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Preface

This quarterly publication provides archival reports on developments in programs
managed by JPL's Office of Telecommunications and Data Acquisition (TDA). In space
communications, radio navigation, radio science, and ground-based radio astronomy, it
reports on activities of the Deep Space Metwork (DSN) and its assoctated Ground Com-
munications Facility (GCF) in planning, in supporting research and technology, in imple-
mentation, and in operations. Also included is TDA-funded activity at JPL on data and
information systems and reimbursable DSN work performed for other space agencies
through NASA. The preceding work is all performed for NASA's Office of Space Track-
ing and Data Systems (OSTDS).

In geodynamics, the publication reports on the application of radio interferometry
at microwave frequencies for geodynamic measurements, In the search for extraterrestrial
intelligence (SETT), it reports on implementation and operations for searching the micro-
wave spectrum. The latter two programs are performed for NASA's Office of Space
Science and Applications (OSSA).

Finally, tasks funded under the JPL Director's Discretionary Fund and the Caltech
President’s Fund which involve the TDA Office are included.

This and each succeeding issue of the TDA Progress Report will present material in
some, but not necessarily all, of the following categories:

OSTDS Tasks:

DSN Advanced Systems
Tracking and Ground-Based Navigation
Commnunications, Spacecraft-Ground
Station Control and System Technology
Network Data Processing and Productivity
DSN Systems Implementation
Capabilities for New Projects
Networks Consolidation Program
New Initiatives
Network Sustaining
DSN Operations
Network Operations and Operations Support
Mission Interface and Support
TDA Program Management and Analysis
GCF Implementation and Operations
Data and Information Systems

OS8A Tasks:

Search for Extraterrestrial Intelligence
Geodynamics
Geodetic Instrument Development
Geodynamic Science

Discretionary Funded Tasks
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A High-Performance Hybrid RF isolation Amplifier

G. L. Stevens
Communications Systems Research Section

A high-performance hybrid RF Isolation Amplifier (Iso-Amp) has been developed at
JPL. The circuit exhibits a unique combination of RF characteristics at performance
levels exceeding those of any commercially available device. Recent improvements in the
design have resulted in significantly higher reverse isolation, a four-fold increase in band-
width and improved reliability. These devices are very useful in RF and IF signal condi-
tioners, instrumentation, and signal generation and distribution equipment. These Iso-
Amps should find wide application in future DSN and R&D RF systems.

I. Introduction

In 1976 a two-stage RF amplifier exhibiting very high
reverse isolation and well-controlled impedance levels was
designed at JPL.! The circuit was hybridized and several hun-
dred of these hybrid Iso-Amps were used in JPL R&D systems
including delay-stabilized microwave links for reference fre-
quency distribution and various muitiple output distribution
amplifiers.

&« Recently, an additional sixty Iso-Amps were used in an
Allan variance frequency stability analyzer where the high
reverse isolation of this circuit was needed. Unfortunately, this
group of devices, built under contract to JPL, had an unac-
ceptably high failure rate. Within the first few months of
operation, four of the sixty hybrid Iso-Amps had catasirophi-
cally failed and others were suspected of intermittent bursts of
noisy operation. Failure analysis of these four Iso-Amps indi-

!By J. MacConnell in JPL's Communication Systems Research Section,

cated that the failures were due to poor construction tech-
niques, sloppy component mounting and wire bonding, and
little or no quality control. A decision was made to replace all
sixty hybrids in the frequency stability analyzer. The replace-
ment parts would have to be built by a firm whose workman-
ship and quality assurance standards were better than those
of the previous supplier.

Prior to interviewing manufacturers of RF hybrid circuits it
was decided to see if it might be possible to extend the RF
performance of the circuit. The result of this effort was a
modified circuit with 10 dB higher reverse isolation and
with the upper frequency range extended from 100 MHz to
400 MHz.

After interviewing several leading manufacturers of thick-
and thin-film RF amplifiers, a fixed-price contract was let
to a corporation in Florida to hybridize the modified Iso-
Amp design and produce 300 units. Monitoring of the con-
tractor was provided during the engineering and manufactur-
ing phases by JPL engineering and quality assurance personnel.



Approximately 100 of the new hybrid Iso-Amps have been
installed in the frequency stability analyzer and other R&D
systems. No failures have occurred with these units and the
improved performance provided by the modified design will
benefit future DSN and R&D systems,

li. Functional Description and Applications

There are dozens of companies within the U.S. and abroad
which manufacture monolithic and hybrid RF amplifiers.
Hundreds of off-the-shelf devices are available which provide
the RF engineer with a wide selection of easy to use gain
blocks sporting various combinations of gain, bandwidth, noise
figure, input and output standing wave ratio (SWR), and out-
put compression level, Packaging options include flat packs,
dual in-line devices, transistor outline (TO) cans, and connec-
torized modules. Recently, a number of wide bandwidth,
monolithic silicon RF amplifiers have been introduced which
are housed in tiny, 70 mil microwave transistor packages.

With this vast selection of commercially available devices,
why would we want to design another RF amplifier? Could
our requirements be so different than those of other RF engi-
neers to justify the expense of designing and hybridizing a
custom part? In what ways does the perforniance of the
Iso-Amp excel over the commercially available parts?

The hybrid Iso-Amp was designed to have the following
characteristics:

(1) Very high reverse isolation (greater than 50 dB at
400 MHz)

(2) Very good input impedance match in 50 ohm sys-
tems (input SWR less than 1.10:1)

(3) Output power level capability of at least +16 dBm
(4) Gain of approximately 7 dB
(5) Wide band operation (0.4 to 400 MHz)

{6) Single suppiy voltage operation with low power con-
sumption (+15V at 45 mA).

(7) Easily inserted package for 50 ohm microstrip systems

(8) Exceptional RF performance at a moderate cost

High reverse isolation and accurate input impedance con-
trol were the primary Iso-Amp design poals. Wide bandwidth,
large signal handling capability, single shpply operation with
low power dissipation, and moderate cost extend the useful-
ness of the part to a broad spectrum of applications.

Reverse isolation is a term describing the reverse transmis-
sion loss through a device. It is a measure of the “‘reverse
leakage” of a signal applied at the output of the device and
measured at its input. Although the RF designer is normally
concerned with signals flowing unidirectionally from inputs
toward outpus, there are numerous RF design situations
requiring amplifiers which can effectively block those “wrong
way” signals.

Muitiple-output distribution amplifiers (DAs) accept a
single RF or IF input which is amplified and then split to pro-
vide several identical outputs, These devices are used in situ-
ations where there are multiple users of a single signal. DAs
are used, for example, in DSN tracking stations to supply
reference frequency signals (originating in a single atomic
frequency standard) to many separate pieces of equipment
and systems. It is very desirable for the DA to have high
isolation between its output ports. This will insure clean,
stable outputs on all ports even if one output is corrupted by
an unstable terminating impedance, or by signals or noise
emanating from poorly designed or fanlty equipment. An Iso-
Amp placed in series with each of the DA’s outputs will pro-
vide very high isolation between these ports.

Another application which sometimes requires high reverse
isolation is in receiver or instrumentation IF strips. Local oscil-
lator leakage through a mixer may contamijnate the preceding
RF or IF stages, adversely affecting other users of that signal.
An [so-Amp placed ahezd of the mixer will block the LO
leakage and maintain the purity of the input signal.

The use of high-isolation buffers is often necessary where
RF signals must enter an exceptionally noisy environment. An
example of this occurs in frequency-multiplying phase locked
loops, where a sample of the voliage controlled oscillator’s
{VCOQ'’s) output signal must be supplied to a digital frequency
counter. Switching transients and noise from the digital logic
will not only add to the output of the VCO but may modu-
late the signal as well. This spectral contamination can be
avoided by isolating the output of the VCO from the noisy
digital circuitry. 5

Accurately controlled input impedance was also an impor-
tant design goal in the development of the hybrid Iso-Amp.
The Iso-Amp was designed to operate in 50 ohm systems and
its input provides an exceptionally good terminating imped-
ance over 2 wide bandwidth. This characteristic is useful when
working with devices whose RF performance is sensitive to
impedance levels, such as mixers, reactive filters, equalizers,
directional couplers, power splitters, bridges, and transmission
lines.
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The versatility of the hybrid Iso-Amp stems from its unique
combination of RF characteristics. There are, of course,
alternate solutions to design problems requiring high isolation,
excellent impedance matching, and high output level
capability.

High reverse isolation can be achieved by using a cascade of
several general purpose RF amplifiers with suitable interstage
pade to control the overall gain. Care must be exercised during
the design to insure an acceptable noise figure and dynamic
range. With proper design, packaging, and construction, high
isolation will be realized from the chain of devices. Compared
to using a single device, the concatenation will occupy mere
board space and require more construction time. It will likely
consume more power from DC power supplies, dissipate more
heat, and have a higher overall parts cost.

Applications requiring a broadband RF amplifier with low
input SWR can be satisfied by placing a fixed pad between the
signal source and a high-SWR amplifier. If the required input
SWR is very low, the pad’s value may be large. The overail
noise figure of the padf/amplifier combination is increased by
the pad’s value, and similarly, the gain is reduced by that
amount. An addijtional stage of gain may be necessary to com-
pensate for the lossy, impedance-matching pad. Again, the
costs of using this approach include higher circuit complexity
and increased design effort.

fil. Circuilt Description

A schematic diagram of the modified Iso-Amp circuit is
shown in Figure 1. The circuit employs two camplementary
stages to achieve s high reverse isolation, good impedance
matching, and large signal handling capability. Recent modi-
fications to the circuit include:

(1) Frequency compensation (resulting in quadrupled
bandwidth)

(2) Better transistors (resulting in higher reverse isolation
and improved reliability)

(3) Changes in the output biasing (to eliminate a possible
source of noise)

(4) Additicnal power supply decoupling (for Improved
isolation)

The input stage was designed to provide a good impedance
maich in 50 ohm systems and to exhibit very high reverse
isolation. A pair of bipolar microwave transistors are con-
nected in a common-base, complementary circuit. The input
signal is fed through a 44 chin resistor (R1) to both emitters.

With a collector current of 10 mA, the AC impedance looking
into the parallel emitters is 6 ohms, The total input impedance
is

Zm = 44+ 6 = 50 chms

DC bias voltages for the input transistor bases are derived
from the voltage divider consisting of R3 through R6. The cal-
lector current of 10 mA is then established by the emitter
resistors (R7 and R8) of 150 ohms each. R9 is the collector
load resistor for the first stage. The total AC load presented to
the first stage is the parallel combination of this resistor and
the input impedance of the output amplifier. The net collector
load impedance is 40 ohms and the common-base configura-
tion of the circuit establishes a current gain of unity. This
results in a voltage gain of approximately 0.8 (or about -2 dB)
for the input stage.

PNP and NPN transistors are used in complementary con-
figurations in both stages of the Iso-Amp. This allows the Iso-
Amp to handle large RF signals with good linearity while con-
suming a modest current from its power supply.

The output structure developed for the Iso-Amp is best
described by using separate DC and AC models.

In terms of DC biasing, transistor Q3 and its associated
circuitry operate as a current source, Resistors RI1 and R12
form a voltage divider across the supply voltage, holding Q3’s
base at about +11.5 volts. Approximately 2.75 volts appear
across the series combination of R1é (68 ohms) and R17
{20 ohms) resulting in an emitter (and collector) current of
31 mA. This DC bias current is fed to the collector circuit of
transistor Q4.

Approximately 5 mA of this current are diverted through
the resistive divider consisting of R13 (390 ohms), R14
(820 ohms), and R15 (300 ohms). The DC voltage seen by the
base of Q4 is proportional to the voltage appearing on its col-
lector. In operation, the voltage at Q4’s collector will rise to a
level sufficiently high that its base voltage avercomes the base-
emitter drop of 0.8 volts, At this point, Q4’s increasing con-
duction slows the rise of collector voltage, Bias equilibrium is
attained when the coliector voltage reaches +7.5 velts. This
circuit creates a “stiff” voltage source and the final collector
voltage is quite insensitive to bias current changes.

The biasing arrangement of the output stage is, then, a
current source driving a voltage source. This leads to a very
stable DC operating point for the transistors. Collector current
and collector voltage are independently controlled with this
arrangement and each is accurately maintained over normal
variations of power supply voltage and temperature,



Consider the AC model of the output stage. The two tran-
sistors operate in parallel. Examination of the schematic
reveals that, for AC signals, both transistor bases are tied
together, as are the emitters and collectors. The output stage
can therefore be analyzed as if it were a single transistor am-
plifier employing emitter degeneration and collector voltage
feedback. The voltage gain of this stage is given by:

e
where
R, = the collector load impedance
and
R_ = the total emitter impedance

The input impedance of this stage is

2, = —
in 1+4,

where

R, = the unbypassed feedback resistance
and

A, = the voltage gain of the stage

With the component values shown in Fig. 1, the second
stage input impedance is 68 ohms (including the. loading
caused by bias resistors) and its gain is approximately
-2.8 V/V,or 9 dB.

The net gain of the complete, two stage [so-Amp is

Gooamp = "20B+9dB = +7dB

V. Breadboard Activiiles

Several changes in the Iso-Amp design were introduced
during the recent modifications which resulted in improved
RF performance. A number of breadboard circuits were built
and tested during this activity. The first breadboards were
buijit on copper-clad substrates using leaded components. Com-
ponent leads and interconnecting wires were kept as short as
possible to minimijze signal radiatjon and parasitic inductance.

Once a candidate design was obtained, it was clear that a
better breadboarding technique would have to be employed
during the final circuit refinements and RF performance veri-
fication. The deleterious effects of component leads and the
layout restrictions imposed by using packaged devices were
clearly affecting the circuit’s RF performance at frequencies
beyond about 250 MHz. A better breadboarding technique
was also desired to simplify replication of the circuit. Several
identical breadboards had to be built and tested to determine
the repeatability of the design’s RF performance.

A two-sided printed circuit board was designed for the final
breadboarding activities. Chip capacitors, 1/8 watt carbon
composition resistors, and microwave transistors were surface
mounted on the 4.0 X 2.8 cm (1.6 X 1.1 inch) boards, Plated
through holes provide low inductance connections to the solid
ground plane on the back of the boards. Several of these final
breadboards were built and tested, confirming the repeatabil-
ity of the modified design’s RF performance. One of these
breadboards is shown in Fig. 2.

V. Hybrid Circuit Implementation

The internal circuitry of one of the new hybrid Iso-Amps
is shown in Fig. 3. The metal cap which would normally be
welded in place over the circuitry was left off of this sample
part. A 12.ead, circular TO-8 hybrid package measuring
1.52 cm (0.600 inch) in diameter provides the hermetically
sealed environment for the thick film circnit.

All cireuit elements within the hybrid circuit are either
printed on or mounted on an alumina substrate measuring
approximately 0.91 X 0.91 X 0.038 cm (0.36 X 0.36 X 0.015
inch). Initial processing of the substrates is performed on
arrays of 9 or more substrates. Conductive circuit traces are
added by the thick film process wherein gold-bearing ink is
screened onto the substrate arrays in a pattern matching the
desired metalization. Volatile solvents are subsequently
removed in g drying process. The arrays are then fired at high
temperature in an inert atmosphere, fusing the goid alloy
conductors to the alumina substrates.

Thirteen of the nineteen resistors in the circuit are thick
film and the balance are thin film devices. The thick film
resistors are printed on the arrays with resistive inks. The ends
of each resistor overlay the edges of conductors establishing
the circuit connections. The subsirate arrays are again dried
and fired in a process similar to the one used for the circuit
conductors. Initial resistance values are intentionally made
slightly lower than desired since the thick film resistors are
subsequently laser trimmed to their final values.



Chip capacitors, thin film resistor networks, and transistor
dice are bonded to the substrate arrays with electrically
conductive epoxy. The arrays are separated into individual
substrates which are then bonded to the metal headers of
the hybrid packages. Additional circuit connections are
added with gold wirebonding. Due to the very small wirebond
pads on the microwave transistors, 0.0018 cm (0.0007 inch)
diameter gold bond wire is used to make base and emitter
connectionrs on all transistors. Other wirebonding, including
connections to the header’s base and pins, is performed with
0.0025 cm (0.001 inch) diameter gold wire.

Following inspection and initial electrical testing, the
hybrid circuits enter an oxygen free environment where
the metal covers are electrically welded to the headers, her-
metically sealing the integrated circuit. Final electrical testing
and case labeling are the last steps in the manufacturing
Process.

VI. Electrical Performance

Table 1 shows the typical RF performance of the hybrid
lso~Amps. Differences between the breadboard and hybrid
I[so-Amps are insignificant with the notable exception of the
reverse isolation. The reverse isolation of the hybrids is typ-
ically three or four dB Jower than the performance obtained
with the breadboard circuits. This may be due to slightly
better grounding in the breadboards or it may be a conse-
quence of shrinking the size of the circuit to a tenth of a
square inch and mounting it in a package whose input and
output pins are separated by only 1.0 cm (0.4 inch). A stray
coupling capacity of only 0.05 picofarads between the RF
input and output pins would, in fact, limit the device’s isola-
tion to about 62 dB at 100 MHz (a typical value for these
hybrid Iso-Amps).

The two port scattering parameters of a typical hybrid
Iso-Amp are given in Table 2.

Vil. Applications Considerations

Since the hybrid Iso-Amp was designed to operate with
relatively low power consumption, heat sinking is generally

not a problem. In most applications the hybrid is soldered
into a microstrip circuit board, with the base (header) of the
circuit in intimate contact with a copper clad ground plane.
This mounting configuration provides adequate heat sinking
for the circuit without resorting to metal clamps or special
heat sinks sometimes required with higher dissipation devices.
Thermal resistance at the casefground plane junction can be
further reduced by adding a small amount of heat sink prease
at this point when mounting the circuit. This precaution pro-
tects the [so-Amps when they are operated in high tempera-
ture environments.

Some applications require higher reverse isolation than a
single Iso-Amp can supply. Simply cascading a pair of these
devices on a microstrip board does not double the reverse
isolation. Signal leakage between output and input microstrip
traces limits the isolation. Imperfect grounding and insuffi-
cient power supply decoupling can also adversely affect the
cascade’s ultimate isolation. Careful design, layout, and
shielding can, however, yleld lso-Amp cascades with very
high isolation.

Shown in Fig. 4 is an isolation amplifier module developed
for the Allan Variance Frequency Stability Analyzer. Con-
tained within this module are two independent cascades con-
sisting of a concatenated pair of the hybrids with an interstage
pad to control the overall gain. Careful attention to grounding,
power supply decoupling and shielding (including beryllium-
copper finger stock shields) was necessary to achieve reverse
isolations in excess of 110 dB at 100 MHz.

VIll. Conclusion

The hybrid RF isolation amplifier described in this article
exhibits a unique combination of RF characteristics in a single
easy to use package. This circuit provides an economical solu-
tion to many RF design problems requiring high reverse isola-
tion, good impedance matching and high output level capabil-
ity. Useful over a frequency range spanning ten octaves, these
hybrid amplifiers should find wide application in future DSN
and R&D RF systems.
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Table 1. Hybtid tso-Amp typleal AF performance

Gain 7dB
Frequency Response Flat to within 0.5 4B from 2.0 to
to 350 MHz

~1.0dB at 1.3 and 400 MHz

-1.0dB at (.4 MHz with external
0.1 microfarad bypass capacitor
from pin 9 to ground

Reverse Isolation 85dBat 3 MHz
62 dB &t 100 MHz
51 dB at 400 MHz

Input SWR Less than 1.1 from 3 to 400 MHz
Output SWR Less than 1.75 from 3 to 100 MHz

1 dB Qutput Compression Level  Greater than +16 dBm

Third Order Intercept Point +27 dBm

Noise Figure 12.5dB

DC Powsr +15 Vatd5 mA
{Dissipation = 675 mW)

Package 1.52 em (0.6 in.) diameter, 12 lead,
hermetic TO-8

Table 2. Typical hybrid Iso-Amp scatlering parameters

Frequency, Input Return (S11) Forward Gain (821) Reverse Isolation (§12) Qutput Return (822)
MHz dB Angle dB Angle dB Angle dB Angle
3 -28.0 -138 1.06 -176 -B7.3 18 -27.6 -145
20 -30.6 ~178 7.00 175 ~76.0 58 -27.5 -142
100 -31.1 146 7.29 155 624 69 ~17.5 -133
200 -31.0 117 7.56 129 -56.7 62 -12,5 =155
300 -30.2 96 7.46 100 -54.4 53 -10.3 178
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Fig. 1. RF Iso-Amp schematic diagram

Fig. 2. RF Iso-Amp breadboard



Fig. 4. Isolation Amplifier module for the Allan Variance Frequency Stability Analyzer
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Optimizaiion of Antenna Structure Design

R. Levy
Ground Antenna and Factlities Engineering Section

Optimality criteria design is applied for large antenna structures with multiple con-

straints on microwave performance.

The cunstraints are on accuracy of the structure:

restrictions on the microwave pathlength error, and the antenna pointing error. The
examples given show convergence to low-weight feasible designs that satisfy the con-
straints. Truss-member sizes are automatically selected from tables of commercially
available structural shapes, and approximations resulting from the method of selection are
Jound moderate. The multiple constraint design is shown to be more effective in meet-
ing constrainits than the old envelope methud. For practical structures, the new desigh
method can be performed within reasonable core size and corv:nutation time.

. Introduction

Structure design optimization theory and its application to
4 number of classical or academic problems have been described
in the past two decades (14). Consequently, there are now
theoretical design approaches to obtain low-weight structure
designs that satisfy a variety of constraints on structure per-
formance and safety. In particular, design approaches that use
optimality criteria (Refs. 1, 6,7, 10 and 15) are feasible for
the design of structures with large numbers of degrees of
freedom and/or design variables.

This article describes a specific application of the opti-
mality criteria method to design structures that satisfies con-
straints on compliance, member tension, and buckling stresses,
The mode] contains several thousand members and degrees of
freedom and tens to hundreds of design variables, substantially

more than encountered in design optimization models described
in research literature, The emphasis here is on the design of a
microwave antenna backup structure for which the design

variables are the areas of the truss rod members or the thick-
nesses of membrane plates. Microwave performance con-
straints limit: (a) the root-mean-square of microwave path-
length deviations from a surface thuat is a best fitting alternative
to the originally specified surface and (b) the antenna boresight
pointing error. These constraints are functions of the dis-
placements of the nodes of the structure that support reflec-
tive surface panels and must be satisfied for gravity and wind-
pressure loadings at specified operational wind speeds. Stress
and buckling constraints for gravity and operational wind.
speed loadings tend to be benign, but can become significant
at higher wind-speed survival conditions, or at other nonopera-
tional environmental conditions.



The following discussions provide a brief review of the
optimality criteriza method and the pathlength error constraint.
A new method that formulates pointing error constraints is
introduced. A practical selection of structural members from
tubles of commercially available shapes is also described,
Results from trial designs are given for the new 34-m (112-f1)
diameter ground DSN antenna shown in Fig, 1. Histories of
the design progress and comparisons of the efficiencies between
the simple sequential envelope method designs and new
designs that treat multiple constraints simultaneously are
given. Another example compares the selection of design
variables from commercial shape tables with the traditional
assumption of a continuous spectrum of shapes,

. Problem Formulation

Large ground antennas are essentially membrane-type struc.
tures in which the finite elements are rods (major) and plates
(minor). Consequently, only the three translational degrees of
freedom for displacements and forces at tie structure nodes
are needed, For brevity, only rod element areas (design varia-
bles) with identical material properties are discussed. The
extensions to include the thicknesses of membrane plates as
additional types of design variables and to treat members of
different materials are straightforward (Refs. 7, 11, and 13).

A. Optimality Criteria Method

A brief formulation is provided for background. Further
details, variutions, and implementation strategies are available
in the literature (Ref. 1, 7, 10, 13, and 15).

The key components of an optimization problemn formula-
tion are the objective function and the constraints, Here, the
design objective is to minimize structure weight, or equiva-
lently, volume, given as

N

Z La,

=1

V= (1

in which a; is the cross-sectional area, L, is the length, and  is
the index within a set of M design variables. Primary constraint
equations are expressed as

Pyl

laf

G,= j=1, K (2)

N
- C}* <0
i=

In Eq. (2), F; is a sensitivity coefficient such that the virtual
work of the ith design variable for the fth constraint is
FyLJa;. When the design variable group consists of only a
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single member, the sensitivity coefficient is the product of the
stress resuitant (bar force) for a specified external loading
and the stress resultant for an associated virtual (dummy)
loading divided by Young’s modulus. When the group contains
more than one member, the length-weighted average product is
used to compute the coefficient, and the length assigned to the
group is the total length of members, C;* is a prespecified
bound on the virtual work. In particular, when the displace-
ment in a particular direction at u given node is the constraint,
then C;* is that displacement bound and the virtual load is a
unit load applied at that node and in that direction. Stress
constraints for rod members can be converted to extension
constraints, and the virtual loading vector consists of a pair of
collinear self-equilibrating loads applied at the terminal nodes
of the member. Antenna pathlength or pointing error con-
straint virtual loadings consist of particular vectors with com-
porents at afl nodes that support surface panels,

Secondary constraints on the design variables can be
imposed gs

(3)

in which g; and a; are either user-established lower and upper
bounds on the design variable 4, or dynamic adjustments con-
structed by algorithm. A possible replacement for a primary
stress constraint is a lower bound side constraint developed by
the stress ratio method. The replacement could produce signif-
icant computational savings and is valid for members that are
not strongly affected by structural redundancy.

Equation (2) can be written as

G = C.-C}*

;=G 4)

where C; is the realized value of the virtual work for the jth
constraint and is given by the summation term of Eq. (2).

It is useful to define a constraint ratio, Dy, for which values
greater than unity indicate an unsatisfied constraint. This can
be computed as

D = CI/C:'* (5)

/

The optimality criteria for the design variables for this problem
are

K
& =;E FA =1 K
=1

(6)



in which the X, are nonnegetive Lagrangian multipliers to be

determined from solution of the following auxiliary problem:
NG =0 j=1,--- K (7)

Strategies for solution of Eq. (7), typically either by Newton’s

method or a recursive approximation, have been discussed
elsewhere (Refs. 5, 6, 10, and 15).

The sensitivity coefficients, F y+ are assumed to be indepen-
dent of the design variables, but structural redundancy weakens
this assumption, so that the design must be approached
iteratively through a number of cycles in which the sensitivity
coefficients are recomputed, In the case of antenna gravity
loading, the loads are a function of the design variables, which
reinforces the need for iterative design., “Move” limits are
often imposed upon the relative changes in design variables
between adjacent cycles in an attempt to control the effects
of redundancy or loading changes. These are invoked by
adjustments to the upper and lower bounds on design varia-
bles as expressed in Eq. (3).

B. Antenna Pathlength Constraints

Microwave pathlength errors are determined from the
original geometry of the surface and the deflection vectors of
the surface nodes. Figure 2 shows the surface geometry rela-
tionships. The solid line through the antenna vertex represents
the original ideal paraboloidal surface, and the broken line
represents the deflected surface. The microwave pathlength is
defined as the distance from the aperture plane to the surface
plus the distance from the surface (after reflection) to the
focal point and is shown by line BCP, In the figure, GD is the
deflection vector and dn is the component of the deflection
vector normal to the surface. It can be shown (Ref. 17) that
the half-pathlength error R is given by

R = (BCP - ADP)2 = v_dn (8)

where 7, is the direction cosine of the surfuce normal with
tespect to the focal (Z) axis.

In practice, the pathlength errors are computed from an
alternative paraboloid that best fits the deflected surface. The
best-fitting paraboloid is defined by at most six parameters,
L.e., there are three independent shifts of the vertex paraliel to
the Cartesian X, Y, or Z coordinate axes, one relative change
in focal length, and two independent rotations, one about the
X (parallel to elevation) axis and the other about the ¥ (yaw)
axis, Then the vector of pathiength errors R with respect to
the best-fitting surface can be computed as follows:

R=Au+Bh 9)

in which u is an external loading displacement vector for the
nodes that support surface panels and the components of u are
aligned paralte]l with the Cartesian axes, h is the vector of fit-
ting parameters, and A and B are invariant matrices that con-
tain the geometric relations to transform u and h as required
by Eq. (8). Equation (9) is used as the basis of a least squares
analysic (Ref. 17) to derive h. In particular, we find

h=Hu (10)

in which I7 is again an invarjant matrix derived from A and B
and is equal to

H=-(BWBy'B WA (11)

where W is a diagonal matrix of weighting factors usually
taken to be proportional to the aperture area tributary to each
surface node.

It has been shown (Ref. 8) for a pathlength error constraint
that the virtual loading vector consists of loads directed normal
to the antenna surface at each node that supports surface
panels. The magnitudes of the loads are y* dn, where dn is
with respect to the best-fit paraboloid. When this loading is
employed, the realized virtual work will become the sum of
squares of half.pathlength errors and will be identical to
the error computed by the usual geometric analysis of the
deflections.

It is common to refer to the “rms error” of a paraboloidal
antenna by the root-mean-square half-pathlength error from
the best-fitting paraboloid, This is derived from the weighted
sums of squares and the sums of the weighting factors,

In the cases of gravity loading, the pathlength errors at
particular antenna elevation angles are computed for the dif-
ference in loading between that elevation and the “‘rigging”
angle etevation. The “rigging” angle is the angle at which the
panels are aligned in the field as accurately as possible to the
ideal surface. Also, a single gravity loading can be constructed
to define an appropriate constraint to represent either the
maximum or a weighted average rms antenna pathlength error
aver the range of elevations from horizon to zenith, For either
of these choices, there is an implicit computer algorithm
(Ref. 9) to determine the rigging angle. Figure 3 illustrates
different pathlength error distribution curves from horizon to
zenith for different choices of rigging angle.

C. Antenna Pointing Constraints

Five independent additive components that contribute to
the antenna bhoresight pointing error can be derived from geo-

1



metric optics theory (Ref, 12} for Cassegrain antennas. Defini-
tions of the associated terms and the computational relation-
ships are contained within Table 1. The first two rows of
multiplying factors in the table apply to parameters of the
best-fit paraboloid that can be extracted from the vector h
that was defined in conjunction with Eqs. (2} and (10). How-
ever, as seen from Eq. (10), the inner product of each row of
H with the displacement vector for external loading provides
the corresponding term of h. Therefore, the virtual loading is
derived from the appropriate rows of H multiplied by the
factors of the tabie, AsH is invariant, it needs to be computed
only once for each structure, and it applies to all pointing
constraints.

The virtual loads for the remaining pointing error contribu-
tions, which are in the last three rows of the table, are con-
structed from loads placed at the nodes that define the rota-
tion and translations of subreflector and feed, The magnitudes
of these loads are the tabulated factors times the coefficients
of the equation used to define the rotation or translation. For
example, if the feed translation is defined as the average dis-
placement of two particular nodes in, say, the Y coordinate
direction, the virtual loading consists of loads in the Y direc-
tion at these two nodes with magnitudes of 0.5 times the
factor k/(mf). Furthermore, if part of the pointing error is
correctable by feedback from a sensor or encoder, subtractive
virteal ioading components can be included so that virtual
work derived from this vector will provide the net pointing
error, The virtual loading vector for each constraint is the
union of the components constructed for each contribution to
the pointing error.

lil. Candidate Design Variables

The selection of structural members is usually restricted to
a discrete set of commercially aveilable cross-sectional shapes.
Nevertheless, the optimality criteria (Eq. 6) assume a contin-
uous spectrum for selection of design variables; consequently,
a rigorous approach would employ a different design methed
(Refs. 2 and 16} to deal with the discrete spectrum, The
approach used here, however, is to perform the design first for
a continuous spectrum and then choose the nearest available
size that also meets lower bound stress side constraints, This
approach could theoretically lead to a nonoptimal selection,
but if the available shapes provide a well-graduated set of
properties without significant gaps, the departures from the
optimal selection should become insignificant.

Figure 4 is a sample from one of several tables constructed
for design within the JPL-IDEAS computer program. This par-
ticular table contains pipe and round-tube customary shapes.
Since these tables are assembled from local warehouse stock
lists, the data is in customary 1.S. units. Under the heading
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HANDBOQK SHAPE, there is an abbreviated description of
the section. For example, entry number 2 is a 1-in. (25.4-mm)
schedule 10 pipe with 1.315-in (43.9.mm) outside diameter
and 0.109-in, (2.7-mm) wall thickness. The cross-sectional area
and radivs of gyration are tabulated under the headings
AREA and RAD. The load table contains allowable compres-
sion loads in kips (4,448 N) for the span lengths listed at the
top. These loads are based upon the buckling stress formulas
for ASTM A-36 steel in the ASCE design guide (Ref. 4). The
design tension stress is also based upon the design guide, but
the allowable loading can be reduced by a percentage to cor-
rect for reduced cross sections at connected ends, )

The table is used to set the lower bound side constraint for
compressive loads by using member length, maximum load for
all loading cases, and the buckling stress formula. The nearest
shorter-span-length column is searched for the first section
with a larger allowable load, and the buckling formula is
applied to determine the allowable load using the member
length with the area and radius of gyration of the identified
section, If the section is found to be inadequate, the section in
the next lower row of the table is tested until an adequate
shape is found. The shapes are listed in the table in the order
of increasing area so that the search finds the lightest member
to carry the load. Allowable loads tabulated as zero indi~ate
that the slenderness ratio for that entry would be greater
than an arbitrary limit of 200, The table is also used in each
cycle after execution of the design algorithm to find the shape
consistent with the lower bound side constraint that is closest
in area to the one determined by optimality criteria.

1V. Example Applications

Structure models for the 34-m antenna examples that fol-
low are extracted from design studies of NASA DSN antennae
(Fig. 1) scheduled to be installed in California and Australia in
1985, Design optimization will be described only for the tip-
ping structure, which consists of quadripod, reflector backup
structure, and elevation wheel. Design of the alidade, which
supports the tipping structure at the elevation bearings and at
the elevation-wheel pinion, is relatively simpler and is not
described here.

The tipping structure analytical model contains approxi-
mately 1145 nodes, 3400 unconstrained displacement degrees
of freedom, 3900 rod members, and 90 membrane plates, and
is redundant to about the 500th degree. The quadripod con-
tains about 200 nodes and consists of four towerlike legs
connected to an apex structure that supports the subreflector,
The backup structure (Fig. 5) consists of 24 main and 24 second-
ary radial rib trusses, 12 circumferential hoop trusses, and
other bracing. Parasitic reflective surface panels that support
only their own weights and local surface loads are attached to
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450 front nodes of the rib trusses. Eight of the main rib
trusses are connected to and are supported by an octagonal
frame of the elevation-wheel structure,

The elevation wheel (Fig. 6) contains about 30 nodes,
provides the transition from backup structure to alidade, and
supports the elevation-whsel bull gear. Backup structure and
elevation-wheel structures are redundantly connected at eight
points, which complicates their design, Design of the quadri-
pod members is less affected by redundant coupling. Individual
bar and plate member elements are grouped for fabricational
convenience into 190 distinct design variable groups.

A. Design for Performance Constraints

Simultaneous rms pathlength and pointing error constraints
are imposed for gravity and wind loadings. The antenna rigging
angle is established to make the pathlength errors for gravity
loading equal at horizon and zenith antenna elevations.

The design example here is subjected to the nine pathlength
and pointing error constraints listed in Table 2. These nine
constraints are known to be the most demanding for this
model. No primary stress constraints are imposed; all stress
requirements are treated as side constraints with minimum
sizes established, as described previously, from commercial
shape tabies. .

Although the performance constraints are specified for
operational wind speeds of 13.4 m/s (30 mph), the structure
must withstand wind speeds of 31.2 m/s (70 mph) at any
orientation and 44.7 m/s (100 mph) when stowed at the zenith
glevation, To satisfy these requirements, the wind-pressure
loadings applied for design are at the higher wind speeds, and
the allowable value for the constraint is increased accordingly.

The computer run was limited to six analysis cycles and five
design cycles. Figure 7(a) shows the cyclic progression histories
of structure weight and of the most severe constraint ratio,
Note that the designs at cycles i, 2, and 4 are not feasible
because of constraint ratios greater than unity. Nevertheless,
the discrepancy at cycle 4 between actual and predicted con-
straint ratios indicates that the design procedure operated
correctly in cycle 3 by developing a design with a predicted
constraint ratio of unity. Unfortunately, the effect of struc-
tural redundancy produces the unanticipated response in
cycle 4. The move limit used to control redundancy is equal to
1.5, which requires each design variable to be at least 2/3 and
not more than 3/2 of its value in the prior cycle, A smailer
move limit could have overcome part of the excessive con-
straint ratio at cycle 4, but would have caused additional
problems at cycle 2. The predicted constraint ratio here is
greater than unity because the move limit activated a sufficient

number of side constraints to prevent the free choices of the
design variables necessary to satisfy the optimality criteria.

Figures 7(b) and (c) show the cyclic constraint ratio histo-
ries for the four pathlength error constraints and for the five
pointing error constraints, These figures show the dichotomy
of pointing and pathlength error performance. One example of
this is seen at cycle 4, where the gravity pathlength error con-
straint is exceeded although the pointing error constraint is
satisfied. Another example is the 0° elevation, 120° yaw wind-
loading case; the pointing error constraint is aiways active, and
yet, except for the first cycle, the pathlength error constraint
never is, Nevertheless, the design in Fig. 7 is successful because
there was no increase in structure weight from the first to the
sixth design cycle, and all nine excessive constraint ratios at
the first vycle became feasible at the sixth.

A more erratic design history is shown in Fig, 8, The struc-
ture model is analogous to but slightly larger than the previous
and has two more constraints. The effect of redundancy is
emphasized by the relatively large move limit of 2.0. This is
assumed to be responsible for the significant constraint viola-
tions at cycles 2, 3. 5, and & since the predicted constraint
ratios, which were close to unity at cycles 3 through 6, indi-
cate successful execution of the design procedure, In particular,
the design at cycle 4, which is 15% lighter than the initial, is
feasible because the ilarge imitizl constraint ratio has been
reduced to unity.

B. Discrete Versus Continuous Design Varizhles

A design that chooses the nearest available discrete shape to
approximate the assumed continuous spectrum for design
variables is compared with a design based upon a continuous
spectrum, The 16-cycle histories shown in Fig, 9 are for design
of the backup structure of a hypothetical 40-m antenna. Sizes
of the design variables for the continuous design case are
determined by the optimality criteria whenever the lower
bound side constraint does not control; but whenever stress or
maximum slenderness ratio governs the selection, the appro-
priate discrete size is chosen. The small move limit of 1.25
was used in an attempt to obtain smooth convergence. The
normalized structural weights plotted were obtained after
feasibility scaling, which consisted of muitiplying the structure
weight by the largest constraint ratio for constraint ratios
greater than unity. The figure shows that the small differ-
ences in weight in the early cycles tend to disappear as the
designs approach convergence.

C. Nuliiple Constraint Versus Envelope
Method Designs

The fast example compares designs obtained by solving for
the Lagrangian multipliers simultaneously to satisfy the mul-
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tiple constraint conditions of Eq. (7) with the old envelope
method (Refs. 1 and 3). The envelope method uses sequential
explicit decoupled solutions for the Lagranglan muitipliers and
applies the optimality criteria to each solution. The final selec-
tion of design variables at each design cycle is the envelope of
maximum values obtained from the decoupled solutions.

The example is for a 34-m antenna tipping structure mode!
similar to the one described at the beginning of this section,
but with only seven primary pathlength and pointing error
constraints. The design history in Fig. 10(a) shows similar
structural weights achieved for the fourth through sixth cycles.
Figure 10(b) shows that both methods have overcome signifi-
cant first-cycle violations of the first, fourth, and fifth con-
straints and that the two methods appear to be equivalent for
the third through seventh constraint ratios, But at the sixth
cycle, the envelope method is not feasible because of the first
and second constraints, while the mulitiple constraint method
is feasible for all seven constraints, Computer run times were
about the same for both methods.

V. Computer Resources

Problernt size and storage capacity for the JPL-IDEAS
computer program is primarily limited by the requirement of
keeping a triangular matrix of maximum wavefront size in
core during stiffness matrix decomposition. ‘The 34-m antenna
problem has a maximum wavefront of 220 degrees of freedom,
which requires core storage for about 55,000 36-bit words to
contain the double-precision decomposition triangle and asso-
ciated pointers. Program source code and other storage bring
the total requirement to 110,000 words. The design program
operates on a UNIVAC 1100/81 computer, which can provide
at least twice this in-core storage, Therefore, problems about
50% larger than this could be processed by the present
program.

One complete design cycle uses 348 central processing unit
{cpu) seconds. Of these, 90 s are associated with the design
problem: 83 s are used for constructing and solving the path-
length and pointing error virtual loading vectors, and the
remaining 7 s are used to determine the Lagrangian multipliers
and apply the optimality criteria. Furthermore, the 83 s for
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vector processing appears to be excessive and could be reduced
significantly by improvement of the present program.

One cycle for statics analysis with no provisions for design
would require 336 s. This time is derived by subtracting
the 90 s used for design and adding 78 s used during a pre-
amble phase of the program to read and provide initial pro-
cessing of input data. The following times, in cpu seconds, are
used for analysis: stiffness matrix decomposition, 209; load-
displacement vector processing, 40;stress resultant recovery, 5;
pathlength and pointing error analysis, 4. A total of 2157 ¢cpu
seconds is used for the six cycles of Fig. 7.

Vl. Summary

The optimality criteria method is reviewed for design of
large ground antennas with performance constraints on micro-
wave pathlength errors. The formulation is extended to in-
clude constraints on antenna boresight pointing errors simul-
taneously with the pathlength constraints,

Examples drawn from practice show that significant per-
formance improvements and low structure weight are achieved
within as few as six cycles of computer analysis and redesign.
Furthermore, optimization was found not to extend maximum
core size requirements and adds only a moderate increase in
the cpu time for a design cycle beyond that of a “standard”
analysis cycle. This implies that computer-automated design
optimization run times could be less than 10 times that for a
single analysis cycle.

A practical method is described to automate selection of
structural member design variables from a discrete table of
commerciaily available structural shapes. An example compari-
son of a discrete shape design with a design that assumed a
continuous spectrum shows no major discrepancies for the
approximations of discrete selection.

An example comparison of the older envelope design
method with the present simultaneous muitipie constraint
design method shows that, although the designed structure
weights are almost the same, the envelope method violates two
of the seven performance constraints.
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Subscripts

List of Symbols

cross-sectional area

lower limit on area

upper limit on area

prespecified maximum value of constraint
computed value for constraint in current design
constraint ratio

normal component of distortion vector
sensitivity coefficient

constraint equation

length

half-pathlength error

volume

direction cosine of the surface

Lagrangian multiplier

Vectors and Matrices

displacement vector

vector of fitting parameters

geometric transformation matrix
geometric transformation matrix
invarient matrix as defined in Eq. (11)

weighting matrix (diagonal)

design variable index
constraint index

reference to the Z axis
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z
l 4 / FOCAL POINT Definitions
- k = beam deviation factor
2 E % ——— SUBREFLECTOR k ~ 0.75)
g2
v X E/ m = magnification factor
halll |
—- ¥ = -
MAIN / " FEED PHASE m = (e+a)fic-a)
REFLECTOR CENTER (m ~5.0-10.0)
VERTEX
X
Contributing Factor
displacement X axis Y axis
Best-fit paraboloid
Vertex shift ~k/f kif
Rotation 1+% 1+k
Subreflector
Lateral translation (0 -lmklf (1 -1/m)kif
Rotation =2 (e -a)klf 2o -a)k/f
Feed
Lateral translation kf(mf) =k{(mf)

Pointing Error = £ (Displacement X Factor)

Table 2. Performance canstraints

Condition

Wind, Elevation, Yaw,
m/s (mph)  degrees  degrees

Half-pathlength
Io0t-mean-square,

Pointing,
arc seconds

mm (in.)
13.4 (30 0 120 0.330 (0.0130) 30.0
13.4 (30) 60 180 0.330 (0.0130) 30.0
13.4 {30} 90 i) 0.330 (0.0130) 30.0
13.4 (30} 90 180 None 30.0
Gravity-worst case: 0.165 (0.0065) 75.0

horizon to zenith
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High Power K -Band Transmitter for Planetary Radar
and Spacecrafit Uplink
A. M. Bhanji, D. J. Hoppe, R. W. Hartop,

E. W. Stone, and W. A, Imbriale
Jet Propulsion Laboratory

D. Stone and M. Caplan
Varien Associates, Inc.

A proposed conceptual design of a 400 kW continuous wave {CW) K - band transmitter
and associated microwave components o be used for planetary radar and serve as a proto-
type for future spacecraft uplinks is discussed. System requirements for such a transmit-
ter are presented, Performance of the proposed high-power millimeter wave tube, the
gyroklystron, is discussed. Parameters of the proposed power amplifier, beam supply,
and monitor and control devices are also presented, Microwave transmission line com-
ponents consisting of signal monitoring devices, signal filtering devices, and an overmoded
corrugated feed are discussed. Finally, an assessment of the state of the art technology to
meet the system requirements is given and possible areas of difficulty are summarized,

i. Introduction

Due to present user crowding of the S- and X-band micro-
wave spectrums assigned to space exploration and to antici-
pated new user requirements that can be met by higher fre-
quencies, the Jet Propulsion Laboratory has initiated a design
and development program for a next generation K -band
(34 GHz) continuous-wave (CW) transmitter that will first be
used for planetary radar applications where shorter wave-
length offers increased resolution of targets and improved
ranging capabilities. The technology will be transferable’ to
uplink communication with future spacecraft. The scientific
value of a K -band radar can be assessed by breaking the
criteria down into those that rely on the shorter wavelength
to give new information and those that require greater two-
way antenna gain. The shorter wavelength will be especially
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valuable in the investigation of Jupiter’s moons, the rings of
Saturn, and the detection of rain in the upper atmosphere of
Venus. The number of detectable asteroids in a ten-year
span will be enhanced by a factor of 10 due to higher antenna
gain.

The experimental transmitter will be installed on the
64 meter Cassegrain antenna at Goldstone, California (Fig, 1)
(Ref. 1), which is equipped with a rotatable, asymmetric
hyperboloidal subreflector that permits the use of multiple
feed systems at the Cassegrain focus. The subreflector can be
precision indexed to a fixed number of positions that will
allow each feed to properly illuminate the main reflector.
The 64-meter antennas were designed in the early 1960 for
S-band operation and subsequent modifications have resulted



in some 60 percent aperture efficiency at 8.5 GHz (Ref. 1).
A block diagram rf the existing transmitters and the proposed
K,-band transmitter to be installed on the 64 meter antenna
is shown in Fig. 2. To achieve a reasonable antenna efficiency
at the 34 GHz band, an upgrade of the antenna dish structure
and surface panel accuracy is required and is part of a planned
implementation project to extend the 64-meter diameter dish
to 70 meters and incorporate shaped surfaces. The increased
antenna diameter and shorter wavelength are expected to
provide an antenna pain of 84 dB, and with the proposed
400 kW CW transmitter, the K -band radar system will have an
effective radiated power of about 100 trillion watts.

Using an assessment of the state-of-the-art technology, this
article will present a proposed conceptual design and calcu-
lated performances of a 400 kW CW K -band transmitter
including overmoded transmission line components (e.g.,
taper, coupler and a mode filter) and an overmoded antenna
feed system.

. Transmitter System Requirements

The transmitters for radar astronomy systems differ from
conventional radar systems in that they require a high aver-
age power, rather than high peak power, over the bandwidth
required to handle the transmitted signal (Ref. 2). It is also
important that these transmitters be coherent in order to
determine the phase relationships of the returned signals, and
they must have very high phase stability if measurements are
to be made over long periods of time. The transmitter must
also be capable of modulation by a variety of pulse programs
while maintaining the phase and amplitude fidelity and pulse
to pulse stability required for pulse compression systems incor-
porated in the radar.

The performance of a pulse compression system (Ref. 3)
depends upon the transmitter stability, phase response, and
amplitude response to preclude the creation of large time
sidelobes {sputious amplitude responses on either side of the
main compressed signal). By control of these characteristics
and the use of weighting techniques, the compressed pulse
system time sidelobes can be kept below -30 dB. If the trans-
mitter phase pushing is not to degrade this level, spurious
sidelobes due to the transmitter alone must be kept below
~40 dB. The sidelobe level (Ref, 3) is given hy:

SL =120 log—’"—; (1)

where AP is the peak phase ripple during the transmitter pulse.
For a subsystem time sidelobe level of -40 dB, AP =1.15°.

The requirements tor such a radar transmitter are then:
(1) High power
{2) Low incidental phase modulation (jitter)
(3) Phase stability
(4) Low incidental amplitude modulation
(5) Amplitude stability
(6) Frequency stability
(7) Bandwidth
(8) Low harmonics
(9) Low noise
(10) Phase modulation (phase code pulse compression (PN))
(11) Frequency shift keying (FSK)
(12) Linear capability

The above requirements illustrate that high power alone will
not provide the desired CW radar transmitter capabilities.
If this were the case, it might be more easily obtained with an
oscillator instead of an amplifier. Besides the appeal of having
dynamic control of amplitude and phase, the appeal for using
an amplifier is that it eliminates the need for phase locking
an oscillator to a control signal. The control signal itself could,
after amplification, be the transmitted signal.

Based on the above requirements, the K_-band radar trans-
mitter specifications are given in Table 1.

Hi. The Transmitier

As shown in Fig. 3, the transmitter will include an existing
power supply that converts 2400 V, 3 phase, 60 Hz line volt-
age to direct current at up to 90 kV with a power limitation
of 1.1 MW for the gyroklystron (to be described later) ampli-
fier beam. The frequency synthesizer and the exciter will pro-
vide an input signal to this 400 kW gyroklystron amplifier
which will provide approximately a 50 dB power gain (goal).
The avtomated transmitter control will furnish monitoring
and control of all functions, while some 40 protective devices
{interfocks) will prevent damage to equipment by removing
voltage and in some cases drive power in event of a malfunc-
tion, The liquid to air 1.5 MW heat exchanger will be used to
cool the amplifier, the power supply, various auxiliaries to the
transmitter, and microwave components of the transmission
line.

A. High Power Miilimeter Amplifier Tube
The gyrokiystron is a potential candidate.
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1. Requirements background. The requirements of high
power, high gain, ease of modulation and an output spectrum
free from spurious signals and noise makes a klystron linear
beam tube the natural choice for radar. However, at K -band
frequencies, an examination of commercially available linear
tubes shows there are no conventional klystrons, twystrons,
or TWTs that can meet the specifications given in Table 2
(these specifications are derived from the K -band radar trans-
mitter specifications given in Table 1). These conventional
microwave tubes cannot be scaled to 34 GHz (K -band) and
maintain high efficiency and high power because of heat trans-
fer problems in the relatively small electron interaction volume.
The result is that less conventional devices operating in higher
oraer modes (thus larger in circuit area and dissipation capa-
bility) become attractive, and the usual P = K/f? (Ref. 4)
scaling condition can be ignored.

The gyretron (Ref. 5) or cyclotron resonance maser is such
a device. The interaction mechanism responsible for micro-
wave amplification in the so called fastwave device is azi-
muthal phase bunching due ‘o the dependence of the electron
cyclotron frequency on the relativistic electron mass and
magnetic coupling to RF fields in the cavity/waveguide close
to cut-off. Experimental research in this field has produced
some exciting and impressive powers and efficiencies (Ref. 6).

However, these oscillators are not suitable for all applica-
tions {the primary use is for plasma heating) because they
are essentially fixed frequency devices. There is considerable
interest in gyroamplifiers for radar systems and satellite
communications.

Early gyro-TWT amplifier development was promising but
results did not greatly surpass the performance of conventional
TWTs. The reason was that since the gyro-amplifier has a much
longer interaction region than the gyro-oscillator, the destruc-
tion of phase bunching due to velocity spread in the electron
beam is greater. However, improved gun design with a small
velocity spread has led to some significant results. High effi-
ciencies (25%) have been demonstrated in an experimental
C-band gyroTWT at Varian Associates (Refs, 7 and 8). More
recently, Varian has operated a 94 GHz gyroTWT with a 30 dB
gain, 2% bandwidth, output power larger than 20 k¥ and an
efficiency of 8%. The mode of operation is TE, . There is also
ongoing work at the Naval Research Laboratory (NRL) in
Washington, D.C., to develop a wide bandwidth (10%) gyro-
TWT (Ref. 9).

There continues to be interest in developing a.gyroklystron
amplifier consisting of resonant gyro-oscillator type cavities
separated by drift tubes. An experimental gyroklystron is now
being assembled at NRL with the following objectives (Ref.
10): frequency 4.5 GHz (the experkment is being performed at
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C-band due to the availability of a Magnetron Iniection Gun
(MIG) suitable for this frequency range); small signal gain
>40 dB; efficiency >35%; output power >100 kW; and a
bandwidth of about 1%. Measurements will be made to deter-
mine such characteristics as efficiency, pain, bandwidth as a
function of magnetic field, and cavity tuning, An earlier
ORNL K -band gyroklystron (Ref. 11) built at Varian did not
meet design goals of power and efficiency and it was recog-
nized that the principal difficulty with the 28 GHz gyrokly-
stron was oscillation in the drift tubes, which were capable of
supporting propogating modes because the buncher cavities
themselves were designed to operate in the overmoded TE,
mode. However, a great deal of practical engineering informa-
tion has been learned from this first gyroklystron work, and
with the inclusion of Varian's design study of a gyroklystron
for the NASA Lewis Research Center (Ref. 12) and work at
NRL (described above), the gyroklystron appears to be the
natural choice for a JPL K, -band transmitter that will meet
the tube specifications listed in Table 2 for high gain, high
efficiency, high power, and narrow bandwidth. A paper design
of the proposed 34 GHz gyroklystron and its characterization
in terms of efficiency, instantaneous bandwidth, small signal
and saturated gain, AM and PM sensitivity to operating param-
eters, spectral purity, phase stability and noise figure follows.

2. Paper design of JPL gyroklystron. The overall design
considerations for pyroklystrons resemble in many ways the
design procedures for conventional klystron ampiifiers, even
though the gain mechanism involves a beam interaction with
cyclotron waves rather than space-charge waves. Caplan
(Ref. 13) has shown that the same equivalent circuit used for
many years in describing klystrons can be used to describe
gyroklystrons if transadmittance, beam loaded Q’, and beam
reactance are appropriately redefined for a gyroklystron,

The basic design approach is shown in Fig. 4. A Pierce gun
produces a beam which is injected into a wiggler field to impart
the rotational energy to a solid beam and then adiabatically
compressed to the circuit. The circuit consists of 3 buncher
cavities operating in the TE, |, mode and an output cavity in
the TE,,, mode. A small, tapered transition is made to
0.787 in. diameter, at which point there exists a 7-inch-long
mode converter to transform the TE,, circularly polarized
mode to the TE,, circularly polarized output mode. The
waveguide is then tapered optimally to the collector region
where the spent beam is deposited. The down taper region
then leads to a face-cooled double disc 2.5-inch diameter
window.

The gyroklystron circuit consists of a number of cylindri-
cal cavities operating in the transverse electric mode intercon-
nected by cut-off drift tubes through which the rotating
electron beam passes. As in conventional klystrons, the input



cavities and drift tubes serve to prebunch the beam while the
actual rf energy interaction occurs in the output cavity, which
in this case is an open irregular resonator, Designing a circuit
consists of choasing the cavity lengths, drift tube lengths, and
cavity Q's such that when an electron beam of desired voltage,
current and rotational energy is made to pass through the cir-
cuit, the required gain, bandwidth and efficiency will be
cbtained, while at the same time circuit stability against
spontaneous oscillations is maintained.

Because of power handling considerations and mode integ-
rity, the if power cannot be extracted conventionally through
a coupling hole at right angles to the device, but must travel in
line with the beam through an up taper and collector region.

As stated earlier, gyrotron-type devices can operate at high
power and high frequencies; however, this introduces the prob-
lem of suppressing other unwanted modes in the cavity whose
cutoff frequencies are close to the desired mode. Since the
desired output mode in this case is TE,, circularly polarized,
which is the dominant lowest order mode, the choice of this
operating mode for the gyroklystron is desirable since it rules
out mode competition. However, the requirement of 400 kW
CW at 34 GHz demands a higher order mode in the output
cavity if the power densities dissipated on the cavity walls are
to be less than 1 kW/cm? (proven standard heat transfer tech-
nology at this time). Since there is no energy exchange in the
input buncher cavities, these can operate in the TE,, domi-
nant mode, thus eliminating the problem of unwanted inter-
action in the drift tubes. One can now have an overmoded
output cavity, provided the symmetry of the output cavity
mode is compatible with the bunching pattern imposed on the
beam from the TE,;; mode. This then requires the output
cavity to be of the TE,, type; i.e., the azimuthal index 1
must be the same as that for TE,,;. The power dissipation in
such & cavity is given by Ref. 14 as:

fglz PO Qext

K, 2 (L) (1 - E"%)

(2)

P(Wfem?) = 4.8377X 1075

fy = frequency (GHz)
P, = output power (kilowatts)
Q. = external Q of output cavity
K, = transverse mode number for TE__ mode

LfA, = cavity length in units of free space wavelengths

The lowest order mode that will satisfy the criterion that
P <1 kW/cm? is the TE,,, mode with Q,,, < 400 (a require-
ment in order to achieve bandwidth of 0.1%) and (L/A,) >3
(for efficiency).

The overall stability of the gyroklystron amplifier (against
the propensity to become an oscillator) is ensured by using
sufficiently short cavities and low enough cavity Qs such that
the threshold currents required for each cavity to self-oscillate
are above the operating current. A sufficient number of cavi-
ties are then used to achieve the required gain of 50 dB.

As in all gyrotrons, one is required to create an electron
beam with 70-80% of its energy in rotational motion. Two
methods used for producing such a beam are the MIG and the
Pierce punfwiggler configuration. The wiggler configuration
has not yet been used in oscillators as has the MIG, and thus
has not yet had the opportunity to demonstrate, in a direct
caomparison, the capability of generating beams of a quality
(low velocity spread) which equal or surpass MIG beam
quality. One advantage of using the wiggler is that standard
Pierce gun technology can be used, which ensures operation
with a space charge limited beam (resulting in low noise, an
important requirement for radar and communications tubes).

With the output cavity operating in the TE,,, mode, power
must be converted back into the desired TE,; mode and run
into an overmoded waveguide in order for the output window
and collector to handle the CW power requirement. A sym-
metric ripple wall mode convarter will be used to convert
TE,, to TE;, with > 99% conversion efficiency. The collec-
tor will have to be at least 4 inches in diameter for reliable
power handling capability during operation with 1 MW CW of
beam power. This requires tapering up the waveguide to
4 inches and then back down to the “standard” 2-1{2-inch
output window. Non-linear gaussian tapers which can main-
tain 95% mode purity in these tapered sections will be used.
A mode filter will be required in the external transmission line
to remove this last 5% power in undesired modes, which con-
sist mainly of the TE,, TE, 3, as well as TM,;, TM,,, TM ,,
and TM,, modes. The next section will cover the calculated
performances of a few of the tube components and their
parameters, including operating characteristics.

3. Calculated performances and operating characteristics,

e. Circuit design. The calculated performance of the cir-
cuit design consists of a computer-simulated analysis of a
large number of possible circuit configurations, using the small
sipnal gyroklystron gain program for gyroklystron amplifiers
developed at Varian by Caplan (Ref. 13) and a large signal effi-
ciency program.
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For a given set of input parameters, the small signal gain
program calculates gain, beam-loaded Q’s, beam reactance,
transadmittances, cavity amplitudes, and phases, all as a
function of frequency and magnetic field. These results are
then used as inputs to a large signal code, which integrates a
large number of particle trajectories through electric fields
(caiculated in the small signal code) to determine the amount
of enezgy lost by the beam. This code uses an iteration vroce-
dure to determine saturated field amplitude in the las\ cavity.
It is assumed that the field amplitudes and phases in the input
cavities calculated from linear theory are valid even at satu-
ration, since these cavities only serve to prebunch with little
energy extraction. For a final check on the design and per-
formance, an eleborate particle simulation code that uses up
to 5000 particles will be used. Subtle effects such as beam
Ioading on the mode structure can be studied and very accu-
rate estimates of the effects of velocity spread on efficiency
can be caiculated.

A four cavity gyroklystron circuit design that meets the
JPL specifications is given in Table 3. Figures 5§ and 6 show
calculated resulis of gain vs. frequency, and power out s,
power in (indicating a saturated output of 465 kW and 46.5%
efficiency), respectively, for this gyroklystron. These calcu-
lations were based on the beam having zero axial velocity
spread (cold beam). It is estimated that with a velocity spread
{hot beam) of 5%, the efficiency would drop to 35%.

As stated earlier, a gyroklystron can be described by the
same type of equivalent circuit as a regular klystron. The
major difference is that the circuit elements such as beam
loaded Q and transadmittance can have a strong dependence
on magnetic field and frequency when compared with a con-
ventional klystron. A small change in magnetic field can
result in large changes in gain and efficiency. Figure 7 shows
efficiency vs magnetic field for the above gyroklystron,

b, Mode converter. The power emitted from the output
cavity will be in the TE12 mode, and therefore a mode con-
verter must be designed to convert it to the desired TE,,
mode. A relatively simple cylindrically symmetric mode con-
verter (Ref. 15), which consists of a section of wavegnide
having a sinusoidal variation of the wall radius, a(z), with
distance, can be designed. For the converter, 2(z) = a, + 8,
sin (2mz/A,), where g, is the average wall radius, A, is the
wavelength of the ripples, and 8, is the amount of maximum
wall perturbation. Mode conversion is accomplished by chcos-
ing the ripple wavelength equal to the beat wavelength be-
tween the TE,; and TE,, mode, 2/A, = 2/A;, - 2/A;,. The
optimum converter length is given approximately as L, =
0.638),/(8,/a,). For a, = 1 cm, which is about 25% above
cutoff of the TE|,, cavity, the beat wavelength is equal to
2,915 cm; choosing a ripple amplitude of 0.10626 cm makes
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the optimum converter length 6.9 inches. This design was
checked using Varians computer code which solves 20
coupled telegrapher’s equations inside a waveguide of arbi-
trary wall profile. The code solves for the mode conversion
occurring from the TE,, mode to ail other modes with the
same azimuthal symmetry, m = 1, which are the only con-
versions allowed in a symmetric converter. Figure 8 shows
the calculated performance of such a converter. As expected,
almost all power is converted to the desired TE,, mode, with
the worst offender being TM,, at -23 dB (1/2%). Table 4
shows the calculated amount of power in each of the spuri-
ous modes at the end of the converter.

¢. Beam coliector. The collector has to satisfy two con-
straints which work directly against each other. It must dissi-
pate high beam power at levels of no more than 1 kW/em?.
This means the collector must be as large as possible, but at
the same time it is desirable to keep the diameter of the
output waveguide confignration (of which the collector is a
part) as small as possible to ensure mode purity. Spurious
modes will also be generated in the collector since the collec-
tor will contain tapers, For example, the up-taper will connect
the 17 diameter waveguide at the end of the mode converter
to the 4" diameter waveguide in the beam deposition region.
Using non-linear taper designs, and the analysis by Sporleder
and Unger (Ref. 16), a 4" taper design (optimized for a
60 GHz gyrotron) was examined for its mode conversion
properties when used for the TE;; mode, A Varian program
based on Sporleder and Unger's coupled mode theory, which
solves for simultaneous coupling of the TE | ;| mode to as many
TE,, and TM,, modes as are necessary to model the problem,
was used. Figure 9 shows the total spurious mode level for ail
TE,, modes versus axial distance. The taper described in
Fig. 9 was not optimized to discriminate against TM, , modes,
With TM modes included in calculation, 10% of power was
converted to TM,,. Further effort is being made to optimize
the taper sections for the JPL gyroklystron to avoid conver-
sion to TM modes.

d. The CW output window. The primary design approach
for the CW output window is a double ceramic disc face-
cooled with fluorocarbon liquid as shown in Fig. 10. Per
formance for a window of this type has already been demon-
strated at K -band at power levels well above the 200 kW
minimum (340 kW CW at 28 GHz). At 60 GHz the double
disc concept has also proven capable of 200 kW CW (Ref. 17).
These data prove that a 200 kW 34 GHz double disc window
is feasible and indicate that a 400 kW CW 34 GHz double disc
window can be designed to operate successfully,

Initial calculations for the 400 kW CW 34 GHz window, a
design with sapphire window discs, offers ample bandwidth



(over 1.5 GHz for a Voltage Standing Wave Ratio (VEWR) <
1.5:1 as shown in Fig, 11). Finite element heat transfer cal-
culations predict a worst case peak temperature of 65.1°C at
the center of the window face on the vacuum side. The result-
ing thermal stresses in the window material are well within
conservative estimates of loads which cause sapphire breakage.

Having described the calculated performance of some of
the components of the proposed gyrokiystron, it is next
appropriate to characterize the tube in terms of noise figure
and AM and PM sensitivities.

e. Noise figure, The noise figure for the proposed gyrokly-
stron configuration is calculated using the standard shot noise
expression (Ref. 18),

R
2 o2 shunt
2el AFF? B GSS(—Q1 )Q1

Pmise (dB) = 101log

P

out

3

where e is the electron charge, I, is the beam current, Af is the
noise bandwidth, P, is the output power, G, is the small sig-
nal gain, R,y ., is the shunt impedance of the first cavity, and

Q, is the first cavity Q.

This expression has been found to be accurate for klystron
amplifiers (Ref. 19) and it applies equally well to gyrokly-
strons. However, the parameters for the coupling cavity (i)
and first cavity shunt impedance (Rg,, ) must reflect the
properties of the gyroklystron cavity design. Using the values,
Ryunt/Q, = 14339, 0, =300, G, =57 dB, g = 0.9, I* =
239 X 107, I =12.5A, Af=1 MHz, and P,,,, = 200 kW,
gives P, = -110.3 dB/MHz, which meets the tube specifica-

noise
tions given in Table 2.

| AM and PM sensitivities. In order to calculate AM and
PM sensitivities with respect to various operating parameters
of the proposed gyroklystron, responses of each section of the
tube must be included in the calculation. For example, to
determine the AM and PM sensitivity of the tube due to vari-
ation in the gun coil current, the following individual sensitiv-
ity factors must be multiplied together to provide overall
sensitivity.

gauss % %
B X Xl=
amps gun coil gauss Pierce % wiggler

varintion gun velocity
scalloping spread

96 dB, deg
“(5) e * (2%)
7 adiabatic % % circuit

compression sensitivity

- (_92_, deg_ @
amps amps Tube

sensitivity

Tables 5 and 6 give very preliminary calculations of AM and
PM pushmg factors, respectively, witl: respect to cathode
voltage, magnet coil current, and load VSWR, etc.

The results of a preliminary calculation of phase linearity
are given in Fip. 5. Some parameters are yet to be calculated
and will be given in a later report.

B. Power Amplifier

A functional block diagram of the proposed transmitter
power amplifier is shown in Fig. 12. The power amplifier will
be driven to a 400 kW CW output by a helix traveling wave
tube preamplifier. Such a driver power preamplifier tube at
30 GHz with 40W ontput has been developed at the Nippon
Electronics Corparation (NEC) in Japan (Ref. 20). The out-
put of the preamplifier will be monitored through a 50 dB
coupler and will be isolated from the gyroklystron power
amplifier input by means of a circulator and attenmator. This
is necessary to maintain the amplitude and phase response
of the system over the 340 MHz bandwidth of the pream-
plifier, as the match of the gyroklystron power amplifier
input will vary considerably over this band. In addition, the
circulator-plus-atienuator must have a high (50 kW peak,
10 kW average) rating for reflected power in order to survive
spurious emission from the gyroklystron input port which
occurs when the gyroklystron is first installed and tuned up in
the transmitter. The input of the preamplifier (TWTA) will be
driven by an exciter which is required to generate the 34 GHz
frequency and +10 MHz phase modulation bandwidth for the
radar. This exciter may have a switched output of 44 MHz
which would then drive a multiplier (x 772} to obtain 34 GHz.
The inexorable consequence of this frequency multiplication is
the multiplication of phase modulation by (772)% (Ref. 21).
This implies that the degradation by the multiplier has to be
kept near the theoretical minimum. The specifications of such
a multiplier will be very stringent, and none of these multi-
pliers have been built yet.

Another area of crucial interest is the guiding mapnet.
This device is a solenoid which surrounds the interaction
volume and keeps the electron beam focused in the tube
length before the collector. A control of better than 1%
must be exercised to maintain high efficiency (as shown in
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Fig. 7) and, typically, a range of 600-700 A and 30-60 V
would be required to maintain a 12.5 kG field if a water-
cooled copper solenoid were to be used. At present, it has
not been determined whether the solenoid should be a conven-
tional magnet composed of a copper conductor with a hollow
water channel for cooling, or a superconducting magnet com-
posed of NbyS, embedded in a copper matrix. Since power
dissipation will be an important parameter, if the supercon-
ducting solenoid does not give a factor of 1000 to 1 lower
power dissipation than that achievable at room temperature,
its advantage aver the conventional copper magnet is doubtful,
Another factor to be considered is that for every watt of
transfer in the cooled superconducting structure, about
400 watts of power must be supplied at the refrigeration
system input (Ref. 22). The third factor to consider are the
constraints on the design of the superconducting solenoid
due to the fact that the magnet (and the gyroklystron) will
have to tilt through 75° from zenith and rotate through 360°
azimuth when tilted. However, tiltable superconducting
designs have already been studied for other gyro device appli-
cations (Ref. 23). The main advantage of a superconducting
magnet, besides its being small in size and weight, is that it
provides a virtually ripple-free magnetic field profile in the
gun, wiggler, and circuit. This ripple-free profile is essential
in order to keep PM distortion down, as can be seen from
Table 6.

The gyroklystron output, at 400 kW CW, will be fed via a
wavegnide arc detector, a forward and reverse power over-
moded waveguide coupler, and a mode filter to an overmoded
feed system for final antenna illumination. This overmoded
transmission line with microwave components and an over-
moded feed system is discussed later.

The gyroklystron body, collector, filaments, waveguide
components, etc., will be coovled by distilled and deionized
water, which in turn will be cooled by ambient air in an
external existing heat exchanger. The details of the gyrokly-
stron beam supply are described in the following paragraph.

C. Beam Supply

A block diagram of the existing beam supply is shown in
Fig. 13. Power at 12,600 V, 3 phase, and 60 cycles per second
is supplied to separate substations from a commercial line
which is underground for the last mile. The 2400 V substation
supplies the main motor generator only, while all auxiliaries
are supplied from a 480 V substation. The output of the main
motor generator at 400 Hz is stepped up in voitage in the
transformer, rectified, and delivered to the load through a fil-
ter, crowbar, and series-limiter resistor at voltages adjustable
up to 90 kV and 1.1 MW maximum. The output ripple under
full load is less than 0.05%.
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The use of a frequency converter (such as the motor gener-
ator) might seem ungecessary but actually provides worthwhile
technical and economic advantages. It isolates the power line
from a crowbar of the dc supply and greatly simplifies line
protection problems. It also isolates the supply from short
duration line voltage fluctuations and transients due to the
large inertia of its rotating components. The change from
60 to 400 Hz reduces all transformer and filter sizes and costs.

The beam supply is required to provide 80 kV between the
gyroklystron collector and cathode at a beam current of
12.5 amps during the long radar pulse (up to 4 hours).

Referring to Eq. (1) and Table 6, the intra-pulse ripple on
the supply must be kept below 0.18% peak (144 volts peak for
typical 80 KV for the gyroklystron) for pulse compression
time sidelobes of -40 dB,

The ability of the beam supply to remain ripple-free during
the long pulse depends upon the quality of the storage capac-
itor and wiring inductance between the tube and supply. It is
also desirable to keep the storage capacitor as small as possible
s0 as to limit the energy available to discharge in the tube dur-
ing an arc.

The supply must be capable of withstanding the stress
imposed on it when an arc occurs in the gyroklystron. The
resultant firing of the crowbar will produce a peak current of
20,000 amps and a peak power of 1600 MW,

D. Monitor and Caontrol

A transmitter monitor and control group (which will be
comprised of the power amplifier monitor and control assem-
bly in the antenna, transmitter control cabinet on the ground,
and remote radar control in the operations room) will contain
the control facilities and indicators necessary for an automated
interface with the transmitter. This group will monitor the
transmitter circuits and signals to determine the operational
status, There will be some 20 major interlocks associated with
the gyroklystron output stage alone and the status of each will
be indjcated. A memory circuit will be incorporated to *“hold”
an indication of intermittent fault to assist in fanit diagnostics.
Built in test equipment (BITE)} and fault isolation test points
will be provided for ease of maintenance and serviceability.

Faults demanding immediate protection such as a gyro-
Klystron arc will result in the firing of the crowbar and the
power supply will be shut down. The control unit will be pro-
grammed to run the system up again afier a short delay, the
length of which will depend upon the gas pressure within the
gyroklystron envelope. This will be monitored by an ion
pump. If the fault persists, the transmitter will remain in the
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run down condition with appropriate faults indicated. A fault
such as loss of coolant will cause the beam supply to be turned
off, while a fault such as a waveguide arc will cause the drive
and beam to be removed,

These monitoring and control assemblies will be shielded
against both magnetic and electrostatic fields so that transients
agsacfated with the high nower transmitier operation do not
interfere with interlock logic circuit functions, and noise
immunity will be achieved through the use of high threshold
logic. The interlock functions will be connected via balanced
lines and optical isolators as appropriate, {0 ensure reliable
operation even in the presence of the large discharge currents
associated with crowbar firing.

The supervision of this monitor and control group will be
microprocessor based, which will allow the monitoring and dis-
playing of a wide range of parameters, together with automatic
run up and run down sequencing during normal operation and
under fault conditions. The automatic shut down system will
continuously monitor critical parameters and will take execu-
tive action under fault conditions that could lead to gyrokly-
stron damage. A precision multiplexed analog—digital con-
verter will monitor a large number of analog system param-
eters, all of which will be displayed on front panel meters. A
serial interface (RS 232) will be provided to permit full moni-
toring and control of the transmitter including data logging via
a remote radar control terminal in the operations room.

V. Transmission Line System
(Microwave Componenis)

In this section a description of the components comprising
the transmission system will be given. A preliminary layout for
an overmoded 400 kW CW transmission system is shown in
Fig. 14, The components in the transmission system consist of
signal monitoring devices, signal filtering devices and a circular
waveguide taper. The monitoring devices include a waveguide
arc detector, forward and reverse mode selective directional
couplers, polarization monitoring and harmonic content moni-
toring devices. The onmly filiering device is the TE,; mode
filter which serves three purposes: filtering unwanted spurious
modes, ensuring the circularity of the TE,, mode, and filter-
ing high harmonics.

The first component in the system immediately following
the gyroklystron output window is a waveguide arc detector.
This device allows the beam power and drive power to be dis-
connected should an arc be detected in the output waveguide,
thus preventing permanent damage to the tube. Circular wave-
guide arc detectors of 2.5 inch diameter are designed routinely
for use with 28 GHz and 60 GHz 200 kW CW gyrotrons.

Although the preferred diameter for the double disc win-
dow at the gyroklystron is 2.5, there are great advantages in
using a smaller waveguide diameter for the remainder of the
transmission system. Aside from the fact that fewer spurious
modes can propagate at the smaller diameter, the overall
lengths of the directional couplers and mode filter are strongly
dependent on the waveguide diameter. Mode selective direc-
tional couplers are generally of the phase velocity type, obtain-
ing mode discrimination from the fact that different modes
propagate with different phase velocities. These differences in
phase velocity increase with decreasing waveguide diameter,
Similarly, the mode filter’s operation is based upon the fact
that different modes require different surface currents on the
waveguide wall. These differences also increase with decreasing
waveguide diameter.

For the reasons mentioned above, a smaller diameter of
1.75" is being considered for the transmission system. This
diameter still allows for relatively low loss transmission and
will handle the high CW power, but reduces the overall direc-
tional coupler and mode filter length. The allowable length for
the gyroklystron and transmission system is determined by the
height of the feed cone, which is approximately 16 feet.
Additional length may be available, depending on the antenna
feed length, since the phase center of the feed is located three
feet above the top of the feed cone. The dimension of 1,757 is
also preferred since this diameter is the approximate aperture
digmeter required for most efficiently illuminating the Casse-
grain antenna. At present all of the JPL feeds have identical
radiation patterns, and the scaled aperture diameter for
34 GHz is 1.75". Therefore with a 1.75” transmission system
no flared horn is required. The feed will be discussed in more
detail in a later section.

A circular waveguide taper will therefore be included as the
next component in the transmission system, tapering down
from the 2.5 window diameter to the preferred diameter of
1.75". A nonlinear taper, of the type described earlier, will be
optimized for minimum length while the total spurious mode
level will be kept below -15 dBc. The spurious mode most
strongly coupled to the TE;; mode is the TM;, mode, which
is, unfortunately, one of the most difficult modes to filter
out.

Directional couplers are required for monitoring the for-
ward and reflected TE;; wave. The couplers must not only be
capable of distinguishing between forward and reverse travel-
ing TE,, waves, but they must also be able to distinguish be-
tween the TE,, mode and each of the spurious modss, That
is, the couplers must be both directive and mode selective,
Mode selective directional couplers can be designed using the
coupled transmission line analysis of Miller (Ref. 24). The
physical layout of a dual mode selective directional coupler is
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shown in Fig. 15, Here the overmoded circular waveguide is
coupled to a rectangular waveguide operating in the dominant
mode.

If the phase velocities of the desired TE,, mode in the
circular waveguide and the dominant mode in the rectangular
coupling guide are chosen to be equal, then the forward mode
discrimination is defined as the forward coupled power for the
desired mode divided by the forward coupled power for the
spurious mode, For the nt® spurious mode, this ratio is given
by

L2
C, D(x) dx.
U -Lj2
Discriminaticn = 20 log 4
L2
c, f D(x) 28 gx
-L)2
where L is the overall coupling length,
C, s the coupling coefficient for the TE,, mode,

C_ s the coupling coefficient for the n*® spurious
mode,

is the coupling function,
AR equals Bu =B,
B, is the phase constant of the desired mode, and

B, is the phase constant of the 't spurious mode.

Discrimination between forward and reverse traveling waves
may be evaluated using an equivalent formula by appropriately
redefining the quantity AS.

Recently, mode selective couplers of the TE,, type have
been designed and built by Felch et al. (Ref. 25), and Janzen
and Stickel (Ref. 26). A coupler design using uniformly spaced
round ccupling holes with an axially tapered coupling profile
capable of providing a coupling factor of -60 dB in the for-
ward direction, ~40 dB in the reverse direction, and 40 dB
directivity will be investigated. Mode discrimination between
the TE,; mode and each of the TE, and TM,, modes will be
greater than 40 dB.

Polarization monitoring devices may be included before and
after the mode filter, providing a measurement of the ellip-
ticity of the TE,, mode in the circular waveguide. The pre-
ferred configuration for the polarization monitor is a section
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of straight waveguide with two coupling pinholes located
90° apart about the waveguide center line. A combining
bridge consisting of a hybrid ™, phase shifter, attenuator, and
crystal detector in a standard WR-28 waveguide will then be
capable of determining the ellipticity of the output signal.

The final component of the transmission system to be
considered is the TE,, mode filter. The present estimate is
that the worst case total spurious mode level at the output of
the gyroklystron (including realistic =ffects of slight miralign-
ments of the tube and component assemblies, insulating gaps
in the tube output waveguide, etc., over the range of operat-
ing parameters) will be approximately -15 dBc. The exact
distribution of the spurious mode power must be determined
by actual measurements on the gyroklystron itself; however,
the calculations from the paper design indicate that the pri-
mary spurious medes will be the TM,,, TE,,, and TM,
modes. Since the exact phase and amplitude distribution of
these spurions modes is unknown, the TE,, mode filter will be
included in order to provide a well defined signal at the input
to the overmoded feed. An attempt will be made to design a
mode filter capable of filtering each of the spurious modes to a
level of -30 dBc. The mode filter will be of the helically
loaded type, as described by Morgan and Young (Ref. 27).
A schematic diagram of the TE,| mode filter is shown in Fig.
16. In this type of mode filter the smooth wavegnide wall is
replaced by a conducting helical winding which is surrounded
by a lossy dielectric. The pitch of the helix is chosen so that
the surface currents of the desired mode, in our case the TE,
RCP mode, follow the windings, Spurious modes, including
the orthogonal TE,; polarization, suffer attenuation when
passing through the filter. Elliptically polarized TE,, signals,
which can be decomposed into TE;, RCP and LCP compo-
nents, will therefore be purified by removing the LCP com-
penent and retaining only the desired RCP component, The
amount of attenuation for a particular spurious mode depends
upon the conductivity of the lossy jacket and the direction of
the surface currents for the specific mode. Surface currents for
the TE,, mode tend to become more longitudinal as the
wavegunide diameter increases and TM modes have purely
longitudinal currents for any waveguide diameter. In order to
obtain significant attenuation for TM modes, it is advisable to
use as small 2 puide diameter as possible. Therefore the length
of the filter section is critically dependent on the required
attenuation for the TM,, mode. Tolerances on the helix pitch
are determined by allowable attenuation for the TE;; RCP
mode. The preferred filter configuration consists of a copper
helix, bonded to a beryllia cylinder, backed by a water jacket.

Finally, requirements on the tolerances for alignment of the
tube, wavegnide components, and feed necessary to preserve
the spurious mode level will be determined using the formulae
reviewed by Quine (Ref. 28).
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V. Antenna Feed System

The transmission system then terminates in an over-moded
feed which will create a suitable radiation pattern for illumi-
nating the Cassegrain subreflector. As was mentioned earlier,
the 1,75 diameter waveguide provides essentially the correct
aperture size for optimally illuminating the Cassegrain systemn;
hence a flare angle horn is not necessary. However, equaliza-
tion of the £ and H plane radiation patterns is required for
optimumn overall antenna efficiency (Ref. 29). The over-
moded corrugated feed section is shown in Fig. 17. The
incident TE;; mode is transformed into the balanced HE,,
mode along the feed section via 2 number of corrugations of
varying depth. The balanced HE;, mode possesses a circularly
symmetric radiation pattern with theoretically no cross-
polarization. Similar feeds have been developed for use with
linearly polarized plasma heating systems (Refs. 30 and 31).
Detailed analysis of the corrugated section is performed using
the mode matching and scattering matrix approach of James
{Ref. 32). The analysis allows the determination of the num-
ber of corrugations and the required depth profile to give the
optimum TE,; — HE,, conversion. The analysis also predicts
the resultant feed radiation pattern for an arbitrary set of
input modes, ie., TE, plus any remaining spurious modes.
This resultant feed pattern is then used to predict the overall
antenna pattern sensitivity, in terms of gain, spillover, and
cross polarization, with respect to spurious inputs to the feed.
Corrugated feeds typically operate over a much wider band-
width than that required for this application; therefore such a
corrugated section should be capable of producing a suitable
radiation pattern over the modest bandwidth of 0.1%.

Vi. Discussions and Conclusion

In assessing the state of the art, the development of a
400 ¥W CW 34 GHz gyroklystron including the overmoded
transmission system is subject to technical risks in several
areas:

(1) Maintaining RF stability (preventing oscillation).
The most challenging technical task is to configure and
test an rf circuit which provides adequate gain and
efficiency without allowing rf instabilities to occur in
any portion of the rf structure. The preferred circuit
design for preventing oscillations will include TE,,
buncher cavities, rf cavity loss, mechanical tunability
for the bunchers, cutoff drift tubes and an axial
magnetic field profile which can be tailored to help
prevent oscillations. Back up circuit design includes a
TE,; mode buncher section.

(2) Achieving acceptable beam quality. The second most

difficult problem is generating a one megawatt beam

(3)

4

&)

with adequate beam quality (AV,,/V,, < 5%). The
beam optics configuration comprising the Pierce gun/
wiggler is capable, on paper, of meeting the require-
ment and has other advantages as well, including space
charge limited (low noise) operation. However, a
magnetic injection gun (MIG), which has allowed
oscillators to achieve efficiencies of over 50%, will be
considered as a back-up.

CW window with 400 kW rating. Double disc window
technology demonstrated at 28 GHz has already come
close to handling the 400 kW CW power level required
for the JPL device. Nevertheless a back up approach of
a “double-dish” window will also be considered. In this
configuration the discs are dish-shaped and are arranged
with their convex surfaces in contact with the fluoro-
carbon cooling channel. The dish shape allows much
higher coolant pressure and coolant flow velocities and
would therefore be capable of higher CW power levels,

Mode filter. Most of the potential problems associated
with the transmission system invelve the mode filter
and model purity requirement. Resistive wall filters
which pass the TE,  modes are presently used with
gyrotrons. However, such filters do not include a
helical winding. Two problems associated with the
TE,, filter and specifically its helical winding are a
very stringent requirement for the tolerance of the
pitch of the helical winding (in order to avoid signifi-
cant attenuation of the TE,, mode), and the possi-
bility of breakdown near the windings when transmit-
ting the 400 kW CW power. Also, the modal purity
requirement may dictaie an excessive length for the
mode filter, and a compromise between modal purity
and filter length may need to be made.

Antenna feed. With regard to the overmoded feed,
corrugated sections have been used to obtain the more
desirable HE, | radiation pattern from the TE,; mode
in plasma heating experiments. However, the primary
difference between the plasma heating application and
the 'PL application is the more stringent requirement
for the feed radiation pattern which translates into
stringent requirements for the modal purity. Due to
the large waveguide diameter, an acceptable return
loss should be obtainable over the very modest 0.1%
bandwidth. Two problems dealing with the feed’s
response to spurious input modes are intimately
related to the problem of the allowable spurious mode
level and corresponding mode filter lesgth, Spurious
inputs wil]l have an effect on the circular symmetry
of the feed radiation pattern, and hence may cause a
reduction in the overall efficiency of the Cassegrain
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system. Secondly, spurious modes may increase the
level of cross polarized radiation in the feed pattern
and consequently in the overall antenna pattern.

Power splitter. Finally, should the antenna structure
upgrade be insufficient for high efficiency 34 GHz
operation due to gravity deformation, a microwave
solution using an array of properly phased feeds may
be needed to compensate for these effects. The pri-
mary difficulty in the design of such a system would be
developing a suitable power splitting device. One possi-
ble candidate would be a multiple arm coupler designed
using tight coupling theory (Ref. 24). Due to signifi-

cant losses in the dominant wavepuide, these runs
would need to be made as short as possibie.

These then are the technical risks and developments needed
in several areas of the K -band transmitter. A conceptual
design for a 400 kW CW 34 GHz transmitter including over-
moded microwave plumbing and an overmoded feed system
has been presented. Upon completion of the future final paper
design, hardware and implementation stages of the project, the
K,-band transmitter should prove to be a valuable instrument
for planetary radar and also serve as a proving ground for new
technology which will be transferable to future spacecraft

uplinks.
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Table 1. K,-band transmitter specifications

Frequency
Bandwidth

RF power output
RF stability
Incidental AM

Phase stability

Incidental PM (jitter)
Noise figure

Transmit pulse

Modulation

34 GHz

0.1%

400 kW CW (+ 86 dBm)

0.1 dB over 1 transmit cycle

60 dB below carrier at all modulating
frequencies above 1 Hz

1.0 x 10™"% (1000 seconds) with goal
of 1.0 x 10716 (1000 sec)

< 1° peak to peak
-80 dB/MHz

20 sec minimum to a few hours
maximum

Phase Modulation: 0-100% carrier
suppression 1 kHz to 2 MHz. This is
accomplished by PN code modulation
of length 2"-1 where n= 6 to 15 and
at baud length of 0.5 sec to 1000 sec.

FSK: Shifting carrier frequencies
separated from 1 Hz to | MHz and

switching in less than 1 msec every
30 seconds.

Table 3. Gyroklystron circuit design

a. Characteristics

Table 2. JPL gyroklystron specifications

fD:
Bandwidth:
Output power:

Output mode:

Noise figure:

Orientation:

Efficiency:
Saturated gain:

34 GHz

0.1% (1 dB points)

400 kW CW saturated (goal)

Dominant TE |° circularly polarized mode
with very high modal purity (-30 dB for
each extraneous mode) and circular polari-
zation within |1 dB

-80 dB/MHz

Gyroklystron and auxiliary components
such as its magnets must be capable of
operating through 75° of elevation motion
(zenith to 15° above horizon) and simul-
taneously through 360° in azimuth when
installed on the antenna

40% (goal)
50 dB minimum (goal)

Characteristic Value
Voltage 80 kV
Current 12.5 amps
Beam radius 0.120 cm
Perpendicular velocity/parallel velocity 1.5
Magnetic field 12.5 kgauss
Number of cavities 4
Total length 7.84 cm
Input coupling Qmw| 299
Qutput external Qe“ 120
Mode buncher cavities TE1 11
Mode output cavity TE121
Small signal gain 57dB
Saturated gain 50dB
Saturated efficiency 46.5%
Saturated bandwidth (-1 dB points) 0.3%
b. Cavity configuration
Cavity Length Radius Resonant
frequency Cold Q Beam Q
number (cm) (cm) (GHz) ] B
1 0.784 0.314 339 299 330
2 0.784 0.317 33.7 400 330
3 0.784 0.318 33.6 400 330
4 1.725 0.769 34.2 120 =220
c. Drift tubes
Drift tubes Length (cm)
1 0.784
0.784
2,196
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Table 4, Spurious mode level at converter output of
mode converter TE,,—TE,, (99% efiicient)

Spurious modes produced Levels produced
TE 13 -27 dBc N
TE,, -34 dBe
™ -38 dBc :
11! o
™, -23 dBe ¢
™, 3 -37 dBc )
™, -35 dBc }
%
Table 5. AM pushing factors .
Parameter dB/% a
Cathode voltage 0.5 dB/% -;
Main magnet coif current 0.5 dB/% '
Load VSWR 1.6 dB for VSWR 2:1 (oscillution at
VSWR 2.4:1)
RF drive (input power) 0.007 dB/%
Filament voltage 0.005 dB/% (typical)
Wiggler coil current 0.6 dB/% (typical)
Gun cofl current 0.5 dB/% (typical) .
Table 6. PM pushing factors J
Parameter 1%
Cathod voltage 6.4° /%
Mauin magnet coil current 100° /%
Load VSWR TBC*
RF drive (input power) T8C
Filument voltage TBC
Iniet coolant temperature TBC
Wigeler coil current TBC
Gun coil current TBC

4To be calculated
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Fig. 1. 64 meter diameter antenna at Goldstone, California
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Magnetic Refrigeration Development

D. D. Deardoerff and D, L. Johnson
Radio Frequency and Microwave Subsystems Section

Magnetic refrigeration is being developed to determine whether it may be used as an
alternative ro the Joule-Thomson circuit of o civsed cycle refrigerator for providing 4 K
refrigeration. An engineering model 4-15 K magnetic refirgerator has been designed and is
being fabricated. This article describes the overall design of the magnetic refrigerator,

l. introduction

Much interest has been generated in the past few years to
develop adiabatic demagnetization into a reliable and efficient,
continuous refrigeration stage for a closed cycle refrigerator.
Until recently adiabatic demagnetization, or magnetic cooling,
was basically regarded as a research tool, a one-shot device 1o
producing extremely low temperatures for short periods of
time. The pioneering work by Heer et al. (Ref. 1) in 1954 re-
sulted in the first magnetic refrigerator to provide continuous
low temperature (<1 K) refrigeration needed for physics
research, Much of the present developmental work on con-
tinuous magnetic refrigerators centers on low temperature
devices to cool infrared bolometers to below 0.3 K for space-
craft operation (Refs. 2, 3, 4), or to provide superfluid helium
refrigeration {Refs, 5, 6, 7, 8) for enhancing the operation of
superconducting devices, such as magnets, energy storage rings
and transmission lines, All of these devices use liquid helium
(?He, 4He or superfluid #He) as the high temperature heat
reservoir,

Only very recently has the production of 4 K refrigeration
using magnetic cooling been addressed. This temperature
regime is generally reserved for the passively operating, but
inherently inefficient, Joule-Thomson valve. A detailed ana-
lysis on a design for a 4-15 K magnetic refrigerator stage to
complement a 15 K precooler was first presented in 1966 by
Van Geuns (Ref. 9); however, any developmental work which

may have followed has never been reported in the open litera-
ture, J. A. Barclay of the Los Alamos Natjonal Scientific
Laboratory is presently pursuing the rotational magnetic wheel
concept (private communication). His gadolinium gallium
garnet (GGG) wheel is slowly rotated through a high magnetic
field to achieve a 4-20 K temperature span. Helium gas is
pumped through GGG matrix at the two temperature ex-
tremes to provide the heat exchange mechanism. Hashimoto
et al. at the Tokyo Institute of Technology have recently pre-
sented experimental results obtained from a 4.2-20 K magnetic
refrigerator they developed (Ref. 10), They have elected to
ramp the magnetic field in order to keep their GGG matrix
stationary. A helium thermosiphon extracts heat from the
load; helium gas is used to transfer heat to the 20 K heat
reservoir, Chinese workers are reportedly (Ref. 11) developing
a 4-15 K magnetic stage to mount to a Gifford-McMahon pre-
cooler, No additional information about their work is known,

The Jet Propulsion Laboratory (JPL) has been using 1 Watt
at 4.5 K closed cycle refrigerators (CCRs) since 1965 for cool-
ing the low-noise maser amplifiers required to receive very
weak signals from spacecraft in deep space. Up to 30 CCRs are
in near continuous operation in the Deep Space Communica-
tions Network (DSN), logging approximately one quarter of a
million hours annually, To meet the continuing requirement to
increase both the reliahility and efficiency of the CCR and to
reduce life-cycle costs and achieve future technical objectives,
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JPL has initiated the development of a 4-15 K magnetic
refrigerator for use with a 15 K expansion engine, This new
technology is being pursured to surpass the Joule-Thomson cir-
cuit in terms of efficiency, reliability, and achievable tempera-
ture span, The decision to develop a reciprocating device stems
from the long experience JPL has with the reciprocating
Gifford-McMahon expansion engine and its sliding seals, its
relatively simpler fabrication requirements, and the greater
ease with which the experimental tests results can be verified
theoretically,

The concept of magnetic refrigeration was introduced in a
recent TDA Progress Report (Ref. 12). That report presented
a review of magnetic refrigerator designs which have either
been conceptualized or built and tested. It is the objective of
this article to describe the design of the engineering model
4-15 K magnetic refrigerator under development at JPL, the
component test results and the status of the development
effort,

Il. Principle of Magneiic Refrigeration

The placement of a paramagnetic material in a magnetic
field at low temperatures causes the material to warm up. Con-
versely, removal of the material from the magnetic field will
cause the material to cool. If the paramagnetic material is held
in contact with a constant temperature reservoir, the material
will tend to expel or absorb heat from the reservoir as the
changing magnetic field warms or cools the material beyond
the temperature of the reservoir, This is the principle of opera-
tion for the magnetic refrigerator illustrated in Fig. 1. In this
figure, the magnetic refrigerator operates ideally in a Carnot
cycle. Panel I of the figure shows the paramagnetic material
thermally isolated from the precooler (heat sink) and the load
(heat reservoir)., As the magnetic field is increased, the tem-
perature of the material is increased. As the material’s tem-
perature reaches that of the precooler (T}, ), contact is made
between the material and the precooler so that the heat of
magnetization created in the material during further magneti-
zation is removed to the precooler (Panel 2). The paramagnetic
material, now at T}, and in a strong magnetic field, is again
isolated (Panel 3). A reduction in the magnetic field lowers the
material’s temperature until it reaches the temperature (T) of
the load. Contact is then established with the load and, during
further demagnetization, the cooling of the paramagnetic
material draws heat from the load (Panel 4). Thermal contact
is then broken and the cycle is started over again as in Panel 1.
This cyclic operation for the paramapnetic material GGG is
illustrated in the entropy-temperature diagram shown in
Fip. 2.
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lil. Experimentai Design

Choice of the magnetic refrigerator design must depend
ultimately on the device it is to cool, in this case the maser, an
ultrasensitive microwave signal amplifier whose performance
depends critically on a stable DC magnetic field and a stable,
low operating temperature. Operating in the DSN, the maser is
located in the feedcone of a large antenna. The antenna may
be oriented from zenith to horizon for tracking purposes. The
overall cooling system requirements for the maser, listed in
Table 1, are therefore quite stringent. The design of the
engineering model magnetic refrigerator has addressed only the
basic requirements of refrigeration capacity, DC field stability,
reliability, and efficiency.

The schematic of the engineering model magnetic refriger-
ator design is shown in Fig. 3, The major components of the
refrigerator include the piston and cylinder assembly for
the paramagnetic material, the drive mechanism for the piston,
the superconducting magnet, the gas pumps for the low and
high temperature gas circuits, and the two stage CTI Model
1020 expansion engine. The CTI Model 1020 expansion engine
provides the high temperature heat sink for the magnetic
refrigerator and is capable of producing better than 9 W of
refrigeration at 15 K. This refrigeration capacity is a major
determining factor in the final 4 K cooling power of the mag-
netic refrigerator. The hydrogen heat switch is used during
initial cooldowns to precool the helium dewar and magnet
assembly to 20 K before liguid helium is transferred into the
dewar. This design presently calls for the external transfer of
helium; future designs call for the magnetic refrigerator stage
to provide the parasitic refrigeration requirements of the
magnet. The magnet assembly (superconducting magnet and
Hipercol) provide the large magnetic {ield needed for the
paramagnetic material. The piston contains two chambers
filled with porous matrices of the paramagnetic material.
These matrices are alternately driven into the magnetic field in
a reciprocating motion by the mechanical drive system (gear-
motor and a “ball reverser™?), Coupling the gearmotor to the
ball reverser is a rotary ferrofluidic seal? which functions as a
vacuurn feedthrough to prevent contamination of the helium
gas. Gas pumps in the low and high temperature gas flow loops
provide the gas flow needed for the heat exchange.

The 7 T magnetic field for the GGG piston is provided by a
10.2 cm NbTi solenoid having a 6.3 cm bore. The magnet is
encased with a magnetically soft material, Hiperco, having 2

! Hiperco is an iron-cobalt alloy available from Carpenter Steel.

2Ball Reverser is a trade name of a mechanical actuator petented by
Norco, Inc.

3 A vacuum rotary seal patented by Ferrofluidics Corporation.



maximum permeability of 10,000 and a saturation induction
of 2.4 T (see Fig. 4). The Hiperco is used as a low reluctance
path to entrap much of the magnetic flux exiting from the
bore of the magnet, This provides a rapid transition between
the high field and low field regions enabling a shortened stroke
length for the GGG piston. Figure 5 compares the measured
axial profile of the magnetic field with and without the
Hiperco and shows the position of the piston at the end of the
stroke. The figure shows the ability of the Hiperco to shape
the field, enbancing the field fall-off rate outside the magnet
while slowing the fall-off rate of the field inside the magnet,
although the latter effect was not as pronounced as expected.
Further field shaping can be obtained by varying the shape of
the Hiperco material on the ends of the magnet.

The magnet was wound with single strand 0.254/0.406 mm
NbTi wire around a copper coil former, The - ir. was wet-
wound with GE 7031 varnish to prevent motion of the individ-
ual wires during magnet charging, After winding, the magnet
was potted with Stycast 2850GT. The magnet required only
a small amount of training to achieve 7 T field; however, with
the addition of the Hiperco, the magnet required some retrain-
ing to again reach the 7 T field. A persistent switch for the
magnet has a resistance of less than 0.2 uohms corresponding
to a minimum five year decay time for the magnet. A resistive
shunt made from a short length of stainless steel tubing is
connected to the magnet coil leads in the 4.2 K bath. The
shunt resistance is chosen to protect the coil during quench
while slowly dumping the 10 kJ of stored energy into the
liquid helium bath,

In the cylinder assembly of the 4-15 K magnetic refrigera-
tor, two chambers containing porous matrices of a paramag-
netic material are located in tandem on a single reciprocating
piston machined from phenolic (Fig. 6). In this design, each
matrix volume is 33 mm long and 38 mm in diameter and is
filled to about a 40% porosity with 160 grams of 1.1 mm
diameter Gd,Ga 0,, (GGG) spheres. The use of the two
matrices effectively doubles the heat removal capabilities per
cycle of the piston and reduvces the temperature fluctuations
by providing for a more continuous removal of snergy from
the heat source. The cooling power at 4.2 K for this refrigera-
tor operating ideally in the Carnot cycle can be given as

Oc = (T T )0yn = 176 W

where T is the refrigeration temperature, T is the sink tem-
perature, Oy, is the rate of heat rejection, n is the fraction of
carnot efficiency at which the magnetic refrigeration stage
operates, and where the CTI 1020 limits the heat expelled at
15 K to 9 W. The efficiency (assumed to be 70%) is deter-
mined by factors such as the thermal heat leaks along the
cylinder and drive shaft walls, the heat exchange between the

gas and the matrices, the heat capacity of the gas entrained in
the matrices, and gas leakage by the seals, as well as other fac-
tors. The factors contributing to the loss of cooling power of
the refrigerator will be identified and minimized during
refrigerator testing,

The GGG matrices in the piston are separated sufficiently
so that at either end of the stroke one matrix is in the high
field region while the other matrix is in the low field region.
The placement of the GGG matrices on elther side of the
magnet's center provides force compensation to reduce the
overall force exerted on the piston drive shaft to move the
piston. The magnetic interaction force that attracts the GGG
to the magnet is substantial {(an estimated force of 1550 new-
tons [350 pounds] is required to move one of the 160 gram
GGG matrices through the 7 T field produced by this super-
conducting magnet); thus careful consideration of the separa-
tion distance between the matrices is required to greatly
reduce the net magnetic force, The basic equation for the
magnetic foree is

F=(M-V)B

where M is the field and temperature dependent magnetization
of the paramagnetic material, and B is the magnetic field, Thus
as a first order guesstimate, the separation of the matrices
should coincide with the separation distance hetween the
maxima in the field gradient on either side of the magnet, Fig.
ure 7 chows an initial measurement wherein a 880 N force was
required to move the piston through a 7 T field (similar to the
profile shown in Fig. 5 produced by the Hiperco-encased mag-
net). The curve represents the magnitude of the force on the
piston throughout the length of the stroke. A reduction in the
magnitude of the net force to less than 450 N (100 Ib) is
desired to ensure smooth operation of the piston’s drive
mechanism. This is being pursued through force compen-
sation methods which include changing the separation distance
hetween the GGG matrices and by reshaping the field profile
by changing the shape of the Hiperco end pieces of the magnet
assembly. If required, an additional force compensation
method, involving the placement of small slugs of GGG
between the two matrices but thermally isolated so as not to
become part of the refrigeration process, will be implemented.

The GGG piston is driven with a speed-controllable gear-
motor having a maximum rotation rate of 10 rad/s. This rota-
tional motion is converted to reciprocating motion by means
of a commercially available “ball reverser,” a nut with ball
bearings that run in a cross-hatched track cut into the drive
shaft. The track has a set stroke length of 9.2 cm and the angle
of the track is set tc provide a displacement 3.175 cm/2x rad.
This permits a maximum linear speed of 5.1 cm/s for the GGG
piston. A turn-around in the ends of the track automatically
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reverses the ditection of travel of the nut to provide smooth
reciprocating motion without changing direction of rotation
of the drive motor,

Heat exchange with either matrix is accomplished with
helium gas provided by a separate bidirectional displacer
{gas pump) in both the low and high temperature gas cir-
cuits, When the GGG piston is positioned to be adjacent to a
port in the cylinder, a gas flow loop occurs, The indents in
the outer surface of the piston in the area of the helium flow
apertures allow the helium gas to flow through the porous
matrices while the displacer is still in motion so that the gas
flow need not occur only when the displacer is stalled at the
ends of the stroke. The outer ridges of the piston form close
tolerance seals to help prevent gas leakage along the cylinder
wall. The seals further insure that gas leakage is minimized
between the two pas loops. The design of the piston and gas
circuitry is such that no mechanical ¢ryogenic valves are
required.

The two gas pumps (Fig. 8) are driven electromagnetically
in phase relation to the motion of the GGG piston. Samarium
cobalt permanent magnets are inserted in each end of the
phenolic rod extending axially from the displacer. The coils
are then energized with DC current in switched alternate direc-
tions to drive the displacer back and forth. The coil designs are
being optimized to minimize the I2R resistive heating in the
coils. Superconducting NbTi coils are being tested for use with
the jow temperature gas pump. The volume displacement re-
quired of each pump was determined by

; Q

(pC,AT)

where ¥ is the volume flow rate of helium in the gas loop,
p is the helium gas density, @ is the quantity of heat to be re-
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moved, €, is the helium specific heat at constant pressure, and
AT is the temperature change of the gas as it passes through
the matrix. Volume displacements of 100 cc and 350 c¢ for
the cold and warm temperature pumps were chosen assuming
AT- = 05K and AT, = 1.0 K and adding the dead volume
for half of the corresponding gas loop,

The magnetic refrigerator has been designed to acheive high
reliability. The magnetic refrigerator stage is a closed gas loop
system: the gas circuit is sealed after the initial charge of
helium gas. Internal gas displacers provide the movement of
the gas through the circuitry, eliminating the need for an
external compressor to provide the gas flow. The external and
internal portions of the piston drive train are coupled together
through 4 rotary seal to prevent gas contamination through the
housing along the drive shaft. The magnetic refrigerator
requires no smal] orifices as needed in the conventional Joule-
Thomson valve, further minimizing the problems associated
with gas contamination. Finally, the magnetic refrigerator will
operate at slow reciprocating speeds, minimizing the wear rate
of the low-temperature sliding seals.

IV. Conclusions

The design of a reciprocating magnetic refrigerator to pump
heat from 4-15 K has been presented. The individual compo-
nents have been designed and have been fabricated. Tests are
underway to optimize the field profile and the placement of
the GGG matrices within the piston, The assembly of the mag-
netic refrigerator has been initiated, With the experimental
results that will be forthcoming, a careful analysis of this
magnetic refrigerator concept can be used to design an effi-
cient magnetic refrigerator usable for cooling maser amplifiers.
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Table 1. CCR system requirements for maser cooling

Reliable

Efficient

Multiyear lifetime

Unattended operation

Rapid cooldowns

1-4 W cooling capacity

Compact

Magnetic field isclation of maser package
Low microphonics

mK temperature stability

Orientation independence

Continued operatjon during power failures
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Potential Surface Improvements by Bump Removal for
64-m Anitenna
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The surface panels of the main reflector of the 64-m antenng are initially set at an
elevation angle of 45 deg, where most tracking occurs, to ideally match a prescribed
paraboloid. As the antenna is rotared about the elevation axis, distortions are introduced
at the surface panel’s supporting nodes as well as at the main reflector backup structure
by changes in the direction of the gravity forces relative to the reflector symmeiric axis.
Muajor bump displacements could be corrected by controlling the position of the surface-
panel corners using adjustable mechanical jacks that change in length with the antenng
elevation angle. The analysis of two bump-removal configurations is presented and one
unique adjusiment mechanism is proposed. A gain recovery of (.2 dB at X-band would
be available if the reflector structure distortion rms were reduced from .63 wmm (0.025

in.)to 0.15 mm (0.006 in.).

I. Introduction

Antenna surface-panel distortions and deflections caused
by changes in gravity loading are introduced by antenna rota-
tion about the elevation axis. These gravity-induced deflec-
tions result in differences in the radio-frequency (RF) path-
lengths, thus contributing to the RF pain losses of the antenna.
The pain loss is a function of, among other parameters, the
root-mean-square (rms) of the distortions of the main reflector
and of the operating frequency being nsed.

As the planetary exploration program continues to grow,
the need for an efficient antenna system that provides in-
creased gain, performance, and productivity becomes evident.

Upgrading the present 64-m antenna network to improve
performance and gain proves to be economically more practi-
cal than building a new replacement system. Viable modifica-
tions, presently under investigation, include extending the
reflector aperture to 70-m, improving the surface panel
fa