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ABSTRACT

To develop reliable communications methods to
meet the rigorous requirements for nuclear hot
cells and similar environments, including control of
c r a n e s , t r a n s p o r t e r s , and advanced
servomanipulators, the Consolidated Fuel
Reprocessing Program (CFRP) at Oak Ridge
National Laboratory (ORNL) has conducted
extensive tests of numerous technologies to
determine their applicability to remote operations.
To alleviate the need for large bundles of cables
that must accommodate crane/transporter motion
relative to the boundaries of the cell, several
transmission techniques are available, including
slotted-line radio-frequency couplers, infrared
beams, fiber-optic cables, free-space microwave,
and inductively coupled leaky coaxial cable.
This paper discusses the general characteristics,
mode of operation, and proposed implementation
of leaky coaxial cable technology in a waste-
handling facility scheduled to be built in the near
future at ORNL. In addition, specific
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system hardware based around the use of leaky
coaxial cable is described in detail. Finally, data
from a series of radiation exposure tests
conducted by the CFRP on several samples of the
basic leaky coaxial cable and associated
connectors are presented.

INTRODUCTION

The development of reliable, cost-efficient
methods to provide real-time communications
between the operator of a nuclear or other type
of industrial facility and a remote task area has
been a major priority of the Consolidated Fuel
Reprocessing Program (CFRP) over the last
decade. Much of this work has been directed
toward the bidirectional transmission of the fairly
high digital data rates (^1M baud) required to
support remote master/slave operation of
advanced telerobotic systems such as the Oak
Ridge National Laboratory (ORNL) Advanced
Servomanipulator (ASM), along with the
simultaneous capability to relay multiple channels
of high-quality video from remote cameras in the
work zone. Although a major development
program was conducted in the past several years
to develop a radiation-tolerant free-space
microwave signa' transmission system (MSTS) for
use in hot-cells and similar facilities (Smith,
Crutcher, and Vandermolen 1989), it was decided



to explore the application of several of the MSTS
transmitter and receiver modules to an enclosed-
cablc system architecture that would be suitable for
coupling to fixed-track vehicles such as overhead
cranes. Such an implementation was believed to be
extremely cost-effective to build and straight-
forward to maintain; these factors could
considerably reduce capital and construction costs
for the proposed Waste Handling and Packaging
Plant (WHPP) project at ORNL. WHPP is being
designed to process a wide variety of low-level
radioactive wastes, in both liquid and solid forms.
The materials will be dried, compacted, and
transferred to concrete casks for subsequent
shipment to permanent storage in New Mexico.
Because the WHPP facility is to employ several
overhead cranes and two transporter/servomani-
pulator systems for precision remote maintenance
and material handling tasks, a practical
noncontacting method of transferring control and
measurement data, video, and other information
along crane rails was developed, based on insights
gained from the MSTS project and earlier CFRP
studies.

The overall communications scheme for
the operations and maintenance activities of
WHPP is based on a frequency-division multi-
plexed RF system, which carries the multiple
channels in standard coaxial cable (of radiation-
tolerant construction), which links most of the
plant working areas to the central control room.
Inside the process areas, leaky coaxial cable is
coupled into the RF cable network to interface to
the overhead cranes and transporters, as shown in
Fig. 1. The generic WHPP RF interconnection
scheme is shown in Fig. 2, where "T" refers to a
transceiver module, "C" denotes a camera, and
"M" a control module.

LEAKY COAXIAL COUPLING

Leaky coax is essentially a standard type
of coaxial RF cable consisting of a copper center
conductor, overlying foam dielectric, a ridged
helically wound copper outer shield with slots
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Fig. 1. WHPP layout with cameras/RF cables (side view).
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Fig. 2. WHPP generic RF interconnection scheme (C = camera,
M = control module, and T = transceiver module).

milled out along its length, a layer of silicone
grease, and an outer protective jacket of
polyethylene. This particular line, a 1.27-cm-diam
type RX4-1 RADIAX* cable manufactured by
Andrew Corporation, is a commercial product used
principally as a continuous antenna inside
buildings and tunnels to communicate to hand-
held radios and pagers. In this instance, however,
the inductive coupling between two closely spaced
parallel coax sections is employed to provide
noncontacting transmission of RF signals across the
gap, as shown in Fig. 3. Note that the power flow
occurs through adjacent slots in the cables; power
enters at the upper left and leaves at the lower
right. The two adjacent sections effectively form a
very broadband directional coupler which is
essentially immune to external (multipath) signals
in the environment. A typical installation of this
sort of coupler was successfully demonstrated by
ORNL in 1990 at the CFRP test bay, with a PaR

power manipulator, bridge, and camera setup; a
sketch of the coupler details is shown in Fig. 4.
The transporter antenna (coax) is usually around
2m long, but can be shorter if higher carrier
frequencies are employed; the typical frequency
band runs from 600 MHz to 3 GHz.

A useful form of leaky joax coupler
adapted to wall-mounted video cameras is shown
in Fig. 5. The mounting configuration permits
leaky coaxial coupling of the RF input and output
signals and split-core transformer coupling of ac
power to the camera module. Two bolts hold the
camera assembly to its mount and permit easy
remote camera removal and replacement for
maintenance purposes. For highest system
reliability, the RF paths are dual-redundant, as
shown in the coupler detail at lower left.



Fig. 3. Leaky coaxial coupler power flow.
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Fig. 4. Crane/transporter RF couplers.

LEAKY COAXIAL CABLE RADIATION
TESTING

Although the radiation-tolerance
requirements for the WHPP application were not
extreme (-107 R), it was decided that the
commercial Andrew Cable should be characterized
to establish its RF and radiation performance
limits. A sample of the leaky coaxial cable was
included in radiation exposure tests conducted in
late 1988 as a part of the radiation-hardened MSTS
design (Smith, Crutcher, and Vandermolen 1989).
The sample was exposed to an accumulated dose of
1.1 x 107 R of gamma radiation from a ^Co source.
Electrical characterization testing performed on
the cable after exposure showed no signs of

deterioration. However, the relatively short
(1.5-m) length of cable made identification of
changes due to degradation difficult, and the total
accumulated dose was two orders of magnitude
less than would be expected over the lifetime of
some nuclear facilities.

In an effort to more extensively
characterize the radiation tolerance of the
commercially available leaky coaxial cable,
samples were also included in Phase II of the
Radiation Effects and Component Hardening
(REACH) activity, part of the joint collaborative
agreement between the U. S. Department of
Energy and the Power Reactor and Nuclear
Fuel Development Corporation of Japan
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Fig. 5. Connectorless camera coupler concept.

(Draper, et al. 1992). Irradiation of the REACH
samples was performed at the Argonne National
Laboratory gamma facility using a 60-Co source.
Dose rates of approximately 1 x 105 R/h provided
data on the effects of exposure at high dose rates.
Groups of cable samples were exposed to total
accumulated doses of up to 3.2 x 109 R.

TEST PROCEDURE

Fourteen samples of cable were combined
into four groups of 3 and one group of 2. The
groups with three cables consisted of one
1.5-m section and two 60-cm sections. The
remaining group had two 60-cm sections. The
1.5-m sections provided measurements of the
electrical characteristics that could be accurately
scaled to long runs of cable. The 60-cm samples
were tested to determine the relationship between
physical stresses on the irradiated cable and

electrical degradation. The accumulated radiation
dose varied for each group of cables, with
exposures of 1 x 107, 5 x 108, 8 x 108, 1 x 109,
and 3.2 x 109 R.

The electrical parameters of attenuation
and impedance were evaluated to characterize the
coaxial cables. Signal attenuation was
measured from 1 to 1800 MHz to determine the
loss characteristics of the cable in this frequency
range. Return loss measurements were conducted
from 20 to 1800 MHz to determine the
characteristic impedance of the cables at these
frequencies. The electrical parameters of all
cables were measured prior to radiation exposure
to establish a baseline for cable performance.
The tests were then repeated after exposure to
determine whether electrical degradation had
occurred.



Fig. 6. Leaky coaxial cable measurement setup.

A spectrum analyzer and tracking generator
were used for the attenuation measurements; and
the spectrum analyzer, tracking generator, and a
precision directional coupler were used for the
return loss measurements. A pen plotter
documented the response for each measurement.
The test setup for return loss along with a 1.5-m
cable section and support reel are shown in Fig. 6.

Electrical parameters were measured on the
postexposure samples to establish a baseline before
any mechanical stresses were applied to the cables.
The 60-cm sections were then bent ten times
around a 20-cm-diam drum to impose physical
stress on the dielectric and jacket materials, and the
electrical measurements were repeated. The
samples were finally bent an additional ten times,
and the electrical parameters were documented a
third time.

TEST RESULTS

The cables exposed to 1 x 107 R showed
no physical degradation, and the samples exposed
to 5 x 108 R showed slight surface cracking of the
polyethylene jackets. The jackets of the cables
exposed to 8 x 10s and 1 x 10' R showed
numerous surface cracks but were intact. After
bending ten times, however, portions of the jacket
had fallen off. After twenty bends, the shield was
fully exposed. The samples exposed to 3.2 x 109

R had charred and crystallized jackets. The
cables were stiff until the jackets were destroyed
from bending, but the dielectric was only slightly
affecced.

The attenuation tests for all samples
receiving up to 1 x 109 R showed no degradation;
the samples that were exposed to 3.2 x 109 R



exhibited an increased attenuation of 0.8 dB/m due
to damage of the dielectric. All samples up to
1 x 109 exhibited normal levels of return loss. The
60-cm samples were typically better than 28 dB
return loss up to 1 GHz, with a maximum voltage
standing wave ratio (VSWR) of 1.08:1. Between 1
and 1.8 GHz, the return loss was better than 25 dB
(VSWR=1.12:1). The 15-m sections of the same
groups exhibited return losses of 25 dB
(VSWR=1.12:1) below 1 GHz, and 20 dB
(VSWR=1.22:1) between 1 and 1.8 GHz. The
maximum return loss for the cables exposed to
3.2 x 109 R was the same as for the other samples;
however, the nulls in the curves were not as deep,
indicating an increase in the attenuation of the
cable.

Both physical and electrical analyses were
performed on the cable connectors to determine
the effects of radiation damage. Because teflon is
a common dielectric material used in RF
connectors, the physical integrity of these devices
was uncertain. Tests determined that the integrity
of the connectors was unaffected, provided the
connectors were not subjected to abnormal stresses.
The Type-N connectors on the cable samples were
connected and disconnected as many as ten times
during the course of the electrical testing without
showing either electrical or mechanical degradation.
It should be noted, however, that the connector
design chosen for these tests used the rigid center
conductor of the cable to support most of the
stresses placed on the center pin of the connector;
thus, the teflon insert of this connector
configuration had little force applied during normal
operation.

The cable adapters and terminators tested
did not maintain the same level of integrity. Type-
N- to- BNC adapters that were used to protect the
ends of the cables employed a center pin retained
by a teflon retainer disk, which would crumble
during removal of the adaptor, releasing the center
pin. Teflon retainers in the Type-N terminators
would likewise crumble during removal of the
adapter from the cable. The resulting lateral
stresses on the ceramic resistive element would
cause the element to break. Such connector
failures could be eliminated by replacing the teflon
parts with ceramic disks and spacers. Additionally,

the metal-oxide film used to construct the
terminating resistors changed value when exposed
to doses of 1 x 109 R. Typically, the resistance of
a 50-Q terminator went to -200 Q as the oxide
film degraded. A terminator with a bulk graphite
resistive element would provide better tolerance
of the radiation environment.

In summary, the leaky coaxial cable
samples showed no sign of electrical degradation
after being exposed to 1 x 109 R. The
polyethylene jacket developed cracks but would
present no problem unless the cables were flexed
after receiving a significant exposure. The coaxial
connectors and adapters should exhibit a strong
mechanical design, ideally with ceramic elements
substituted in place of teflon. Also, the use of
connectors should be kept to a minimum to
maintain jacket integrity on the cable.

CONCLUSIONS

Overall, leaky coax can serve as a cost-
effective means of RF communication in remote
facilities, whenever close-spaced coupling of
adjacent cables can be implemented (e.g., along
crane rails and in camera couplers). Furthermore,
the large inherent bandwidth of leaky-coax
couplers can accommodate large numbers of
channels to support complex servomanipulator
systems with multiple viewing cameras at low cost
and size. Finally, the excellent radiation hardness
(>109 R) of the commercial cables cited here
ensures their suitability to a wide range of
difficult remote system applications.
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