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Graphite Millimeter-Wave Waveguide and Mirror
for High Temperature Environments

Paul P. Woskov, Member, IEEE, and Charles H. Titus, Life Fellow, IEEE

Abstract—A graphite helix corrugated waveguide with a miter
mirror has been fabricated and used for 135 GHz pyrometer
measurements on a high temperature plasma arc furnace. The
guide has an internal diameter of 3.81 cm, a length of 123 cm,
and a corrugation of 32 grooves/inch, One end of the guide
was sealed with a Teflon window having moth eye surfaces to
reduce reflections. The room temperature insertion loss of this
guide assembly for HE;; mode propagation and launch was
measured to be 0.5 £ 0.1 dB. It was used successfully in a high
temperature environment where the miter mirror end reached
incandescent temperatures in access of 1200° C. High temperature
graphite surface corrosion typically increased the insertion loss to
1.2 £ 0.2 dB but did not significantly affect the beam divergence.

I. INTRODUCTION

LEANING UP AND SAFEGUARDING the environ-

ment is currently an important technological challenge.
High temperature processes using furnaces, incinerators, and
boilers are in widespread use and under development for the
disposal of hazardous and municipal wastes, the generation of
power, and in many industrial processes such as aluminum
and steel making. The development of real time monitoring
technologies for these high temperature processes are key
for optimization and control, and for pollution prevention. In
addition, the next phase in the development of a magnetic
confinement fusion energy source will require diagnostics that
can access a hot reactor core.

Microwave and millimeter-wave sensors can make an
important contribution in these areas. For example, active
millimeter-wave pyrometry [1] is a robust and accurate
furnace temperature measurement technology in comparison
to conventional infrared pyrometers and thermocouples.
Millimeter-waves can penetrate smoky atmospheres with good
spatial resolution and are less affected by contaminated and
degraded windows and mirrors than infrared pyrometers. They
are also more reliable and can access higher temperatures than
thermocouples. In addition, a unique feature of a heterodyne
radiometer, local oscillator leakage, can be used as an active
probe of the surface emissivity.

In the area of fusion energy plasma diagnostics, millimeter
and near millimeter-wave techniques can be used for localized
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reactor corec measurements of electron temperature [2], ion
temperature [3], and fusion ion products [4]. These are key
parameters for monitoring the performance of a fusion reactor
core for which alternative optical and particle based diagnostic
techniques may not be suitable in the next generation of large
fusion burning experiments.

In order to make practical these applications, microwave
and millimeter-wave components which can be used in harsh,
high temperature environments are needed. Use of graphite
mirror components at near millimeter-wavelengths at low
temperatures has been reported [2]. In this paper we present
the design and performance results of a 135 GHz graphite
waveguide and mirror antenna system that was used inside
a plasma arc furnace at temperatures up to 2200°C as part
of an active temperature measurement radiometer. We show
here that efficient waveguide and mitror components, that
perform well in a harsh, high temperature environment, can
be fabricated from the same graphite material as a furnace
hearth or the limiter in a fusion reactor core.

II. ANALYTIC BASIS

The most efficient waveguide mode is the HE{; mode
propagated in overmoded corrugated waveguide [5]. For a
waveguide diameter many times larger than the wavelength,
the HE;; mode electric field at the guide walls approaches
zero. It is therefore possible to efficiently propagate millimeter-
waves over short distances even if the waveguide is con-
structed from a conductor material with high resistivity. The
attenuation coefficient for HE.y propagation in corrugated
guide with a corrugation depth close to A/4 and with a free
space internal medium has been shown to be given by [6]

0.00767R,
T TR W

where R, = +/mfuo/o is the surface resistivity, k is the
wavenumber, and q is the internal radius of the waveguide.
Ideally, the corrugations should be individual circular
grooves along the inside circumference of the guide. However,
it is much more convenient to use a screw-type threading
process to fabricate the corrugations, resuiting in a helical
groove running the length of the guide. The main consequence
of using a helical corrugation is that the polarization direction
of the linearly polarized HE;; mode will be rotated on
propagation through the guide. This is not important for
detection of unpolarized thermal emission in a furnace, unless
the surface emissivity is polarization dependent, but could be
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TABLE I
CALCULATED ATTENUATION AND POLARIZATION ROTATION FOR HE1; PROPAGATION
N CIRCULAR HELIX CORRUGATED GRAPHITE WAVEGUIDE

Internal Guide Attenuation Polarization Rotation
Diameter (cm) (%/m) (deg./m)
94 GHz 135 GHz 94 GHz' 135 GHZ*
1.27 1.28 0.75 21.27 7.73
2.54 0.16 0.09 1.33 0.48
3.81 0.05 0.03 0.26 0.10
5.08 0.02 0.01 0.08 0.03
! p=0.33A (24 grooves/inch)
% P=0.36) (32 grooves/inch)
important for active probing with a polarized beam and is NITROGEN
definitely important for fusion plasma diagnostic applications. o o BLE TEFLON  GASFLOW

The angular rotation of the direction of the polarization of
the HE; mode far from cutoff in a helix waveguide is to a
good approximation given by [6]

3
L= ?—@ EE radians 03}
ka Aa

where P is the groove pitch (inverse of the number of grooves
per unit length), L is the length of waveguide, and X is the
wavelength. The condition on the pitch is that there should be
2.5 or more grooves per wavelength, or P < 0.4), to avoid
higher order modes in the corrugations.

Equations (1) and (2) are evaluated for a number of graphite
waveguide diameters at frequencies of 94 and 135 GHz
in Table I. A surface resistivity of 2 Q was used for the
attenuation calculations at 135 GHz and decreased as the
square root of frequency for the 94 GHz calculations. This
value is an upper limit determined by experimental reflectivity
measurements at 135 GHz at near normal incidence off a block
of fine grained graphite at room temperature. This value is
also consistent with published values of graphite electrical
resistivity [7] which would give surface resistivities in the
range of 1.3-2.3 Q at 135 GHz.

The calculations show that for a short run of corrugated,
overmoded graphite waveguide losses for propagating
millimeter-waves should be very small. In addition, the
electrical resistivity of graphite generally decreases with
increasing temperature [7] so that millimeter-wave attenuation
should not increase and may even decrease in a high
temperature furnace environment. The polarization rotation
is also shown to be small for short runs of helix graphite
guide with diameters of about 2.5 cm or greater.

III. GRAPHITE WAVEGUIDE DESIGN

A helix corrugated graphite waveguide with a miter mirror
at one end was constructed for use with a 135 GHz pyrometer
on a graphite electrode dc arc furnace [1]. The waveguide
internal diameter was 3.81 cm (1.5 in) with a screw thread of
32 grooves/in. It was machined from fine grain grade graphite
such as that obtainable from the Great Lakes Carbon Co. Fig. 1
illustrates the design of this guide where the width-to-length
dimensions are not to scale, and the dashed lines indicate
threaded surfaces.

END PART

Fig. 1. 135 GHz graphite waveguide assembly with a miter end mirror.

The total internal length of this guide is 123 cm, made up
of three sections: a short 19-cm length, a long 93-cm length,
and a replaceable miter mirror end part which accounts for
approximately 11 cm of the corrugated length. The short and
long guide lengths are butted to each other and captured inside
of a stepped alumina sleeve made by cementing two alumina
tubes together. The miter mirror end part screws onto the
outside of the long guide length which extends beyond the
alumina sleeve by about 9 cm. The outside diameter of the end
part is flush with the approximately 7 cm outside diameter of
the alumina sleeve.

A window seal on the waveguide is required to block
air inflow because the furnace is operated under a slight
vacuum. A 63.5-mm diameter by 6.35-mm thick Teflon (poly-
tetrafluorethylene) window was used, which had a moth eye
scribed surface on each of the two faces to minimize surface
reflectivity [8]. Furthermore, the window was mounted at a 5°
angle to the guide axis to deflect any residual reflection away
from the pyrometer. It was important to eliminate window
reflections so that the active probing of internal furnace surface
reflectivities would not be interfered with.

Provision was made for nitrogen gas flow across the inside
surface of the window. This serves two purposes. First, it
helps keep the window cool. The maximum usable temperature
for Teflon is 500°C, but the end of the waveguide inside
the furnace reaches a temperature in excess of 1200°C. A
cool gas flow across the inside window surface eliminates a
convective heating path and removes radiative heat. Second, it
purges oxygen and furnace off gases from the graphite guide.
This is important because graphite burns at temperatures above
400°C if oxygen is present, and furnace off gases could leave
unwanted surface depositions inside the guide.

Besides mechanical support, the alumina sleeve along with
the Teflon window in its G-10 insulator flange electrically
insulate the graphite guide from the outside of the furnace.
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TABLE II

SUMMARY OF FURNACE RUNS AND MEASURED GRAPHITE WAVEGUIDE/MIRROR TRANSMISSION

Run Length of Run | Max.Temperature Measured Waveguide/Mirror

Number (days) °0) Transmission

Start of Run End of Run
#1 11 960 0.89 +0.02 0.68 + 0.04
#2 10 2200 0.88 +0.02 0.79 £0.02
#3 5 1450 0.89 +0.02 0.72 £ 0.02
#4 1 725 0.76 £ 0.02 0.80 £ 0.02
#5 3 1640 0.80 + 0.02 0.77 £0.02

This waveguide assembly was hi-potted to 1 kV to insure that
the graphite waveguide would not pose an electrical hazard to
personnel or the furnace.

IV. EXPERIMENTAL RESULTS

Transmission losses through the graphite waveguide assem-
bly were determined by making radiometer noise tempera-
ture measurements with a liquid nitrogen cooled black-body
(Eccosorb™, manufactured by Emerson and Cuming). The
difference in the black-body signal was measured between
the input and output of the guide assembly. The radiometer
frequency was centered 135.5 GHz, and the IF frequency range
was 0.4-1.5 GHz double sideband. The radiometer field-of-
view was launched by a corrugated horn, and the resulting
Gaussian field-of-view was matched to the graphite guide input
by focusing with a 90° off-axis parabolic mirror [9].

The transmission was determined to be 0.89 + 0.02, or
approximately 0.5 dB insertion loss. The transmission in-
creased to 0.91 & 0.02 when the miter mirror end part was
removed and to 0.93 £ 0.02 when the Teflon window was also
removed. A 2% increase in transmission would be expected
if a reflection off a graphite mirror surface with 2  surface
resistance is eliminated. The approximately 7% loss of the
remaining 112-cm length of corrugated guide is much higher
than calculated in Table I. This could be attributed to the
nonperfect nature of the corrugations that were visibly broken
in a number of locations and to a possible slight misalignment
between the butted short and long guide lengths. However, the
measured insertion loss is quite acceptable for the intended
application.

The graphite waveguide and mirror assembly was used for
active millimeter-wave pyrometer measurements on the Mark
I dc graphite electrode arc furnace at MIT, which is being
evaluated for the treatment of hazardous wastes [10]. The
waveguide assembly was inserted horizontally into the furnace
through a gate valve and penetrated through approximately a
53-cm thickness of insulating refractory material to protrude
about 10 cm into the furnace chamber. It was sealed with
a silicon rubber gasket outside the gate valve and free to
rotate so that the pyrometer field-of-view could be scanned
for temperature profile measurements inside the furnace.

The waveguide assembly was used in a total of five furnace
runs. The length of each run, the maximum temperature
achieved in the furnace hearth, and waveguide/mirror transmis-
sion measured at the start and end of each run are summarized

in Table II. The waveguide protrudes into the furnace about
60 cm above the slag melt surface at a location where the
temperature is typically 150-350°C cooler than the maximum
temperature measured. The temperature at the miter mirror was
sufficiently hot during some of the furnace runs to make this
part of the guide incandescent, the glow of which was evident
through the Teflon window. However, there was no evidence
of any melting of the inside surface fine structure of the Teflon
window on careful examination after furnace run #5.

After exposure to high temperatures the miter mirror surface
and the outside surfaces of the graphite inside the furnace
acquired a pitted powdery surface that was noticeably eroded.
The interior guide corrugations, however, remained in good
condition throughout all the runs except for a few corrugations
located immediately at the guide aperture. The waveguide
system transmission factor was measured to degrade to 0.68
at the end of the first furnace run, but at the end of subsequent
runs #2-#5, it was measured to fall fairly consistently into the
range of 0.76 £ 0.04.

All the transmission degradation was determined to be due
to the surface corrosion of the graphite mirror because once
this mirror was repolished with fine emery cloth, as it was
done for the start of runs #1- #3, the transmission factor was
restored to its original value. At the end of run #3 the graphite
mirror was not repolished. In the following runs #4 and #5 the
transmission line losses were measured to remain about the
same at the start and end of those runs. Apparently, the initial
graphite mirror surface corrosion provides some protection
against further surface corrosion.

The miter mirror end part was replaced only once. This
occurred halfway through run #2 when the mirror end broke
off inside the furnace and fell into the hearth. The waveguide
broke due to significant erosion of the graphite during that
run, which weakened the waveguide at the V cut. The erosion
was caused by a poor air seal around the waveguide allowing
oxygen to get to the hot graphite. The waveguide was removed
(the gate valve was installed on this port in case of this
eventuality) and repaired with a new end piece. A new
silicon gasket seal was also installed. The graphite mirror and
waveguide protruding into the furnace continued to erode after
this repair but not as fast and no replacement through to the
end of run #5 was required.

For making quantitative surface reflection measurements
inside the furnace it is important to know not only the
magnitude of the change in the waveguide and mirror losses
due to corrosion, but also if the field-of-view divergence and
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Fig. 2. Horizontal beam profile measurements at 135.5 & 1.5 GHz, 40 cm '

from the graphite guide miter mirror launch aperture.
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Fig. 3. Horizontal beam profile measurements at 135.5 & 1.5 GHz, 80 cm
from the graphite guide miter mirror launch aperture.

direction of view are affected. After run #5 the launched beam
profile of the graphite waveguide assembly was measured with
the miter mirror end part that survived through to the end of
run #5, and with a new miter mirror end part. The beam profile
measurements were made by coupling a rapidly frequency
swept (134-137 GHz) Impatt diode beam into the graphite
waveguide assembly with the same pyrometer corrugated
horn and focusing mirror used for the furnace measurements
and scanning the launched beam profile with the pyrometer
using a truncated wr-6 waveguide as an antenna. A calibrated
attenuator was used at the output of the Impatt source to
always detect a constant signal level to avoid signal strength
nonlinearities in the radiometer.

Horizontal profile scans were made parallel to the wave-
guide axis. Figs. 2 and 3 show the results of these measure-
ments were increasing horizontal position values correspond to
moving away from the window end of the guide. The profiles
in Fig. 2 were taken at a distance of 40 cm from the miter
mirror aperture and those in Fig. 3 at a 80-cm distance. This
corresponds to the distance and round-trip distance to the s1de
wall and ceiling inside the furnace.

The data with the new miter mirror is well fit by Gaussian
profiles that agree with the predicted beam divergence [9]. The
side lobes only become significant at levels below —20 dB.
The data for the corroded miter mirror end part also have
beam profiles that are approximately in agreement with the
new mirror data. There are some differences in the low level
side lobes, but the main difference is that at a 80-cm distance
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the beam has been steered in a slightly different direction.
It is off between 2-3 c¢m over a path length of 80 cm or an
angular deflection of 1.4-2.1°. This change in beam alignment
would need to be taken into account in making quantitative
reflection measurements. However, the profiles taken with
the corroded mirror show that the spatial resolution has not
changed for surface emission temperature measurements. In
fact, the corroded graphite mirror functions satisfactorily at
millimeter-wavelengths despite its poor visible appearance.

V. CONCLUSION

The experimental results demonstrate that efficient
millimeter-wave waveguide and mirror components can
be fabricated from high temperature robust graphite. Even
when the graphite is heated to incandescent temperatures the
millimeter-wave performance remains good. The observed
high temperature surface corrosion, mainly due to the trace
oxygen in the present arc furnace setup, does not degrade
the millimeter-wave components sufficiently to preclude
their continuous use for diagnostic measurements. The initial
surface corrosion also. seems to provide some protection
to continued corrosion. In a vacuum environment without
oxygern, such as in a fusion reactor core, surface corrosion
should be significantly less. In other oxidizing environments,
nonoxidizing refractory surface coatings such a zirconium
oxide or silicon graphite [11] could be developed without
significantly affecting the millimeter-wave performance.

There are many high-temperature applications where diag-
nostic access is crucial to the process. The work described
here shows that millimeter-wave access is definitely possible
in such environments. Millimeter-wave sensors would pro-
vide the ideal compromise between robust access and spatial
resolution for many measurement needs.

ACKNOWLEDGMENT

The authors would like to thank D. R. Cohn, D. Y. Rhee,
J. E. Surma, and P. Thomas for their help and support during
various phases of this work.

REFERENCES

[1] P. P. Woskov, D. R. Cohn, D. Y. Rhee, P. Thomas, C. H. Titus and
J. E. Surma, “Active millimeter-wave pyrometer,” Rev. Sci. Instrum.,
vol. 66, pp. 4241-4248, Aug. 1995.

[2] G. Tayor, C. W. Barnes, A. Cavallo, P. C. Efthimion, K. W. Hill, H. K.
Park, J. E. Stevens, S. Tamor, M. C. Zarnstorff, and S. Zewben, “Non-

_ thermal electron cyclotron emission from TFTR supershot plasmas,”
Plasma Physics and Controlled Fusion, vol. 31, pp. 1957-1972, 1989.

[3] R. Behn, D. Dicken, J. Hackmann, S. A. Salito, M. R. Siegrist, P. A.
Krug, 1. Kjetberg, B. Duval, B. Joye, and A. Pochelon, “lon temperature
measurement of tokamak plasmas by collective Thomson scattering of
D, O laser radiation,” Phys. Rev. Lett., vol. 62, pp. 2833-2836, 1989.

[4] P.P. Woskov, D. R. Cohn, J. Gilmore, J. S. Machuzak, and D. Y. Rhee,
“ITER millimeter-wave CTS diagnostic option,” in I5th IEEE/NPSS
Symp. Fusion Eng. Dig., 1993, vol. 1, pp. 101-104.

[5]1 P. J. B. Clarricoats, A. D. Olver, and S. L. Chong, “Attenuation in
cormgated circular waveguides,” in Proc. IEE, Nov. 1975, vol. 122,
pp. 1173-1179.

[6] T.L.Doane, “Propagation and mode coupling in corrugated and smooth-
walled circular waveguides,” Infrared and Millimeter Waves, vol. 13, K.
Button, Ed. - New York: Academic, 1985.

[7]1 D. G. Fink and H. W. Beaty, Standard Handbook for Electrical Engi-
neers, 12th ed. New York: McGraw-Hill, 1987.



2688

[8] J. Y. L. Ma and L. C, Robinson, “Night moth eye window for the
millimeter and sub-millimeter wave region,” Optica Acta, vol. 30,
pp. 16851695, 1983.

[9]1 L. Rebuffi and J. P. Crenn, “Radiation patterns of the HE;1 mode and
Gaussian approximations,” Intern. J. Infrared and Millimeter Waves,
vol. 10, pp. 291-311, 1989.

{101 J. E. Surma, D. R. Cohn, D. L. Smatlak, P. Thomas, P. P. Woskov,
C. H. Titus, J. K. Wittle, and R. A. Hamilton, “Graphite electrode DC
arc technology development for treatment of buried wastes,” PNL-SA-
21891, Pacific Northwest Laboratory, Richland, WA, 1993.

(11] T. E. Surma, Pacific Northwest Laboratory, Richland, WA, private
communication.

Paul P. Woskov (§'74-M’76) received the B.S.
degree in physics, and the M.S. and Ph.D. degrees
in electrical engineering from Rensselaer Polytech-
nic Institute, Troy, NY, in 1972, 1974, and 1976,
respectively.

He joined the National Magnet Laboratory at
MIT as a staff member in 1976. ITn 1980 he moved
to the Plasma Fusion Center and became Project
Leader for Submillimeter-Wave Plasma Diagnostics
Development. Since 1993 he has been a Principal
’ Research Engineer. He is currently Associate Divi-
sion Head of the Plasma Technology and Systems Division at the Plasma
Fusion Center and leads diagnostic development efforts for fusion energy
plasmas and waste remedjation furnaces.

Dr. Woskov has given a number of invited talks on the subject of plasma
diagnostics in the U.S., Europe, and Japan. He served as Chairman of the
8th Topical Conference on High Temperature Plasma Diagnostics in 1990
and as Chairman of the 6th International Symposjum on Laser-Aided Plasma
Diagnostics in 1993. He has received R&D 100 Awards both in 1994 and 1995
for innovative inventions applying the use of millimeter-wave and microwave
technologies. He is a member of the American Physical Society, ‘American
Association for the Advancement of Science, and Beta Kappa Nu,

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 43, NO. 12, DECEMBER 1995

Charles H. Titus (M’40-SM’47-F 58-LF’82) re-
ceived the B.S. and M.S. degrees in ¢lectrical engi-
neering from Lehigh University, Bethlehem, PA.

In 1938 he joined the Roller Smith Co. and
in 1940 began work with General Electric as a
design engineer. Over the next 40 years with Gen-
eral Electric, he worked through several design
and management positions, gaining vast experience
in solid state and electromechanical systems for
low-, medium-, and high-voltage applications. He
was responsible for the design, construction, and
operation of several large electrotechnology projects. Upon his retirement from
General Electric, he became Vice President of Electro-Petroleum where he
developed a process and designed equipment for electrical recovery of heavy
oil. He became Vice President of Electro-Pyrolysis and is currently President
of T&R Associates, a private consulting group of which he is principal. He
is also a member of the Board of Directors of Integrated Environmental
Technologies. He has written more than 50 technical papers and has been
granted 40 U.S. patents.

Mr. Titus is a registered Professional Engineer (PE) and a member of the
National Society of Professional Engineers, Society of Petroleum Engineers,
and American Military Engineers. He was also recipient of the R&D 100
Award in 1994 and 1995.



