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FROFERTIES OF MATERIAL IN THE SUEBMILLIMETER WAVE REGION

.The "FProrerties of Materials in the Submillimetér Wave
Redion® studs was initiated at Catholic Universityr Electrical
Endgineering derartment +to instrument &8 svytem arnd to make
measurements of . thg comrler Index of Refractidn inm the
wavelendgth redion between 0.1 to 1.0 millimeters. While .
refractive index data is available for 3 nﬁmber of'sdlidé and
liuids there s£11 exists a need for an additional sustematic
study of dielectric rfrorerties to 3dd to the existing datas to
consider the accuracy of the existing datsr and to extend
measurements in  this wavelength redion for other selected
materials. The materials chosen Tor cbnsideration_ would he
those with useful thermaly mechanicaly and electtical
characteristics., The data is necessars for develorment of
ortical comronents whichy for examrler include beamselitterssy
atternuatorsy lensesy dridsy all wuseful for develorment of
instrumeﬁtation in  this relatively unexsloited rortion of the

srectrum.

At the outset of this study a3 literature search was made to
determine the extent of the indesx data;in the redion between 3
mm arnd 50 microns. Attention was s3lso dgiven in this review to
the ture of instrumentation and the rFrrecisiomn. The more recent
method of index measurement 1in this wavelendth redion is

tyrically by wuse of sracial interference satterns familiar in
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ortics. FBEoth the Michelson and Fabret Ferot Interferometer have
been rorular choices. In datherind the information it was found
that wuntil the middle 70’s instruments for dielectric
measu}ements in. the millimeter wavelendth redion mostly used
methods based om the Frism or the Interferometers including

Fourier transform spectroscops (FTS) and 1later disrersive
fourier transform srectrocors (LFTS). This instrumentstion .

covered 3 wavelendgth rande from 50 to 2000 microns.

The FTS ins£rument sustem Qeﬁeralls includes 8 "black bhody®
source and derending on the wavelength redion 8 cooled detector
a3s the mador comronents in 8 Michelson Interferometer. Even
though the enersgy available from black bodg source is weah in.
the submillimeter - regiony Qith the addition of the cooled
detectors srecision measuremernts are Pﬁssible; The imrortant
feature of this FTS method is that it rermits data collection
over a continuous wavelendth range. Analusis of the data is
accomrlished in the following marnner. The detected outrut of
the two ~ath interferometer uithout. samrle is fourier
transformed to dive 8 srectral distribution of the instrument.
This .srectral distribution to be studied is then modified hy
introduction of the samrle into one of the two raths. EBoth
transmission and reflection methods are wused.: The'detected
signal from samrle insertion _contains modified srectral
contributions as the sidnal strendgth V() at the detector varies
with the variations of rath lendgth.. The tramsform from ‘the

srace to the freauency domainy Storme (13)y is diven byl

4+ o0
B = | Lo confrm2 ) a

L
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Irn order to defermine Tigﬂ\ which is directly related to

/YlQﬁ) the index of refractiony 3 relastion beiween V@) y the
voltade outrut, of the detector and ﬁb(x) mu;t e determined.
This 1is comrlicated because of asummetries of the instrument

between the functions V(<) and F(x) with reference to zero rath

difference. In such cases the extraction of &a(v) requires
extensive calculations. Generally the r instrumentstion is

comr=uter controlled which allows for both sutomatic datsa

acauisition as well as analusis.

4

The recent availabilitw of the laser source with its
relatively high Powef' and monochromatic outrut in. the
submillimeter wave lendgth region erovides for the rossibilitu of
rrecision measurement at discrete wavelendgths. Since the sidgnal
to noise ratio with this method for the ionﬁer wavelendthr is
highy this data can alsé be used té check the azccuracy of the
broadband FTS data. Stone (13)y at UK National Fhuysical
Laboratory NFPL using a3 Mach-Zehnder interferometer confiduration
with laser source were sble to make index measurements on both
"weak and strond® sbsorbindg materials. Derending on the tgre of

material either transmission or reflection methods are adosted

to measure both the resl and imadinarg rarts of the dielectric

rpermativity, With the availability of 8 cslibrated sttenuster
(rotatins drid tuyre discussed later) loss measurements are

considerably facilitated.
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-The Mach Zehnder interferometer is an amrlitude srlitting
two , beam device containing two beamsrlitters (see figure 1).
The two beams formed by the first srlitter reroradate 3alond
separate eraths and are finally recombined a8t the second beam
srlitter after which 38 resulting *frinde® rattern maw be
detected. For the index measurement a3 samrle of eiphér fixed or
variable thickness is rlaced in ore led of the interferometer
resulting in frinde shift. Measurement of this shift leads

directls}tp determination of the inde:x.

In somewhat more detail the measurements' are made as
follows? attenusation measurements are made on samrles of
varuying thickness (liGuidS or solids) usind one led of the Mach
Zehnder Interferometer. This is accomrlished by Elacins the
sampie in series with calibrated attenuaﬁor both of which are
rlaced in ome arm of the iaterferometer. The detected sidnal is
maintained at constant level by addustment of the atteruator as
the tﬁickness of the samrle is varied, With the attenustor in
seriesy. a3 rotation é} of the center dgrid of the asttenustor
allows the samrle outrut rower versus samrle thicknessy ts to be
constant. The attenustion ©N in the samrle is related by

Ln(cca &) = Al + comnotent
The andle & rerresents rotation of the center dgrid of the

attenuator with resrect to the reference drids.
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Selection of References from Literature Study

1. 'Deteﬁmination of the Refractive Inde:x of a8 Solid Usiﬁg

Far Infra-red Maser's J. E. Chamberlain and H.
Gebbier Naturer Vol. 206y Mau 8y 19635y r. 602,

2. ‘Power Transmittance of a 3 Mill. Mular Samrle®*y E,

3
A,

E.

Russell and E. E. BRells Infrared Fhusicsy Vol. 6. 1966y

o 82.

3. "Farnel Discussion on Submillimeter Wave Material Frorerties.

and Technicues®"s J.J. Taub et.sl.y Froceedinds of
Sumrosium on Submillimeter Wavesy New York 1970y =. 693,

the

4, *Submillimeter Wave Materiasls Frorerties and Technicues:?
lNielectric Constanty ~ Loss = Tanderity and Transmission

Coefficients of Some Commorn Materizals to 2,000 GHz" A.

F

Sherrard et.al.r» Froc. of the Sumrosium on Sgbmillimeter

wavesy 1970y . 701.

Se *Submillimeter Spectroscbpu in the Licuid and Solid State
with a3 Tumable Orticaslly Fumred Laser", R, .. Ream and S.
Ferkowitzy Froceedinds of the Sumrogsium ——————————— y 1977

FFte 158-9.

b, "Frecise Dielectric Measurements of  fow-Loss Materials

at

Millimeter and Submillimeter Wavelendgths®y G. W. Chantry

and M. N. Afsar. IEEE Transactions on MW Theory
Tech.y Vol.  MTT-25y No. 6y June 1977y rr. - 309-511.,

7. *Iielectric Measurements in the Submillimeter KRedion andg

Suddested Interrretation of the Folew Absorbtion®"sy G.

anid

3
W,

Chantry.  IEEE Trans. and MW Theory and Tech.r Vol.

MTT-25y No. 6y June 1977y rr,s  426-300.

8. *Ortical Frorerties of Sasrrhire in the Far Infrared"s E.
lLoewernisteiny. Jourrnal of Ortical Societu of Amer.» Vol,
No. 1y 1lJdan. 1961y rr. 108-112.

P *Transmission of Germanium in the Far Infrared®y I.

V.

Sy

M.

Millsy Journal of 0Ost. Soc., Amer.» Vol. 459 No. 6 June

1955y ke. 489,

Colemans Freceeding of the IEEEs Vol. 94(4)s Arril 1966,

520.

10._ *The Reflection a8nd Transmission of IR Materiéls: II
.Ribliodrarhs®"y I'w E, McCarthyr Arrl. Osticsy Vol. 2 (6)
June 1963. . .

11, *A Quasi-0ptics Ferturbation Techniue for Measurindg
Dielectric Constants®y - J. E. ledenford and F. o,

S
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*fHielectric Constants and Loss Tandent Measuremernts at 60
arnd 90 GHz Usindg the Fabru~-FPerot Interferometer®s C. A,
Balandisy The Microwsve Journals March 1971y =. 39,

"Electrical Standards of Measurement. Fart 3
Submillimeter Wave Measurements and Standards®s N, Stoneys
et.3l,y IEEE Reviewss Volume 122s No. 10Ry 1975y rd. 1054,

The Far Infrared Ferformance and Arrlication  of Free
Standind Orids Wound From 3um Siameter Tundsten Wire®y W.
G. Chambersy Infrared Fhusicsy Vol, 19, 1979y FR.
437"'4420 ’

A Mach—~Zehnder Interferometer for the Measurement of the
Comrleyx Fermittivity of Lossy Dielectrics at Submillimeter
Wave ‘lendths®*» J. E. Allrnutt and J. A. Stamniforthy
Journal of Fhysics E. Scientific Instrumentsy Vol. 45
1971y =+ 730,

*A Far Infrared Reflection Interferometer®, J,. R Birchy
Infraved Fhysicss Vol., 12y 1972y =, 29,

*Self Calibrating Grid Atterwustor for use at Submillimeter
Wave Lendths®*y J,» Stanforth arnd J. Allnutt.y Froc, IEE .,
Vol. ‘1187 No. 2y 1971y rd. 343, : :

"High Precision [Dielectric Measurements on lLiaquids and
Solids® a3t Millimeter and Submillimeter Wavelensths®r M.
Afsary J. Chamberlasin snd G. Chonmtrgey IEEE Trans. on
Instrumentation anid Measurementy Vol. IM25» No. 45

December 1976y »d. 290,

"Submillimeter Wave Dielectric Meassurements on Absorbing
Matherials"y J. Chamberlains et.s3l.y» IEEE Transactions on
Instrumentation and Measurementsy Vol, IM-23» No. 4y Dec.
1974,

*Investidation of Solidg Materials for Subtmillimeter
Wavelengths'sy V. N. Aeshechkiny et.a3l.s Institute for
Radio Endineering armd Electrornicsy Academws of Science of
USSRy Moscow. Translated from Eribory i Iekoka
Ekszerimentas No. 4y rr., 150y Julu-August 1971.

A Far Infrared Reflection Interrrometer’s Je Eirchy
Infrared Fhusicsy Vol. 12y 1972y wd., 29.
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The Luminosity of Srectrometers with Frisims Gratings or
Fabrge-Ferot Etlorns®*» FP. Jacauirnoty Jourmal of Ortical
Society of Americar Vol. 44, No. 10y 1954, rg, 761.

Interfererometru®y W, H. Steeley Cambridde University
FPresss 1967.

*Frincirles of Ortics"y M. Rorm and E. Wolfs Ferdamon
Fressy 1975y Fifth Edition.

"The Far-Infrared Ferformance and Arrlication of
Free-Standind Grids Wound From 5 Microns Diameter Tundsten
Wire®*y C+ Moks W.e Chambersy T. Farke and A. Coltleyy
Infrared Fhusicsy Vol. 19y re. 437y 1979.

*Ortical Constants of Far Infrared Materials 2 Crustaline
Solids®"y E. Loewensteiny D. Smithr» R. Mordarnr Arrlied
Orticsy Vol. 12y % 2y 1973, :

"‘Measurement of the Refractive Indices of Dielectrics at
Millimeter Wavelendgths®y G. Koslovy Trarnslated from Fribory
i Tekhnika Eksrerimentay 4y eprp 152-1354y Juluy/Audg 1971.
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'Listing of available real rart - Table I and Loss Tandent
rart - Table II of dielectric canstants from the literature
study, .

TABLE I - REAL FART OF THE DIEELECTRIC CONSTANTS

3 b c ¢ d c c

‘MATERIAL/FREQ. 230 343 29307450 850 353 1,300 25000

GHZ GHZ GHZ GHZ GHZ GHZ GHZ
Fiberdlass 4,34
Flexidlass ’ 2.61 2.62
Foluethulerne 2.31 2.27. 2.333 2,359 2.335 2.34
FPoluethulenex : 2.298
Folusturene 24957 2.48 2.520 2.528 2.531
Ebonite ' 1.665
Puresx ' ) cq 4.46
Rexolite 2:.54 2:.52 2.525 2.520 2.52
Teflon 2,06 2.09 1.97 2,042 2,033 2.033 2.05
Delrin ‘ ' 2.80 : 2.78 2.80
Fused silica 3.88 3.28 327 3.31
Dunasil 3.895
Ti02 ceramic 88.36
g — Meriakriy V.V, and Ushatkiny EJF.» *"Measurement of +the
Refractive Index at Submillimeter Wavelendths®y Institute of

Radio Endineering and Electronicssy Academs of Sciences of the

USSRy Moscowr translated from Fribory i Tekhnika Eksrerimentsa

No. 1y rr 143-145, March-Arril 1973,

b - Dledgenfords J.E. and Colemansy F.D.y ‘A Quasi-0Ortics .
Ferturbation Technicue for Measurindg Dielectric Conmstants®sy IEEE
Froce S4» No. 4y Arril 1966y re S20-522.,

¢ — Breedenr K.H. and Sherrards AF.y *Millimeter ani}
Submillimeter Wave Iielectric Measurements" IEEE Microwave
Journaly Nov. 1967y rr 59-62.

d - Chidrysly E.E.y "Measurement of Refractive indexx of Solid
and Licuid [ielectrics at Submillimeter Wavelendth. Institute
of Radio emdineerind arnd Electronicsy Academw of Sciernces of the
USSRy Moscows. Translated from Fribory i Tekhnika Eksrerimentas
No. 6y Fr. 146-148y Nov.-Dec. 1974
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MATERIAL/FREQ.

Fiberdlass
Flexidlass
Foluethulene
Folusturene
Ebonite
Faresx
Rexolite
Teflon
Nelrin

Fade 11
TABLE II - DATAX LOSS TANGENT (X1000)
400 500 600 700 800 900 1000
GHZ GHZ GHZ GHZ GHZ GHZ GHZ
41 41 43
20 20 36
1.9 1.7 1.5 1.4 1.3 1.3 1.3
3 S 7
28 40
1 3 S
1 2 2
17 20 21 23 24 24
1.7 2.7 3+6 Se1 5.9 6.2 6.4

Fused Silicsa
Dunasl
Ti02 ceramic

. s ot a0t apas o map e

XFinal Rerorty

Measurements

A, Sherrards
Technology Engineering Exreriment Station.
291(13)y 14 Arril 1970,

*Millimeter and Submillimeter Wave Dielectric

with Interference Srectrometer®sy A, McSweernew and

Frodect No. A—934, Geordia Institute of

Contract Number
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INSTRUMENTATION?

One of the main obJectives of this dHrant was to develos
instrumentation for the measurement of comrlex dielectric
rrorerties in the SMMW rande. The .Plan adreed wuron  with
N.McAvoy (Technical officer for this'contract); for obtaining
the necessary eGuipment was that CUA would develor the
dielectric measufement instrumenty  rFurchasing the CO0/2 rums
laser and miscellaneous ecuirment thorough the contract and that
NASA would surrly a SMMW laser Fid. 4ash which was their
desidn., Mr. McAvow would coordinate the SMMW laser effort

closely with CUA.

After reviewing the literature oh dielectric measurements
in solidss we decided as indicated in the Preceding discussion
to use 3 Mach-Zender interferometer (Fid. 1)y Allrmtt (13) with
modification. by Stone (13) to measure the shase aﬁd loss
rrorerties of the samrle. The rhaser shifters attenuétor and
beam srplitter were not commericalls available comronents and
tierefore had to be develored. The rhase shifter (rhase delas)
was constructed using rairs of mirrors mounted in a8 rarallel *VU*
arrandement on 3 translation stade with 3 “ differential
micrometer drive carable of direct reading Lo 1/710,000 inches.

The rhase shifter was constructed and is shown in Fig, 2.

The calibrated astternuator was desidned wsindg 38 technicue
described byy Stanforth (17)y which emrloves two fired drids and

one rotating drid, Fid., 3. An initial design of the atterustor
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was assembled using 3 set of drids with 3 symmetrical S0 micron
reriod fabricated by J.Lamb of NASA. The unit emrloys an ORIEL
rotating stasé with micrometer drive which sllows for rotation
of the center d¢grid., The 50 micron drid set was the onlw one
available to wus at the time and did not result in a workable
atternuator because of the larde dgrid size. A final design of
the asttenustor 3awaited fabrication 6f a8 desired S5 micron drid

spacins. Je Lamb was studing methods for rroducind dbrids of

this sracing for 3 number of other arslications.

A SMMW laser was to be assembled at CUA. The mador rarts
were surrlied by NASA. Basically the laser was constructed
using 3 ryrex tube 1-1/2° in diasmeter with 3 metal inrut mirror
and a3 silicon outrut mipror forming the resomnant cavity., The

inFput mirror is metal with dgold rlating having 38 6.3 meter

radius of curvature and 3 4 millimeter off axis courling hole.

The Qutput mirror has a 6 meter radius with 3 reflecting coating
for 10.6 micron (CO02)y and an antireflecting (AR) coating for
the SMMU.l The SMMW enerdgy was courled out of the cavity b
transmission through an on 3xis 4 mm circular srerture. The
assembly and alidgnment of the SMMW laser was closely coordinated
with N.McAvoy who rarticirated in bringing this first laser to
the operationél stade. Since initial étudu was to be in the
range of 100 micron wavelendgth Methul Alcohol was selected for
the active medium. Methwl Alcohol has a strong SMMW lime a3t 118

microns.,
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Whern finally made orerational the laser emitted 3
sufficiently strons 118 micron signal. Howeversr this SMMUW
sidnal was aquite wunstable and verw often would comrletely
disarrear within one minute. Aftef mang adJustments to imrrove
the stability without substantial swuccesss it was decided to
continue with another rart of the instrumentations id.e.»
assemble the Interferometer while contiruing to look for 3
solution  to tﬁé stability sroblem. It would noi be rossible to
make measurements_until the cause of the sustem instability was

removed.

Subsequentlgy Mr, McAvow recommended that s SMMU laser of
different designy which had recentls been develored bw his grour
at NASAy be substituted for the original SMMW laser -ssstem.
This new system would rerhars rrovide improved stébilitu. The
new SMMU-laser is londer tﬁan the originaly arrroximately 1.75
meters comrared with 1 meters rrovides more rower and has an
imrroved cavity tuning adJdustment. The tuning head of our
oridinal laser was auite difficult to addust. The new laser was
subseauently sssembled and rut into oreration but did rot solve

the instabilite rsrobilem. It was then considered that the main

cause of instability may be in the CO/2 laser suﬁtem. A
rhase-lochk sustem was obtained to #rovide additional
stabilization to the CO/2 rums laser. Fi¢., 43sb. are

riotodrarhs of the C0/2 laser and SMMW outeut tuning used. This
new eauirment was sut into orerationy however the stability of
the SMMW sidgnal was mot substantially imeroved although there

were some reriods of several minutes when the SMMW signal
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remained somewhat constant.

An attemrt was made to measure the atterwstion/lendth of
teflon a3t 118 micron without the srecision attenuator since
grids were not available. The rrocedure used was to illuminate
samrle rods of the same dismeter of different lengths and
measure transmission loss. Assuming detector linearityr 3 rlot
of the resultins attengation versus samrle lendth wields a curve
with 2 slore eaual to the attenuation constant of the maferial.
The data obtained in this manner for teflon was not reliablers
due to laser instabilitu. Measurements could rot he made with

this sustem.

While the system could not be wused for making indesx
measurements -~  rough studies on beamselitters were also
attemrted., It was desirable to have a beam srlitters for the
Mach Zehnde interferometer that would divide the rower
arrroximately ecually. We initiated 3 beamsrlititer design using
grids which from the literature dats arreared to have desirable
characteristics. NASA surrlied us with two 50 micron drids and
one 10 micron s€brid onm 002" Karton for exrerimentation.
Transmission and reflection measﬁrements were made on each drid
with the  andgle of incidence ecual to 43 dedrees for both
rerrendicular and rarallel rolarization conditions. The results
indicated that at 118 wmicronsy the 50 micron drid srlits the

rower equally redardless of rolarization.
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In conclusion» it would be arrFrorriate to- review
chonolodgically the mador rroblems encountered which lead to the

results obtaired:

Contract was awarded Sertember 1976.

Initial ordering of Ortical Comrontents - Jarnuarws 1977,

Initial ordering of comronents for SMMW Laser - March 1977.

£0/2 Laser arrived - June 1977,

Building comronents for Mach Zehender Interferometer
started and SHMMW Swstem 1in rrocess of Assembly -
June 1978.

SMMW Lasser assembled and alidgned. Start ur using
1 methuyl z3lcohol - mo signal - March 1979,

Continued efforty ard obtained first orerative results
but with severe stability rroblem. Attemsrts at

measurements - June 1979.

Substitution of the "riew" SMMW Laser from NASA
Arrived and assembled - no imrrovement in stability
- June 1980, '

Contirming attemrts to find source of instability lead
to another review of entire system. Temrerature
stability serreared to be 3 mador rroblem - Aud, 1980,

Recquest for renewsl without additiormal funding was srrroved

for the wear starting Ausust 1980 and the SMMW effort was
continued. Assembly of a3 temrerature control suystem somewhat
impfoved the stability rroblem. It was decided that temrerature
controlled refrigeration system would substantially imerove the
stability and ailow meqﬁurements. The contract terminated

Augyst 31y 1980 and the effort continuwed without fundinst.
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Figure 1 - Mach-Zender Interferometer
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Figure 3 - Variable

Figure 2 - Phase

Attenuator

Shifter
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Figure 4a - CO2

Figure 4b - SMMW Output Window and

Laser System

Tuning Head






