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INTRODUCTION

This report documents the accomplishments of a 39 month,
$797, 142 contract to develop a prototype Rotating Gravity Gradiometer
(RGG) for moving base applications. The contractual and technical
milestones of the program are depicted in Fig., I-1. A glance at this
chart shows that the 39-month time span is characterized by inter-
rupted contractual funding. A second look will show that this resulted
from time and money requirements which exceeded original expecta-
tions. The contribution by Hughes Aircraft Company is seen by observ-
ing that parallel research efforts were conducted throughout and that
continuity was maintained. Not visible in the milestone chart is the
wealth of knowledge and the excellence of the RGG sensor produced by
this effort. The basic contract was divided into two phases.

Phase One called for analytical studies to evaluate certaindesign
alternatives, establish general performance parameters and specifica -
tions, including the general mechanical and electronic configuration,
Included in Phase One was a study of the requirements which would be
imposed on a stabilization and motion isolation system needed for a
specific moving base application. It was then necessary to show that
these latter requirements were consistent with existing technology.
Phase I was successfully concluded in February 1973 when the study
results were presented at AFCRL at a formal “‘esign Review.

Phase Two was the engineering, fabrication and laboratory
evaluation test ana rework phase, Much of our early effort was con-
centrated in the preparation and letting of the long-lead-time subcon-
tracts. Other personnel were given the tasks of electronics detailed
design, breadboarding, circuit testing and detailed analyses and design
of mechanical components, particularly the sensor arms. Later, as
the program evolved, the personnel often were convened to discuss the
closed loop relat‘onships and- interactions of the many subsystems.

The result was the formation of a small team which ultimately produced

the RGG hardware,




At the start of Phase Two we established a program philosophy

which had a significant influence on the conduct of our efforts, Our
philosophy stressed that each task and subtask be accomplished with the
highest degree of assurance that the end product, the prototype RGG,
meet the specified performance goals. In practice, this meant that
each subsystem, and its assemblies and components, be analyzed,
designed and tested, and redesigned and retested, if necessary, before
being integrated with the other subsystems. The purpose, of course,
wacZ not only to minimize the number of system problems but to mini-
mize the task of identifying and isolating individual error sources,

The necessity for this philosophy was dictated, in part, by the
fact that Phase II authorized the construction of but one single prototype
RGG. Unfortunately, this limitation also excluded duplicate subsystems
and spare components, Thus, we had to plan a program which had no
provision for comparative analyses of simultaneous test results, It
also allowed for no unforeseen contingencies which threaten both the
schedule and cost of any program. These limitations proved to be
severe. They were mostly overcome, however, by designing and fab-
ricating the best possible components within the time and money
constraints,

Historically, it is well to remember the years of work that
preceded this contract. The Prototype RGG is really a third-generation
sensor. The first RGG sensor, made of plastic, was demonstrated in
1967. The 1 E.U. sensitivity of this sensor was excellent and much
was learned. However, the original sensor had many limitations
rendering it unsuitable for applications in other than orbiting veh'cles,
From this original design grew the first ""hard bearing'" RGG sensor.
This second-generation sensor was more precisely and ruggedly con-
structed than its predecessors. Again, much more was learned. The
best senstivity performance was 6.3 E.U. noise level. Work on im-
proving the performance of this "brassboard" model was discontinued
in favor of initiating a new program which examined the error sources

and studied the design alternatives before constructing hardware. Thus

the present Prototype RGG program was conceived.
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The contract was awarded to Hughes as the result of a competitive
procurement. Two years later, by February 1974, the configuration of
the mechanical assembly had been finalized. The present mechanical
design of this sensor is depicted in the RGG Sectional View, Fig. I-2,
(taken from the R<3G Assembly Drawing No. 740583).

The sequence of this report starts in Section Il with an overview

I ————————— 0 . B
|
{
<ot

3 of the mechanical and electronic subsystems and then leads to discus-
' sions of the assembly process. This is followed by a summary of the
error analysis work and finally by some comments about system con-

siderations. Section III provides specific information about the config-

uration and performance of subsystems and components, Section IV

provides details about the error sensitivities, the mechanisms to cor-

rect these errors and, lastly, the RGG test results. Section V presents

the conclusions and recommendations.




(1)

(2)
(3)

(4)

(5)

(6)

(7)

(8)

(9)
(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

CONTRACT MILESTONES
Contract award: 1 February 1972
Phase I: Study Phase, $263,233.
Semiannual Report No. 1, August 1972.

Phase I Extension granted, no increase in cost:
1 December 1972,

R&D Design Evaluation Report, January 1973,
Semiannual Report No, 2, February LTSk

Phase I end, 21 February 1973,

Design Review at AFCRL.

Phase II start authorization, $223,992: hardware design,
fabrication and test phase.

Comparative Gradiometer Review at AFCRL, 23 October
1973.

Semiannual Report No. 3, November 1973, draft copies
delivered to AFCRL. Breadboard Electronics and Computer
Subsystems Demonstrated.

Phase II funds depleted, 15 November 1973.

Unitized Arm/Pivot concept adopted for AFCRL program.
Phase II cost growth funded, $219,999, 15 April 1974.

Move personnel and equipment to new, 1100 square foot
laboratory.

Unitized Arm/Pivot successfully manufactured; spin bear-
ings received trom subcontractor.

RGG Rotating Electronics packages assembled and checked
out.

Phase II funds depleted, RGG sensor nearly assembled.

RGG sensing components assembled in Inner Rotor; start
static balance tests 26 December 1974.

Comparative Gradiometer Review at Colorado Springs,
4 February 1975.

Phase II cost growth funded, $89,988, 21 February 1975.

RGG s or operational two day meeting with AFCRL and
DMA. Complete RGG system electronics demonstrated.

Phase II technical work complete.
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FM Transformer
Encoder Disk
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("A") and Electronics

Inner Rotor

Top Arm Plate
(Arm No., 1)
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ducer and Mount
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Top Arm Plate
(Arm No. 2)

Center Plate

Bottom Arm Plate
(Arm No. 1)

Heater and Sensing
Winding Slots
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Radial Balance
Devices and Mount

(Bottom)

End Flange
(Bottom)

Printed Circuit
Board (''B") and
Electronics
Access Plug

Dynamic Balance Screw

"Cap Driver" Rotating
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Power Input
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Terminals, Drive
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PROGRAM OVERVIEW

A. Description of the RGG

1. General Description

The fully assembled RGG sensor is shown in Fig. II-A-1-1.
The cylindrical outer housing (Stator) is approximately 20 cm in diameter,
is nearly 30 cm in length and, fully assembled, has a total mass of
approximately 16 kG. The sensor dimensions have not been minimized
or otherwise optimized for a particular volumetric or specific forin-
factor viewpoint. Time and money constraints restricted the iterative
processes required to achieve dimensional optimization. In the future
when it becomes desirable to address such considerations, we feel

certain that the existing design will lend itself to weight and size

R AL A i i e e i

reductions.

The prototype RGG is functionally identical to its Hughes RGG
predecessors which employ a rotating reference frame to preferentially
improve the signal-to-noise ratio. The Hughes Rotating Gravity
Gradiometer consists of two orthogonal mass quadrupoles (arms) which
{ are torsionally coupled to each other and to a common supporting struc-
ture (the rotor case). This structure has two fundamental torsionally

resonant frequencies, the ''sum mode' which is related to the common

ST AR AN

movement of the arms and the ""difference mode' which is related to

their differential motion. The spin speed is selected to be equal to one

VR RN

half the differential mode resonant frequency in order to provide reso-
nant amplification of the gravity gradient signal.

When the mass quadrupoles are rotated at constant angular
velocity about the torsional axis in a nonuniform gravity field, the
second order gradients of the field create periodic differential moments
on the arms at twice the spin frequency. The differential mode motion
is sensed by piezoelectric transducers, and the resultant signal is
amplified, filtered, and frequency modulated within the rotor for trans-
mission to the stator. The FM signal is synchronously demodulated
digitally into two quadrature channels using rotor position information.

The process is functionally analogous to phase detection of the original

15
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Fig. II-A-1-1. RGG Sensor.
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analog signal into two channels using the sine and cosine of twice the
relative rotor angle. The digitized signals are then filtered (time
averaged) to provide the RGG output signals in digital form.

Despite functional similarities with its predecessors, the
mechanizaiion details of the prototype RGG are necessarily different.
The differences are primarily due to the more difficult objective of
designing a gravity gradiometer to operate in a moving vehicle environ-
ment. Also, because we continue to gain increased understanding of
the problems and their solutions, the mechanization of certain subsys-
tems have continued to evolve until the specified goals have been fully
achieved.

To assist the reader to gain an overview of the RGG mechanical
components and familiarity with the terminology, the following discus-
sion is offered. The photographs of the clear plastic model are better
suited for this purpose than are photographs of the actual hardware.
The plastic model was constructed in March 1974, nearly one year
before the hardware was first assembled. Accordingly, differences
do exist but they are insignificant for initial familiarization.

Figure II-A-1-2 depicts the Stators of the actual RGG hardware
beside the plastic model to illustrate the general similarity.

Figure II-A-1-3 depicts the first step in disassembly. Number 1
points to the Stator or housing assembly, which in turn, mounts to an
environmental isolation system. Number 2 points to the Outer Rotor
which is supported within the Stator, at each end, by two journal bear-
ings (not shown). The Outer Rotor is rotated by two electric motors.
Number 3 points to the '"drag cup' component of each motor. Number 4
points to the slotted encoder disk, a component of the extremely pre-
cise speed control servo system.

Figure II-A-1-4 depicts the second state of disassembly.

Number 5 points to the Outer Rotor. Number 6 points to the Inner Rotor

containing the Sensing Components. Each half of the Inner Rotor is
bolted to its corresponding half of the Outer Rotor to facilitate align-

ment during assembly (to obtain coincidence of axes of the Sensing




Fig. II-A-1-2, RGG Stator and Plastic Model Stator.
M10255

Fig, II-A-1-3, First stage of dis 1ssembl
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Components with the spin axis). Number 7 points tc one of the
cylindrical volumes which cont2ins the rotating electronics.

Figure II-A-1.5 depicts the third stage of disassembl;. Num-
ber 8 points to the Inner Rotor with the Sensing Components removed
(shown at the right). Thc Inner Rotor supports the Sensing Components
at each end, by two bolted flanges (not shown) at each end of the column
(No. 7) of six torsional pivots (see Sectional Drawing in Introduction)

and at th- circumference by bolts through the Center Plate (No. 9).

2. Sensing Components

a. Unitized Arm-Pivot Description — Selection of

the method of attachment of the arm plates to the single-piece pivot
structure was a difficult and time-consuming process. Three fasten-
ing techiniques were considered: (1) an interference fit between the
pivot boss and the armn, (2) various clamping methods, and (3) use of
high-strength bonding agents. A detailed discussion of these tradeoffs
is contained in Appendixz A. All of these attachment methods had
drawbacks. A decision to select from one of these three attaching
techniques would have involved many undesirable compromises.
Before a final decision was made, contract funds were depleted which
resulted in a temporary work stoppage.

During this time span, it is fortunate that our attention was
directed toward a NASA gradiometer program, because an entirely
new design apprcach was developed. The new solution was applicable
to the A¥CRL design and it provided a significantly improved solution
to the arm-pivot attachment problem.

The new concept called for making the pivots and arms from
one single ingot of aluminum; it thus became known as the Unitized
Arm-Pivot. The new solution presented some new considerations
such as the unknown difficulties in machining this intricate part. Our
first concern was directed toward the difficulties in making the rela-
tively ''long reach' between each arm plate to machine the central

column down to the recuired diameters of the torsional pivots. The

20
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Fig, 11-A-2-1,
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Fig. II-A-1-5.
Third stage of diassembly.

Unitized arm/pivot machining sequence,
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question of this particular machining operation was evaluated using a
prototype part; the machining operations were found to be difficult but
feasible. The machining vendor selected to manufacture this part made
the first part with no breakage. The concept of a unitized arm-pivot
was then established as not only feasible but a superior solution to the
three alternatives whereby the arm to the pivot attachment was to have
been accomplished as a post-machining assembly step.

In the unitized design, the arms, the torsional pivots and the
Central Plate, are made from a single forging of aluminum. Fig-
ure II-A-2-1 illustrates the progressive steps in machining the final
unit. Conventional machining techniques and tools were used through-
out. The details of the Unitized Arm Pivot are better depicted in the
RGG sectional drawing (see Fig. II-A-2-2).

Referring to Fig. II-A-2-2, the anisoelastic cutouts (No. 1) in
the arms and the end mass cutouts (No. 2) in the Central Plate are
machined Ly the Electro-Discharge Machining (EDM) process. Turn-
ing of the torsion pivots (No. 3) to the final diameter is the last step
in the machining process.

The piezoelectric transducers (No. 4) are mounted by means of
the short standoff posts (No. 5). Each of the two transducers is
clamped to the standoff posts and pass through the slots (No. 6) in the
outer arm bosses (No. 7). By contrast, our prior design required use
of relatively long standoff posts which carried the torsional deflections
from the arm plates to two sets of interleaved mounting supports for
each transducer. Thus, a further advantage and simplification of the
unitized concept is the improved method of mounting the piezoelectric
transducers.

The Inner Rotor (No. 8) supports the pivot end flanges (No. 9)
by providing rigid mechanical links back to the Central Plate (No. 10).
The Outer Rotor (No. 11) provides the means of supporting the rotor

structure on the spin bearings (No. 12).

22
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In order to be able to assemble the end masses through the end
mass cutouts in the Central Plate, the end masses were made in two
pieces. Typically, the "inner' piece (No. 14) is nested in the end mass
cutout, and then the '""outer' piece (No. 13) slides in place. The end
masses are fastened in place to the sensor arms by one 5/16 in. diam-
eter beryllium-copper bolt (No. 15).

The end masses contain aluniinum inserts (No. 16) which have

been inserted by a press fit. Their purpose is to provide an aluminum-
to-aluminum material contact at the arm piate-mass interface and an
interference-fit interface between the aluminum insert and the end
mass. Thus, the inserts reduce the possibility of "walking' of these
non-equal expansion coefficient parts when subjected to temperature

variations. The length of the aluminum inserts has been designed such

that the resulting thermal expansion of end mass material (Mallory 1000),
inserts, plus arm plates, is the same as that of the beryllium-copper
bolt.

b. Sensing Component Assembly — The assembled

- sensing components are shown in Fig. II-A-2-3. In this photograph,
' three of the six pivot diameters are clearly shown (No. 4); they each
measure 0,27 cm diameter x 0. 318 cm length., The tungsten masses
of the upper arm (No. 1) are bolted between the two arm plates of the
upper arm (No. 2). The two lower arm plates are shown by No. 3.
The Central Plate No. 5 is shown bolted to the lower half of the Inner
Rotor (No. 7). The two transducers are not clearly visible, but their
general location is shown by No. 6, both top and bottom.

The oblique view of the assembled Sensing Components,
¥ig. 1II-A-2-4, shows more clearly how isoelasticity of the arm plates
is achieved. Material has been removed in each Arm Plate (No. 1) to
intentionally weaken the structure. The ends of the pivot column termi-
J nate in flanges (No. 3) which are bolted to the Inner Rotor halves.
Balance of the structure is attained by balance screws and the balance
tubes (No. 2). Arrow No. 4 points to a large radial screw and No. 5

to a small tangential balance screw.
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Fig., II-A-2-3, Assembled sensing components,
(Mounted in lower half of inner rotor)
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Fig. II-A-2-4. Asscmbled sensing components,
(Obligue view)



3. RGG System Electronics

The RGG system electronics are divided into two groups:
° External (rack or sensor mounted)
° Rotating (located on the Inner Rotor)

The system block diagram is shown in Fig. II-A-3-1 and the external
electronics are shown in the photograph, Fig. II-A-3-2.

a. External Electronics — The system block diagram

shown in Fig. II-A-3-1 is useful for this dicussion.

The reference element for the whole system is the high pre-
cision 10 MHz clock. It is stable to one part in 109 and accurate to one
part in 107. An eight slot optical encoder disc on the RGG Rotor
provides the Rotor-to-Stator position reference. The operator sets
the computer to the desired number of 10 MHz counts per octant and
the computer reads the number of counts actually received. The com-
puter computes an error signal that is converted to an analog error sig-
nal, approximately 140 times per second, and this signal goes to the
speed control servo. The computer also corrects the apparent position
of each slot in the encoder disk. Errors which occur in the manu-
facturing of each slot require that each slot position be electronically
repositioned,

Final tests on the speed control servo can not be made until
precision spin bearings are installed in the RGG, however, all tests
made to date indicate that the speed control susbystem is within
specification.

Power for the rotating electronics is provided by an external rf
power supply, ~500 kHz. This supply can be interrupted by the data

injector and logic state commands thus provided to the electronics.
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Fig. II-A-3-1. Electronics system block diagram.
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Fig., II-A-3-2. RGG External electronics.
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Fig, II-A-3-3, .Rotating electronics functional
schematic.
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3 i Fig. II-A-3-4. Power Supply, Logic Circuits, and
E ‘ Test Circuits (internal voltage and temperature).

Fig. II-A-3-5 Preamplifier, AM-to-FM modulator and Filter.
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Also included in the external electronics is the temperature
control which maintains the sensor temperature to 45+ 0.0006 oC.

A "Signal Conditioner Panel" is included with the external elec-
trenics although it is not actually a part of the system. It generates
regulated square wave and sine wave test and reference signals at 1,
2, 3, and 4 times the Rotor speed. All of these are precisely phase-
locked to the rotor encoder disk positicn,

The rotating electronics generate an FM signal that is propor-
tional to the gravity gradient signal acting on the sensor. The computer
counts each cycle of this signal and stores the count generated during
each octant. The computer then timc averages these octant counts,
converts them to an equivalent E.U. and causes the teletype to print
the cosine and sine E.U. terms.

An example of a compu’er printout, dated February 25, 1975

at 11:39 a.m., is shown in Fig, II-A-3-6, Particulars about this test
(test number 16) have been entcred manually on the teletype to document
certain specific conditions of this test., The page heading, printed by
the computer, contains information about the encoder disk slot correc-
tions (M1 through M8), balance tube gap location information for each
arm and date of last gap movement, the selected rotor speed and two
omega frequency (35.6379 Hz), as well as gain and servo information.
Seven column headings were printed before the actual test was started.
In this example, five lines of 2 w data, each averaged over a time
period of 245 revolutions, were recorded. The values of the cosine,
sine and signal magnitude are recorded in Eotvds Unit values and the
phase angle data is recorded in degrees. At the bottom of the page,

the five lines of sine, cosine, magnitude and phase angle data have been
averaged and the standard deviation values recorded. In this example,
the particular test conditions produced an output of 5813 E, U. (bias)

at a phase angle of -156.2 degrees, with a variation of 31,6 E. U,

(noise).




*ROTATED SENSJR TO X UP POSITION

I TND 16
! *TEST OOND 6A 1 NO ¢ UP J WE HORIZ ANG 10.00 MV -2% DEG
| * SPEED 0¥
| H EA
2,25 75 11:39 TNO 16 BIAS -92.0000 0.0 0.0 0.0000
- M]-M3= 63. 103, 3. 68 . 13. 1. 10. 33.
3 ARM1 0.5000 0.5000 ARM2 0.5000 0.5000 TU-FAC 0.
. LAST BAL 12, 9,73 11: 52, SPEELC S61200.00 0.10 2W¥ = 3S.¢379
SERVO 0.010 0.850 GAIN 11. 34619 FacC 0.0937300
2v AVE
COND cns SIN MAG PHA FM- CAPR NDCT.PER
2245 -5349.¢% -2317. 6 5330.0 -156.€¢ 265697.5%5 4629
2W245 -5330. 4 -2339.4 5821.2 -156.3 265700. 2 4613
2W245 -5345.0 -2352.8 5%439.9 -156.2 265700.9 4648
2vaa4s -S5300. 6 -2365.1 5804.2 -156.0 265699.6 4€11}
2W245 -5277.9 -2341. 3 5773.9 -156.1 2€5695.9 4€43
2W AVE S=N -5320.7=C -2343.2=°¢ 27.69=€C 1%.24=CS¢

531 3.3=MAG 3l. €E1= SMAG -156.2311=PHA

Fig. II-A-3-6. Example of computer printout,
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b. Rotating Electronics — The rotating electronics functional

block diagram is shown in Fig. II-A-3-3. The rf power comes in through
a retary ferrite transformer and is rectified, filtered and precisely
regulated to rovide + and - 10.00C volts dc. The rf power input can
be interrupted on a logical basis. Inside the sensor these interrupts
are converted to a 16-bit logic state. These logic states program a
selectable ampolifier and adjust the mass balance of the sensor arms by
means of electrolyte mass transport balance tubes. Piezoelectric
transducers measure the instantaneous differential sensor arm motion,
The resistive load across the output of the transducer controls the
mechanical Q of the sensor. The transducer output is amplified by a
balanced pair of low noise field effect transistors, amplified and passed
through a tuned filter., The next stage is an amplifier than can output
any of four selected inputs. The output signal is selected by logic
states determined by interrupts in the rf power.

The logic control provides for the following outputs:

o] Sensor Output Normal Gain

° Sensor Output Low Gain

° Regulated DC Voltage Monitor
° Rotor Tem perature Monitor

° Test Signal Insertion Capability

The output of the selectable amplifier drives a voltage controlled
oscillator with midfrequency of about 250 kHz. Thus, a signal is con-
verted to a frequency deviation and an FM outpuc is obtained. This FM

is transmitted outside the sensor through anotuer rotary transformer.

c. Conclusion — Each group of electronics, although straipght-
forward in concept, has required pushing the state-of-the-art in several
areas, In spite of these difficulties, the electronics system has
progressed steadily from cfonccpt, to detailed block diagram, to circuit
design, to hardware and finally to system performance tests, Since

inception, only minor changes and adjustments have been required to

the final hardware,




Ve

A few of the more notable electronic accomplishments include:*

Control of the Rotor speed so that the angular
position of the Rotor is known at any instant to
+2.4 arc-seconds. (The Rotor is rotating ata
nominal speed of 2.4 arc-seconds per 100
nanoseconds. Control is accomplished by use of
a precision time source, precision optics and
an on-line digital computer.)

Adjustment of the mechanical Q of the sensor to

a stable controllable value. (Accomplished by elec-
trical loading of the mechanical to electrical piezo-
electric transducer.)

Supply of continuous electrical power to the rotat-
ing electronics without introducing torque noise.
(Rotary ferrite rf transformers.)

Conversion of a 4500 E.U.Signal (0.025 dyne-
cm) into a usable output, resolved into two
channels, each accurate to one part in 10°,
(Precision optics, transducers, amplifiers,
and digital computer demod lation of an M
signal.)

Control of the sensor temperature to a speci-
ficd temperature in the range of 43 to 49 °C to
0.0006°C. (This has not yet been proven,
since the existing temperature control is
better than the best available monitor.)
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Mechanical Assembly of Sensor

Installation of the various piece parts of the RGG in a logical
sequence of steps to result in a properly aligned, assembled unit was
a major task., This task was significant both in terms of the required
planning and in the assembly effort. The nature of the RGG design is
such that one starts from the innermost element and "'builds'' his way
out, Thus, a nominal amount of planning is necessary merely to assure
that access is continually available to mount the next part, Further-
more, because of the delica‘e nature of the unsupported Arm-Pivot
unit, much effort was given to handling and providing holding or asser -
bly fixtures. Also, because of the extremely small clearance of the
spin bearings, considerable thought was given to the assembly proce-
dure and fixture design to prevent binding or galling of the bearing
mating surfaces during assembly.

The first building block of the RGG is the Arm-Pivot., During
manufacture of the Arm-Pivot, ultra precision machining spacers were
fabricated and installed between the outer and inner arm plates and
between the inner arm plates and the Center Plate. These spacers
were required because the various pivots were turned down to final
diameter. The first items to be installed are the end masses. To
install the end masses, the Arm-Pivot, with machining spacers still

in place, was set in a holding fixture, which supported inner arm No. 1.

The short end masses were set in their proper positions, then the long

end masses were slid into place. The mounting bolts were theninstalled,
the washers and nuts added and hand tightened. Then the machining
spacers mounted between the two plates of arm No. | were removed.
After their removal, the end mass bolts were tightened. The amount of
tightening was judged by producing a stretch in the bolt of 0.004 in.
which corresponds to a stress of about 20,000 psi and a tension of

1500 lb. At this point, the unit was turned over and the second set of

end masses installed ir. a similar manner. Then the preassembled

balance tube mounts were installed.




The next step was to install the Inner Rotor halves. A special
holding fixture was required to support the Inner Rotor at its center
flange while allowing access for the six screws which fasten the two
Inner Rotor halves and the Center Plate of the Arm-Pivot together.
After installing and torquing these six bolts to a prescribed torque level
of 24 in. -1b, the four screws which fasten each Arm-Pivot end flange
to the Inner Rotor halves were installed and torqued down.

Installation of the transducer mounts and the transducer leaves
proceeded next. This installation was quite tedious due to the rela-
tively difficult access to some of the mounting screws, The electronic
circuit boards were then mounted to the ends of the Inner Rotor halves.
Then, the interconnecting wiring hetween the top and bottom circuit
buards, the transducer, and the balance tubes were installed and checked.
The unit was then placed in the vibration test stand while the sensor
error sensitivity adjustments were made as described in Section IV-D,

The next assembly step was to attach the Outer Rotor halves,
Since each half is held in place with only three screws, this step is
relatively simple. It is necessary to install all six screws at first due
to limited access, however, These screws are held by a specially
designed differential screw thread to pe rmit precise adjustments of
screw tension (for skew axis alignment adjustments),

After installation of the Outer Rotor halves, the spin motor drag
cups, encoder disk, rotating cap driver plate and the female portion of
the spin bearings were mounted.

Ball bearing type spin bearings were first mounted in the sensor
to reduce the risk of damage to the hydrodynamic oil bearings, while
the rotor subsystem was first subjected to the static and