


PREFACE

This report serves to summarize work accomplished under the subject
contract over its duration from 15 April 1966 to 14 April 1970. Several
technical papers which describe both the research approach and many of
the results obtained therefrom were published during this period. This
report is organized so as to summarize the overall view of the program
and then to utilize the published papers as appendices to fill in appro-
priate details. Information on aspects of the research which has not been

reported in the open literature is included in the main body of the report.
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the dielectric constant is
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Appendix A also shows the error in Equation (1) as a function of sample
thickness and the magnitude of €. It has been found that for materials
with dielectric constant less than about 10, the measurement error resulting
from multiple reflections can be easily limited to a value less than 1%.

Loss tangent is determined by inserting the sample between the black
body source of the spectrometer and the input collimating optics and
obtaining a spectrum., A reference spectrum without the sample is also
obtained. The ratio of these spectra yields the transmission coefficient
of the sample, If the dielectric constant is known then‘the loss tangent
can be calculated according to Equation (8) in Appendix A, The instrument
is used in this mode with a wide resolution bandwidth which averages out the
effects of multiple reflections, thus approximating a sample of infinite
thickness., The advantages of the approach are that it offers the capability
of obtaining data to calculate loss tangent as a function of frequency over
a wide frequency band with a single measurement, and that the accuracy of
the loss tangent measurements is not radically affected by small uncertainty
in the value of relative dielectric constant at a given frequency.

The frequency resolution in interferometer dielectric constant measure-
ments is determined by the frequency response of the beamsplitter and detector,
by additional filters placed in the beam, and by the frequency distribution of

radiation generated by the source.



Figures 1 and 2 show the frequency response of two different arrange-
ments of the spectrometer. Thus, in order to make relative dielectric
constant measurements at a given frequency band it is necessary to select
the source, detector, and beamsplitter combination which will limit the
detected power to the desired band of frequencies. Additional filters are
a better way of limiting the frequency bandwidth to a relatively narrow
part of the submillimeter spectrum.

In one approach to filtering the radiation for the dielectric constant
measurements, Fabry-Perot filters of the type described by Ulrich, Renk and
Genzel [4] were constructed. These consisted of two dimension metal grids
separated by a thin dielectric sheet.

The metal grids used were 250, 333, and 500 mesh nickel grids separated
by Mylar sheets, Available thicknesses of Mylar are 0.004, 0,002, and 0,0015
inch. These thicknesses allowed filter design center frequencies of
690 GHz (23 em™l), 1200 GHz (40 cm™') and 1500 GHz (50 em 1).

Measurements to determine the properties of a filter using 250 line-
per-inch mesh grids separated by a 0.004-inch thick sheet of Mylar yielded a
first resonance at 624 GHz (20.8 cm_l), a Q of about 4, and a transmission
coefficient at the center of the pass-band of about 0.5. The transmission
spectrum of this filter is shown in Figure 3.

Figure 4 shows the transmission curve for a similar filter made with
0.004-inch thick Mylar between sheets of 333 line-per-inch metal mesh. This
filter also had a low Q@ and poor transmission coefficient at the center

frequency.
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Figure 1. Spectral Bandpass of the Fourier Transform Spectrometer Using Golay

Detector, 0.0005" thick Mylar Beamsplitter, and Hg Arc Source.
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Transmission coefficient vs. frequency for 250-line-per-inch,
0.004 inch thick Fabry-Perot filter.







Other filters consisting of different combinations of metal mesh and
Mylar thicknesses showed even worse results. The low values of trans-
mission coefficient and Q of these filters can probably be attributed to
the high loss of Mylar at these frequencies and to variations in thick-
ness of the Mylar sheets and collodion glue holding the metal grids to the
Mylar,

Better results have been obtained with echelette gratings than with
the metal grid Fabry-Perot filters. One advantage of these gratings over
the filters is that the gratings are reflection rather than transmission
devices; consequently, the high insertion loss of the transmission filters
discussed earlier is avoided. Also, the reflection gratings are less
fragile than are the transmission filters, As a result, the use of
echellete gratings was a more efficient technique than the use of Fabry-
Perot filters for band-pass filtering in interferometer relative dielectric
constant measurements,

Figure 5 is a sketch which illustrates the important parameters of a
blazed grating. An expression relating the groove spacing d, the diffraction

order m, the effective width of the grating W, and the Q is
d = — , (2)

and the blaze angle, © is calculated from the expression

B’

D | Qx
eB sin 2W cos ei ) ? (3

where Gi is the angle between an incident ray and the normal to the wider






surface of the grooves, For specular reflection, the angle of incidence
has the same value as the angle of reflection. Therefore, ei is chosen
to be half the angle between an incident ray and a line from the center
of the grating to the center of the next mirror in the optical system.

The groove depth, indicated in Figure 5, is

D = d sin GB cos GB , (4)

assuming a 90° angle between the groove surfaces.

Two frequencies were selected for the design of blazed gratings to
be inserted into the Georgia Tech interference spectrometer. One was
80 GHz (26.7 cm—l), which was chosen because of the relatively low
absorption by water vapor and because of the liquid helium cooled detector
sensitivity at this frequency. The other frequency chosen was 1300 GHz
(43.3 cm—l). This is the frequency at which the spectrometer is most
sensitive when used in conjunction with the 0.0015-inch beamsplitter, the
Golay cell, and the mercury arc lamp.

The gratings were designed to have low Q values in order to maintain
a good signal-to-noise ratio. Decreasing the bandwidth of the radiation
increases frequency resolution for relative dielectric constant measurements
but reduces the amount of energy which reaches the detector. A bandwidth
of 90 GHz (3.0 cm—l) was selected as a suitable compromise between frequency
resolution and signal-to-noise ratio.

At 26.7 cm'l, the 3.0 cm * bandwidth implies a Q of 8.9. This value
of Q, together with an approximate value of 0.75 inch for the effective
beamwidth, substituted into Equation (2), yields a value of d = 0,086 inch

for first-order diffraction.
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Figure 7. Transmission Spectrum of 28 cm-1 Grating
in Room Atmospheric Conditions
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Figure 9. Transmission Spectrum of 44 cm-1 Grating in
Room Atmospheric Conditions
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transmission coefficient spectrum does show very well the usefulness of
a given material as a window or absorber as the case may be. Trans-
mission coefficient spectra on several materials in addition to those
reported in Appendix D also were measured. These are shown in Figures 10,
11, 12, 13, and 14.

Most dielectric materials measured show an increasing loss tangent as
a functioﬁ of increasing frequency. Many of the common microwave dielectrics
do, however, remain usable to at least 2000 GHz (67 cm-l). Teflon and poly-
ethylene are especially notable in that their loss tangent is very low up
to 2000 GHz and only a small change is shown in dielectric constant from the
microwave region to 2000 GHz. From a strictly electrical point of view,
these two materials are excellent candidates for millimeter and submillimeter
wave windows or component parts., Rexolite shows somewhat more of an increase
in loss tangent but in view of its excellent mechanical properties also would
be an excellent choice of material for millimeter and submillimeter appli-
cations, For higher temperature applications, slip-cast fused silica will
serve with sufficiently low loss to be a satisfactory window material or

component part.

IV. Other Aspects of the Research

Apart from the main line of measurements reported above and in the
attached Appendices, other techniques were explored which would provide
more insight into measurement procedures for obtaining accurate millimeter

and submillimeter wave dielectric materials data.
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Figure 10, Power Transmission Coefficient for 0,1239"
thick Dynasil Fused Silica Sample
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Appendix E discusses how powdered samples can be used to measure
dielectric constant in small waveguide which is available at frequencies
to 325 GHz (10,8 cm-l). Powdered samples eliminate the difficult problem
of getting an accurately machined sample to fit in a waveguide perhaps no
larger than 0,43 x 0,86 mm rectangular cross section,

In Appendix F the potential of the Fabry-Perot cavity is demonstrated
for measurement of dielectric constant and loss tangent, Fabry-Perot
cavities are utilized from the microwave region through the optical region
so the basic technique has applicability over this entire spectral range.

-1
Experimental verification of this technique was obtained at 94 GHz (3.1 em 7).

V, Conclusions

Interference spectroscopy and free-space coherent techniques can be
used to measure dielectric constant, loss tangent and transmission coeffi-
cient in the submillimeter wave region. Many materials commonly employed in
the microwave region of the spectrum tend to be very lossy as a function of
increasing frequency toward 2000 GHz (67 cm-l). Some materials, however,
such as Teflon, polyethylene, Rexolite, and slip-cast fused silica have
sufficiently low dissipation factors as to represent excellent candidates
for component and electromagnetic window applications throughout this part

of the spectrum.
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Appendix A

INTRODUCTION

The extension of the electromagnetic
spectrum through the microwave
region and into the millimeter wave
region has meant that the dielectric
properties of solid materials have
become increasingly important at
higher and higher frequencies to both
the solid-state physicist and to the
systems engineer. Dielectric con-
stant and loss tangent for many ma-
terials of interest have been measured
and tabulated from dc to wave-
lengths in the centimeter range.
Also, comprehensive data exists for
materials of use in the optical and
near infrared region of the spec-
trum, There seem, however, to have
been few measurements made in the
millimeter and submillimeter wave
part of the spectrum.

The purpose of this paper is to
show how some well-known prin-
ciples used in optical/infrared tech-
nology can be used with some
equally basic techniques common to
microwave physics in order to ob-
tain dielectric constant and loss tan-
gent data in the 30 - 3000 GHz fre-
quency region. The techniques to
be desctibed here are implemented
with a Michelson-type interference
spectrometer and avoid some of the
problems normally encountered in
materials measurements in this re-
gion, including the need for a co-
herent source, exceedingly small
samples and waveguide transmission
systems. Data will be presented for
frequencies near 70 GHz and 400
GHz to illustrate the utility of the
method for measuring the complex
permittivity of some fairly common
dielectrics which are often employed
in the microwave region. It is hoped
that these data will be of interest to
engineers considering problems of
system design in the millimeter and
submillimeter region.

SUMMARY OF THE INTERFERENCE
SPECTROMETER OPERATION

In order to illustrate how the
Michelson interferometer may be
used in dielectric measurements, a
brief review of its operation is pre-
sented. The most important pro-
perty of this interferometer is that
radiation emitted from a broadband
noise source is divided into two
paths of variable length and re-com-
bined at a square-law detector whose
output can be recorded as a func-

% This work was supported through Office
of Naval Research Contract Nonr-991-
(13).

tion of the differential length in the
two paths.

Fig. 1 is a schematic diagram of

Fig. 1 — Schematic of spectrometer and
block diagram of output and data
recording equipment.

an interference spectrometer using
a Michelson beamsplitting arrange-
ment. The chopped noise source
radiation is divided at the beam-
splitter and  ultimately returned
from mirrors M1 and M2 to the
detector. Mirror M1 is held fixed,
hence giving a path length which
is constant. Mirror M2 is driven
at a constant speed from a reference
point L, which corresponds to zero
path difference with respect to the
radiation in the path ot M1. The
function which is obtained by re-
cording power as a function of path
difference L which is referenced
from L, is called an interferogram.
It can be shown®2 that the power
spectrum of the incoming radiation
is given by the Fourier transform of
the interferogram. The interfero-
gram is normally weighted with a
triangular apodizing function in or-
der to reduce side lobes, and it can
also be shown that this apodizing
function limits frequency resolution
to about ¢/L, where ¢ is the free
space velocity of light.

In addition, the instrument can
be used to make conventional inter-
ferometer measurements. In this
case, the phase shift introduced by
inserting a sample into the path of
mirror M1 is measured by displacing
mirror M2. Frequency resolution in
interferometer measurements is de-
termined by the spectrum of incom-
ing radiation and can be adjusted
by filtering radiation emitted from
the broadband noise source.

An instrument of the type de-
scribed above has been built at
Georgia Tech using a 30-cm. apet-
ture and 2-meter effective path
length, The Georgia Tech spectro-
meter is capable of operation from
wavelengths of 8 mm. to 100 u, with
maximum resolution from 250 to
500 at these respective ends of the
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TABLE II

Loss TANGENT FOR SoMe CommoN MATERIALS
From 3 GHz To 2000 GHz

Loss TANGENT

MATERIAL FrRequency (GHz)

30r 100 450 850 1300 2000
POLYETHYLENE 0.0004 ---0,0004 0.0005 0.0C1
POLYSTYRENE 0.0002 --- 0.0009 0.002 @ -----
RexoL1Te 1422 |0.0005 0.001 0.003 0.003 0.006
TEFLON 0.0003 --- 0,0007 0.0004 0,002
SLip CAsT |

Fusep SiLicAa |0.0008 --- 0,003 0.003 0.01
DELRIN [ ---—-—- --- 0,010 0.010  0.03
CusTom PoLy -

QSM 0.0005 --- 0.003 0.003 0.00¢
DynasiL FS 0,0001 T 0,01
NyLon 0.013 0.02  ---—-—- —em— e
BaLsa 0.010 0.02 0.02
PYREX 0.0098 0.03  -----

PLEXIGLAS 0.007 0.02  ---—--

#
VALUES REPORTED IN THE LITERATURE
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Fabry-Perot Cavity for Dielectric Measurements*

K. H. BREEDEN aND J. B. LANGLEYY
Georgia Institute of Technology, Allanta, Georgia 30332
(Received 17 March 1969; and in final form, 22 May 1969)

A technique is described for measuring complex permittivities of low loss dielectric materials with a semiconfocal
Fabry-Perot resonator. Equations are derived for calculation of diclectric constant and loss tangent. Results are

presented for slip-cast fused silica at 94 GHaz.

DIELECTRIC measurement technique similar to

the technique reported by Degenford' for use with
a confocal resonator has been developed for use with a
semiconfocal cavity. The advantage of this technique is
that it allows the simultaneous measurements of loss
tangent and dielectric constant. Also, in applying this
technique the sample is mounted against the flat mirror
in the semiconfocal system, thus eliminating any un-
certainty in the angular position of the sample. The
following discussion includes a description of the measure-
ment technique along with an outline of the derivation of
equations for evaluating loss tangent and dielectric con-
stant. Also, three sets of data for a sample of slip-cast

=
Yy

DIRNREN

“1

(0

F16. 1. Schematic diagrams for semiconfocal resonator; (a) without
dielectric sample and (b) with dielectric sample.

* This work was partially supported under Office of Naval Research
Contract Nonr-991(13).

1 Georgia Institute of Technology, Electronics Division,

1, E. Degenford, IEEE Trans. Instrum. Meas. 17, 413 (1968).

fused silica are included to show the reproducibility of
loss tangent and dielectric constant data.

Equations for calculating the ixdex of refraction are
derived for the semiconfocal resonator. This derivation is
not conveniently achieved in the full confocal case due
to the increased complexity of the field equations. The
loss tangent analysis for the semiconfocal resonator is
similar to Degenford’s confocal resonator analysis with
appropriate modifications to the boundary conditions.

If we consider the cavity geometry as shown in Figs.
1(a) and (b) in which Fig. 1(a) represents the original
cavity and 1(b) the cavity with the dielectric sample
placed at the plane mirror, and apply the relations of
Culshaw? for the field equations in the cavity,

Eo=2d0sing
0=5z527,
ZoHo=— 724, cosﬁz[

E;=24sin(nB8s+y) l
0<s<d
7\ Hy= — 24, cos(nBs—+¢)]

(1)

where n=index of refraction of dielectric, along with an
application of boundary conditions,

Fo(Z1)=L(0)

, (2)
HO(ZI) =Hl(0)
and resonant conditions
Eo(0)= E1(d)=0, 3)

we obtain the following equations:

(A1/Ad)*=[14cot?(nfBd)]/[1+n? cot?(nBd)] (4)

Y=tan'[» tanBZ, . (5)
Also, for resonance in the original cavity,
Li=m\/2;
thus,
tan(nGd)/nBd = 4= (1/8d) tanB(d+AL), (6)

where AL is the mirror displacement necessary to restore
resonance after the sample is inserted into the cavity.

2W. Culshaw and M. V. Anderson, ‘“Measurement of Dielectric
Constants and Losses with a Millimeter Wave Fabry-Perot Inter-
ferometer,”” NBS Rep. 6786, 19 July 1961, Boulder, Colorado.
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This transcendental function can be easily solved for
dex of refraction, #, by using a computer generated
ible of tanx/x to solve for n8d, then using known values
'8 and d to solve for #.
The Q of the resonator can be defined in the standard
ay as

Q=wX energy stored/power lost.

he energy stored may be expressed as
Ws=%e/ E-E*dv. (1)
v
[so, the power lost is given by
P[, =%O’/ El‘E1*(l,Vl, (8)
Vi
1d the losses due to diffraction, metallic losses in the

flectors, etc. may be conveniently represented as a
action of the total power incident upon the surfaces

PLR=%Q/E XH*-nda,. (0)

1us,
wEo
Qo=7/ E-E*dv/%a /ExH*-nda (10)
v J

r the Q of the unperturbed cavity, and

=w{éEO/Eo‘E0*dVo+%€1 [El'El*dvl’ /
%U/El-El*dV+%a/E xH*nda (11)

r the cavity with the dielectric sample inserted.
After the indicated integrations have been performed
: find
Qo=2xL, Na
d

Z sin282, A\ sin%y
A )
2¢, 282, Ao/ 2 2nBd ]/

ak A1\? tand sin%y
—+< ) —d|:1+ :I (12)
4re, \Ado/ 2 2n8d '

1is can be solved for the quantity of interest, tang,
21 sin287, AN d sin2y
S el VL Co e
267 ZﬂZl A 0 2 Znﬁd
1 Q/L, A2 sin2y
AT
Q Qo 26,- Ao 2 2nﬁd

—_

13)

MEASUREMENTS

TabBLE I. Measured values for relative dielectric constant
and loss tangent of slip-cast fused silica.

A n €r tand
3.169 mm 1.808 3.269 0.00259
3.181 1.814 3.292 0.00257
3.181 1.812 3.285 0.00264

Upon rearrangement of terms and appropriate approxi-
mations for d>A/2

tanﬁzé—l[zl—;l,l:l / (j—:)Qe,fH-I] (14)

all of which are readily measurable or, in the case of
(41/40)?, easily calculable. If d=A/2, the error in Eq.
(14) is approximately 109 which is within experimental
error for typical millimeter wavelength loss tangent
measurements.

In implementing this technique, the unperturbed Q of
the cavity is measured by noting the width between 3 dB
points on the resonance line and then using

Qn= LI/ALI

where Li=cavity length and AL;=3 dB width, to calcu-
late the cavity Q. The sample is then inserted and the
cavity shortened by an amount necessary to restore reso-
nance. Since the distance the mirror is moved is small
compared to the total length of the cavity, we can calcu-
late the Q of the cavity with the sample by

Q = Lll//ALg

where L;=length of cavity without sample and AL,=3
dB linewidth with sample. The amount of movement
necessary to restore resonance is also noted and is used to
calculate index of refraction.

Measurements were performed on a sample of slip-cast
fused silica. The experimental data yielded the results
shown in Table I. The values obtained are reasonable
based upon lower frequency measurements.? The small
variation in values of loss tangent is particularly en-
couraging since reliable loss tangent measuring techniques
have not been previously available at 94 GHz. Work is
now underway to measure properties of several other
dielectric materials with this technique to establish further
its accuracy, and to provide needed data on the millimeter
wavelength loss tangents of a number of low loss dielectric
materials.

¢ K. H. Breeden, “Millimeter Wave Radome Design Techniques,”
Air Force Avionics Laboratory, Air Force System Command, Tech.
Rep. AFAL-TR-68-38, February 1968.
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cations throughout the millimeter and submillimeter wave part of the spectrum.
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