly higher at g7 GHz than the reported
values for lower frequencies. Measurements of samples of the ice prepared from water samples
taken from a local lake gave slightly higher values for the complex dielectric constant, but the error
bars associuated with these measurements are all overlapping.
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The techmique used to make these measurements involved a quasi-optical free-space approach
commonly deseribed in the literature and suecessfully used at lower frequencies. Prior to using
this technique directly on making the ice measurements an extensive sequence of measurements was
made on niaterials of known permittivity. One such material with a well behaved and known permit-
tivity is polystyrene. This calibration sequence was done primarily to establish the necessary
care and skill prior to making the ice measurements.

The ice fog measurenents were nide with a Fabry-Perot eavity, a device commonly used in
optical interferometry. The Fabry-Perot resonator has been adapted to millimeter wave usage, and
ample precedent for its use exists in the literature. The Fabry-Perot resonator built for this experi-
ment is an open-sided semi-confocal resonator (the fields are established between one spherical
and one flat mirror) with a measured, toaded Q of 140,000 at an operating wavelength of 3,09 mm.
The semi-confocal cavity was selected for use primarily for the convenience of its physical size
and its ease of meehanical construction. It ean be demonstrated that the ehange in the index of
refraction of 4 medium is measured by the change in the cavity resonant frequency, and the change
in the amplitude of the cavity response is related to the losses of the mediun.

A method employing a phase-locking techinique was used to luck the klystron to a high multiple
of a stabilized reference 1.7-GHz oscillator. The difference between this reference {requency and
the klystron frequeney, the IF, was vonpared with the cutput OF a4 Swesp FrGerulor i o pluisha boeking
system, and the de error output was used to steer the klystron in such a manner that its frequency
deviation at ¢7 GHz followed the freqneney deviation of the sweep generator. Thus the klystron
trequency was locked and swept + AT over the Fabry-Perot cavity frequency. The output of the
cavity was sampled through a square-law detector loosely coupled to the cavity and displayed as
the ordinate on an oscilloscope. Marker beats, whose frequencies could be measured with high
precision, were also displayed superimposed on the horizontal oscilloscope sweep, and these were
used to measure the cavity frequency shift between conditions of ice {og and ao fog in the cavity.
This technique of sweeping the cavity and photographing the response proved especially convenient
for information readout and storage.

Ice accumulation on the mirror surfaces was investigated by grazing a laser beam across the
metal surface and photographing the light scattering from the adhering ice particles. Time lapse
photography showed that this accumulation occurred only during the first few seconds after entry of
the warm steam fog, and that the total accumulation was small when compared with the light scatter-
ed hy a thin 3-u polystyrene dust coat. Furthermore, it was seen that if a thin, low loss dielectric
material covered the mirrors, there was no measurable change in cavity response. When the environ-
mental chamber was shut down and quickly opened, a heavy white frost coating was quickly formed
on all interior metal parts from the inrushing warm, moist air. This had no effect vn the cavity
response, but just as soon as this frost coat started to liquefy the response changed radically.
Add:tional confirmation of mirror accumulation effects came when the interior fan was restarted after
fog electromagnetic measurements had been made. As the fog was dissipated, the cavity response
curve could be observed to shift back to its original no-fog response. This is also indicative of a
mininiun anvant of mechatiesl sl cleetrieal drift ollorts.

An environmental chamber of about 70 ft3 volume was constructed of Styrofoam to house the
refiigeration evapurators aid the Fulny-Perot eavity. Wavepnide wis nm theough the ehanbvr walls
to conneet with the electronics. Mirror movement was accomplished through remote drive motors
suitably geared down so as to move drive screws in three mutually orthogonal directions tc control
the spherical mirtor. The refrigeration compressur, a 3-hp, 3-phase unit, was reswrrected from an
old piece of surplus equipment. To get to t' = low temperatures necessary for this work it was
necessary to use a lower boiling point refrigerant, R-502, Chamber temperatures as low as =50°C

o
3
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could be achieved and maintained. To minimize vibration effects during the electromagnetic
measurements it was necessary to stop both the fan and the compressor. Temperature changes in
the chamber Zuring this time were rarely observed to exceed two degrees.

Initially it was planned to correlate fog number-density measurements with the electromagnetic
measurements. This plan hinged upon having a reliable method for obtaining these measurements,
or at least having experienced help in obtaining these data. As it turned out, the help never
materialized, and a borrowed cascade impactor was all the instrumentation available. This impactor
used magnesium oxide coated slides upon which the ice fog particles would *‘crater,’’ leaving pits
the size of the fog particles to be counted. Slides made of the colder fogs were generally fairly
consistent; much more difficulty was encountereq in trying to obtain any degree of repeatability with
the warmer fogs. On many of the slides taken witi this impactor there were very faint traces of
particles less than about 4 p. These were too faint to satisfactorily count, and thus these measured
number densities represent only some kind of lower limit to the true fog number densities. During
the later stage of this experiment a single-stage silicone oil impactor was used to make fog density
measurements. This device too, proved to be unsatisfactory and inconclusive. This type of
impactor should only be used in an environment at or below the freezing temperature. As it turned
out, the collected particles started to disappear from the oil base collecting medium as soon as the
impactor was withdrawn from the environmental chamber. By the time these collections were
photographed, an average of 20 seconds had elapsed, far too long a time for any accurate analysis.
However, these oil base impactor measurements did show a very substantial number of small
particles, and surprisingly there appeared to be a small number (30 or s0 on one particular photo-
graph) of very large (> 25 p diameter) particles per cubic centimeter present.

There is also some question about the accurate particle size replication of the magnesium-oxide
craters formed by the impacting ice fog particles The ‘‘craters’ measured and studied .-.der the
microscope may not have had diameters equivalent to the ice particle diameters, but in fact the
crater size could have been smaller than the actual particle sizes. A solid spherical particle, for
example, would crush the magnesium-oxide coating down only to the point of contact with the under-
lying glass, which would make a *‘crater’’ much smaller than the impacting particle. This is un-
doubtedly responsible for some of the discrepancy between the theoretical and experimental results
(as noted in Chapter VII), as the magnesium-oxide films deposited on these slides tended to be
quite thin vhich enhances this effect.

In order to achieve some degree of uniformity from fog to fog, a helium-neon laser beam was
shot through a 2-m path in the fog, and all electromagnetic and impactor measurements were made
at or near a laser extinction level of 1.t dB/m. The required fog density was achieved simply by
inputting and mixing the fog with the fan until the required extinction level was reached. Waile
somewhat arbitrary, this amount of laser ¢ xtinction was chosen since it was well within the dynamic
range of ihe optical detector, and was, for the total path, a total extinction level checked and cali-
brated by an optical filter of known transm.ssion properties. In addition, this fog density provided
for a reasonable amount of cavity response (frequency and amplitude change). Visually, this fog
level appeared to be at least as dense as any warm fog ever encountered in a southern swamp on a
cool, calm evening.

Calculations of the total extinction of the 63st laser red light were made and compared with
the measured extinction. These calculations used as input data the measured number-density and
particle sizes of these ice fogs. However, the calculated extinction was between % and Y
(depending upon the particular number density distribution used) of the actual measured extinction.
This says that either the number distribution used in the calculations is somewhat wrong, or Mie's
theory has been incorrectly applied to the ice fog particles (that is, the particles may be tiny
prisms, or geometrical columns with flat faces). Thi. information was communicated to interested
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groups at Johns Hopkins Applied Physics Laboratory and to the Cold Regions Research and
Engineering Laboratory. This finding is in substantial agreement with their results for ice fogs,
and has not yet been resolved.

One of the major problems yet to be solved is how to accurately measure ice fog particle num-
ber densities. One group at White Sands made a study of impactor types and various replicating
media, and concluded that fog drop size distributions were method-dependent. They also concluded
that no method was satisfactory for detecting or capturing small droplets less than 4 y in diameter,
and that “lack nf correlation between number of captured droplets and visibility was present in
even the most cai<iul determinations employing impactor methods. It appears that either small
droplets have not been captured and replicated or that factors other than scattering by water droplets
contribute heavily to the deterioration of visibility in fog.’’

It was therefore concluded that the electromagnetic measurements could not be referenced to the
fog impactor measurements. The most reasonable reference sgandard for these electromagnetic
measurements was taken to be measured extinction of a 6328 A helium-neon laser. The laser extinc-
tion, supplemented by the impactor measurements and recorded temperature, thus constitute the best
meteorological description of fog which could be obtained.

By being as consistent as possible in generating these fogs over the temperature interval of
interest, the measured changes in the index of refraction ran from about % to 2% N-units for 1 dB/m
of laser extinction. The extinction coefficient dropped from a high of 3.8 » 10 em ™! at 29°C to
810 7 em ! at -38°C, and then dropped very slowly to 5 x 1077 at -46°C. The temperature
interval -30" to -86°C is somewhat critical to ice fog formation. A critical literature review indi-
cated that natural ice fogs almost never occur at temperatures above -30°C, and occur much more
frequently and with increasing severity (greater reduction of visibility) with the onset of lower
temperatures.

Theoretical calculations using the Van de Hulst expressions tend to confirm the experimental
measurements. Both the refractive index calculations and the loss calculations tend to he low (but
within a factor of 10) in comparison with the experimental measurements. The experimental measure-
ments indicate that a higher volume of ice p. ticles per unit volume exists in the cavity than is
indicated by the impactor measurements, which, for reasons given earlier, are thought to be lower
limits to the true number densities. If the fog were entirely liquid, the theoretical calculations
indicate that the loss, for example, would be more than 200 times what it is for an ice fog. It is
also possible that some small fraction of the fog particles are liquid or have a liquid coat. This,
together with low particle samples, could account for the discrepancy between the measured and
calculated values indicated in Chapter VII.

The ratio of the experimentally measured quantity

n"

(n - 1)107®
can be compared wich the theoretical ratio obtained for a very dilute scattering medium

Re 1S(0)!
Im {S(0)!

where 5(0) is formed from the series of the complex amplitude coefficients associated with the
electric and magnetic modes present in the dielectric spheres. For the Rayleigh limit it can be
shown that there is no particle volume dependency in the above ratio. Therefore the ratio Re 1S(0)1/
Im 15(0)! depends upon the complex dielectric constant of ice used in the computation of S(0). When
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eaeh of these ratios is computed, in one case from a knowledge ol the complex dielectric constunt

of ice, and in the other euse using the measured cavity extinction and index of refraetion, they ure
less than a factor of six from each other.

Therefore the larger extinction coelfieients and their rapid drop-olf above about -36"C are not
surprising, since some small fraction of the jce fog may still be liquid, eilher existing as isolated
liquid drops or as a liquid coating on some ice erystals.

Loth the refractive index measurements and the extinetion coellicients correlated very well
with 1he neasured laser extinction. While it is true thal the laser is sensitive to small particle
Coneentrations, and the cavity is sensitive to larger particles (since its response depends upon
net volume of ice in its fields), the partiele dislribution is apparently not changing radicully over
the temperature runge -29° to -46"C since 1here is both a uniform warm Yog input at all temperatures
and goott correlation with the measured eleclromagnetic parameters.

Since the impactor measurements of these fogs are quite similar to the me
lished experts in the field, there is no reason to suspect that these ice fog
occurring, fogs, except in density. But because of the good correlation witl
neon luser extinction, it is appropriate to scale 1hese measured values of

at:in expected valne Yor 97 GHz radio wave extinction and phase shift in
Sity.

asurenents of estal-
s are atypical of naturally
1 the meuasured helium-

y and N down to arrive

41 ice fog of lesser den-
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APPENDIX
The derivation of the propagating E-field through a four-boundary three-

layer medium is as follows:
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at 4-5 boundary, z =24 + L
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Similarly
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Thus the advancing component of the wave in medium (5) is given by the

expression
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The phase delay in medium (5) is thus a non-linear function of thickness of

the dielectric since csch (x) is a non-linear function which looks like




APPENDIX 47

-2T d
and the factor e € attenuates both the amplitude and phase variation.

Thus it is important that the glass dielectric holding material be as thin
as possible. From this expression for E(5) it is clear that the measured
phise variation would not be a linear function of (water) thickness, but
would rather have some peri’ lic, damped variation about a straight line

best fitting the observed data points.



