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THE VLF EXPERIMENT EQUIPMENT FOR
APPLICATIONS TECHNOLOGY SATELLITE 2 (ATS-Z)

1. INTRODUCTION

Bell Telephone Laboratories has provided instrumentation for two experiments
on the ATS-A spacecraft (designated ATS-2 after launch). One of these was an ener-
getic particles experiment identical to the one flown on ATS-B (ATS-1). The second
was a very low frequency (VLF) radio experiment which was intended to measure the
magnetic component of low-frequency electromagnetic waves in a 6000-nmi circular
equatorial orbit. Unfortunately the spacecraft was launched into an incorrect orbit,
which prevented the VLF experiment from achieving its goals and complicated the
analysis of data from the particle experiment.

A description of the operation of the VLF experiment and its special integra-
tion problems with the spacecraft can be found in Appendix 1. This experiment was
not flown on the ATS-B satellite because the orbital parameters for that mission
were not favorable to it.

A description of the packaging of the VLF experiment and its integration with
the particle experiment in a common housing is given in this report. The ATS-B
particle instrumentation is documented in detail in Appendix 2; only minor mechan-
ical changes were made in its design for ATS-A.

2. EXPERIMENT PACKAGE DESIGN

2.1 Experiment-Spacecraft Interface

The Bell Laboratories' experiments for ATS-A were housed in the three sep-
arate pieces of hardware shown in Figure 1. The large rectangular main housing
contained all of the particle experiment and most of the VLF electronics. The two
smaller, L-shaped housings are VLF antenna assemblies, each comprising a ferrite
rod antenna and associated electronic circuits. The main package was mounted
within the Westinghouse Environmental Measurements Experiment (EME) in the
spacecraft. Electrical connections between the BTL experiments and the EME were
made through connectors attached to the housing back plate, shown in Figure 2, As
in ATS-B all electrical power was supplied from a regulated source within the EME,

-~




Figure 1. BTL Experiment Flight Model with VLF Antennas

The antenna units were mounted 90° apart at the surface of the spacecraft
skin in locations separate from the EME. Each was placed so that its major
axis was tangent to the skin and protruded from it by about 1 inch. The antenna as-
sembly electronics was contained in the short leg of the housing, further identified
by the large connector at one end. This portion extended inside the spacecraft en-
velope for better thermal control. In remote locations within the spacecraft these
antennas were separated from thermally controlled surfaces. Severe temperature
problems were anticipated due to the exposure of the antennas for long alternating
periods to sunlight and darkness that are caused by the slow radial velocity inherent
in a gravity gradient oriented spacecraft. At the beginning of the project it was
estimated that an uncontrolled point on the spacecraft skin might vary in tempera-
ture between +100°C and -100°C during one orbit. Elaborate design measures, de-
scribed in Paragraph 3.0, were taken to ensure reliable performance of the antenna
components under such severe temperature cycling.

Thermal control of the BTL main package in the EME was augmented by paint-
ing the exposed front plate white. All other housing surfaces inside the EME were
polished gold to reduce radiant heating from adjacent warmer experiments.
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2.2 Main Housing Design

An assembly drawing of the experiment package is shown in Figure 2. Basi-
cally the same mechanical design was used as for the ATS-B experiment which is
described in Paragraph 4.3.4 of Appendix 2. However, the width of the box was in-
creased to 7.50 inches to accommodate the VLF electronics; the length and height
remained the same, 10,02 and 2,50 inches respectively. Total weight of the main
package was 5.5 pounds. The front plate, Figure 3, was simplified by eliminating
the step which was unnecessary on this spacecraft. Other housing details are shown
in the following illustrations: back plate, Figure 4; left and right sides, Figure 5;
top and bottom covers, Figures 6 and 7; left and right partitions, Figures 8§ and 9.

The main portion of the VLF electronics was constructed on three printed
circuit motherboards contained within a compartment to the right of the particle
experiment, as shown in a photograph of the experiment with the cover removed in
Figure 10, This is the same position and approximate volume occupied by the Rice
University experiment in ATS-B. A sturdy partition, Figure 9, similar in design
and strength to the right side of the ATS-B package, separated the two experiments
mechanically and electrically within the housing, The small stack of VLF mother-
hoards was bolted to this partition by separate, short through-bolts, like those de-
scribed in Paragraph 4.1.1 of Appendix 2. By mounting it in this manner the VLF
stack could be separated from the particle experiment without disturbing the latter,
The VLF experiment interfaced elecirically with the EME through connectors shared
with the particle experiment on the back plate. Connections between the VLF stack
and these connectors were made by a flat-braided cable running through the partition,
as shown in Figure 11, Complete separation of the two experiments was of course
not posgsible after final assembly, but the cable provided enough length to permit
access to the VLF motherboards if required for test or repairs.

Low-level input signals from the antennas entered the VLF stack through two
separate 15-pin Cannon connectors mounted on the back plate directly behind mother-
boards 12 and 13, Figure 2. This arrangement was opposite to the scheme used in
the particle stack where the low-level detector signals entered at the front. The
motherboard circuits were laid out to keep high-level output signals away from the
sensitive antemna inputs. Therefore, the inferconnecting cable was routed to the
forward end of the VLT stack. Further elecirical isclation was achieved by adding
a shield between input circuiiry located on motherboard 13 and the rest of the stack.
An extension of this shield enclosed the antenna connector terminations as well.
This shielding scheme is also shown in Figure 2. Contact to the ground plane on
each motherboard was made along the upper and lower edges by a fingerstock sheet
inside the housing covers as in the .particle experiment.



The individual VLF motherboard:é, were polyurethane foam encapsulated by
the same procedure described in Paragraph 6.4, Appendix 2. Cavities in the webbed
partition were also filled with fdam, as shown in Figure 11, {o increase its contact
suriace with motherboard 11. The photograph also shows a special trough formed
in the partition to accommodate the flat-braided interconnecting cable.

2.3 VLF Electronics Packaging

Figure 12 is a block diagram of the VLF experiment. Since most of this cir-
cuitry was highly specialized, the operational thin~film integrated circuits designed
for the particle experiment could not be used extensively. Instead, a conventional
printed circuit layout approach was employed. Table 1 shows the basic types and
quantities of components used in each VLF experiment. All components met the
same specifications as those used in the particle experiment and defined in Chapter 5
of Appendix 2.

Table 1

TYPES AND QUANTITIES OF COMPONENTS
USED IN EACH VLF EXPERIMENT

RQuantity Per
Component Type Experiment
Capacitors
Solid Tantalum 82
Ceramic 59
Resgistors
Carbon Composition 235
Metal Oxide Film 15
Tantalum Thin Film 107
(integrated circuits)
Transisfors
NPN Silicon 50
PNP Silicon 74
PNP Germanium 4
P Channel FET 28
Diodes 65
Transformers and Chokes _12
Total Components 731

6
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Figure 10. BTL Experiment Flight Model, Cover and Detector Removed

Figure 11. Completely Wired Electronic Stack
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Figures 13 and 14 show motherboard 13 and its schematic. The sensitive
antenna input amplifier circuits and gain-switched amplifiers were constructed on
this board. For that reason it was placed closest to the right side of the housing and
isolated from the other boards by an electrostatic shield. The two input transformers
(labelled W4}5) and two large cylindrical ceramic IF filters can be seen on the left
end of the board in Figure 13. Five toroidal ferrite-core, power-line filter chokes
in series with each power supply voltage rail and the ground bus are mounted near
the terminals at the front of the board..

Motherboard 12, Figure 15, contained the current-controlled local oscillator,
its digital to analog converter, the limiters, phase detector, and overload diserim-
inator. The schematic for this board is shown in Figure 16.

Figure 17 is a photograph of motherboard 11. Thin-film integrating amplifiers
and discriminators were used in the four charge pump digitizers. The ocutput of
these drove the data encoders in the EME. The schematic for motherboard 11 is
shown in Figure 18,

3. VLF ANTENNA DESIGN
3.1 Antenna Coil

An exploded view of the VLF antenna assembly is shown in Figure 19. The
antenna coil was wound on a 6-inch-long ferrite rod which was mounted within the
longer of the two aluminum housings in the photograph. The housing was slit length-
wise along the top to allow electromagnetic enexrgy to enter and induce currents in
the antenna coil. Nylon blocks supported the rod at the ends and middle as shown in
the assembly drawing, Figure 20. The two end blocks also provided mounting
flanges for bolting the unit to the spacecraft frame. Nylon was chosen for both
electrical and thermal insulation.

The antenna coil was duo-lateral would in 14 sections with 2000 turns of 15-
strand, No. 44, enamel-coated Litz wire covered by a nylon jacket. The probability
of survival of this type of wire in the specified winding configuration under continual
temperature cycling was considered greater than that of a single conductor of the
same cross-sectional area. Duolateral, sectional winding was necessary to reduce
the distributed capacitance of the coil. The coil leads were terminated and immo-
hilized at terminal studs mounted on a circular epoxy card bonded to the ferrite rod
just ahead of the first section of the antenna coil.

3.2 Antenna Electronics

Designing electronic circuits to operate within specifications over the temp-
erature range anticipated for the exposed anienna would have been difficult. Also,

25



continuous temperature cycling of this magnitude is detrimental to component re-
liability, For these reasons the antenna electronics, consisting of a preamplifier
and mixer shown schematically in Figure 21, was thermally isolated irom the an-
tenna by the following means:

a. The electronics was constructed in a cordword module housed in a com-
partment which joined the antenna at right angles so that it extended inside
the spacecraft skin,

b. A nylon block was used to join the two aluminum housings thereby avoid-
ing a metal-to-metal heat path. A 45° stiffening strut of stainless steel
with low thermal conductivity was added later to improve rigidity of the
assembly.

¢. Electrical connections between the antenna coil and elecironics were made
through two thermal isolation links each consisting of 1.5 inches of No. 36
nichrome wire wound in a spiral 0.5 inch long on fiberglass sleeving.

The original plan called for a copper strap between the end of the preampli-
fier housing and the nearest point on the spacecraft frame to further reduce temper-
ature excursions of the electronics. These sitraps are shown attached to the anten-
nas in Figure 1. However, they were later deleted when the resulis of a spacecraft
solar simulation run showed they were not essential. Thermal exchange in the in-
terconnecting cable between the EME and antenna was sufficient to maintain the
electronics in the range 'of +3°C to +38°C while the antenna housing varied between
-19°C and +48°C. High-emissivity white paint was used on all exposed antenna sur-
faces outside the spacecraft.

Both the antenna coil and electronics module were encapsulated in polyurethane
foam for vibration damping. The final weight of each antenna unit was 0.5 pound.
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Figure 19. VLF Antenna Details
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Appendix 1

DESIGN OF VLF AND PARTICLE EXPERIMENTS FOR THE
ATS-A SATELLITE WITH SPECIAL REFERENCE
TO ELECTROMAGNETIC INTERFERENCE

G. L. Miller and H. P. Lie
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Chapter 1
INTRODUCTION

The ATS-A satellite was intended to be launched into a 6000-nmi circular
equatorial orbit and to employ gravity gradient stabilization.

Its primary mission was to act as an experimental broadband radio commun-
ication vehicle. Secondary missions included, among other things, half a dozen
diversified experiments denoted "Environmental Measurements-Experiments”
(EME).

The two experiments discussed in this appendix were a part of the EME pack-
age and were associated with one another from the point of view of their experimen-
tal goals. One of them was intended to monitor low-frequency radio waves in the
electron belts surrounding the earth, while the other experiment included facilities
for monitoring electron energy spectra.

Both experiments were susceptible to noise pickup while one of them was
extremely sensitive in this respect. In addition there existed the possibility of
certain EMI incompatibilities between the two.

The very low-frequency radio experiment was intended to measure the mag-
netic component of low-frequency electromagnetic waves propagating in the electron
plasma surrounding the earth. The amplitudes of interest ranged upwards from
1078 yz/ cycle (1y = 1072 Oersted), while the frequency spanned the range from ~5
to ~200 kHz,

Experiments of this kind are usually carried out by using some form of an-
tenna well removed from the spacecraft for noise reduction purposes. However in
the case of the ATS-A satellite an additional boundary condition was imposed,
namely that no equipment could protrude more than 1 inch from the spacecraft
surface.

Inasmuch as the vehicle employed more than 30 unsynchronized de-to-dc
converters, and was never designed to provide a quiet R.F, environment, the deci -
sion to fly a lowrirequency radio experiment would appear in retrospect to be a
formidable undertaking. However the decision was made, and surprisingly enough
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it ultimately transpired that such measurements are indeed just possible, although
they require considerable caution both in the design of the equipment and in the
interpretation of the data.

The second experiment consisted of a five-element silicon p-n junction
detector telescope designed to make measurements on the ionizing radiation in the
Van Allen belts. Apart from the question of its own sensitivity to external noise
transients, this experiment also employed two dc-to-de converters which were
mounted less than 1 inch from the VLF receivers. Further complicating the situa-
tion was the fact that the component density was high, there being some 750 transis-
tors in a 10x7x2 inch box, which left little room for elaborate shielding and filier-
ing arrangements.

The ATS-A spacecraft was launched into an incorrect orbit and was therefore
unable to fulfill its primary purpose. However, the vehicle proved to be very useful
not only from the point of view of a number of the subsidiary physics experiments,
but also as a means of obtaining certain information on EMI and the functioning of
the instrumentation.
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Chapter 2

THE VLF EXPERIMENT

Since large loop antennas could not be used, it was decided to employ ferrite
rods to couple to the magnetic component of the electromagnetic field. These
ferrite rods were ~6 inches long and wound with 2000 turns of wire. Two such
units, mounted at 90 degrees to one another, were employed at widely separated
points on the spacecraft surface.

To avoid the problem of signal frequency pickup in the cables or the central
package, small preamplifiers and mixers were incorporated into each antenna unit.
As a consequence only the relatively high-level 455-kHz I.F. signals were sent from
the antenna units to the central electronic package. A general view of one antenna
unit is shown in Figure 2-1.

The signal from each antenna was amplified by a separate I.F. amplifier.
Both mixers were driven from a common local oscillator whose frequency was in
turn controlled by a seven-bit DAC. In this way the two receivers could be tuned
simultaneously over a range of ~5 to 200 HKz in 128 equal steps.

Two more digital bits were used to switch the gain of the I.F. amplifiers over
the ranges X1, X10 and X100.

Amplitude discriminators were employed to check that the R.F. signals were
within the linear range of the amplifiers at each gain setting.

Cognizance was also taken of the relative phase of the signals at the two an-
tennas in alternate 5-second data accumulation periods. (The rationale of this was
that it was anticipated that at least some of the signals from space would be cir-
cularly polarized.)

A simplified block diagram of the experiment is shown in Figure 2-2 while
Figure 2-3 shows the system in greater detail.

Control of the frequency, gain and phase conditions was exercized by 10 bits
derived from the satellite sequence scaler as shown in Figure 2-4. Bit S0 is in-

cremented every 5 seconds, leading to 5x1024 seconds (~80 minutes), for a complete
cycle through the experiment.

2-1



Figure 2-1. Exploded View of VLF Antenna

R.F. signals that satisfied all amplitude and phase conditions were fed to
digitizers whose output represented a product of the signal amplitude multiplied by
the time. Data could be accumulated in this way for up to 3.8 seconds out of each
5-second period.

Figure 2-5 gives a simple example of a case in which the R.F. amplitude
wanders outside the amplitude limits twice in one data period. For all the time
during which the amplitude is within range signal information is accumulated, while
when it moves out of range the digitizers are shut off and accumulation ceases. In
this way a quantity representing the shaded area of Figure 2-5 is telemetered to
the ground after each 5-second period.

In addition a record is kept of the "Live Time" and "Overload Time' in each
period, these quantities being telemetered along with the field data from each an-
tenna.

Finally, a single-turn test coil was attached to each antenna, and calibration
signals were injected into these coils from a reference oscillator for ~6 minutes
every 6 hours.
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Chapter 3
SPECIAL STEPS TO MINIMIZE NOISE PROBLEMS

3.1 ANTENNA UNITS

The equivalent circuit of an antenna unit is shown in Figure 3-1. The output
from the antenna signal coil is fed into a current preamplifier which has a large
linear dynamic range to minimize the generation of spurious signals by overloading.
The preamplifier output drives a mixer consisting of four p~channel field-effect
transistors in a balanced bridge configuration. Mixers of this kind produce an out-
put signal closely approximating the true algebraic product of the input signal and
local oscillator signal. As a consequence, they produce only sum and difference
frequencies, and are remarkably free from spurious responses. This is to be con-
trasted with the situation in a square law mixer, for example, in which the squaring
of a large amplitude discrete frequency input spectrum produces myriads of cross
terms which can all show up as spurious responses.

PREAMPLIFIER MIXER

LOCAL OSCILLATOR
INPUT

00

Yy v

[ FERRITE ROD
- A
§ >‘>‘_I I 3@?!%‘

‘ CALIBRATION Z FET BRIDGE
INPUT

Figure 3-1. Equivalent Circuit of Antenna Unit
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3.2 THE LOCAL OSCILLATOR

To derive maximum advantage from the product-type mixers it was decided
to employ a sine wave local oscillator signal rather than the more usual square
wave variety. The rationale of this step was twofold. First, the absence of local
oscillator harmonics still further reduced the possibility of spurious responses;
second, the chance of radiation of local oscillator signal energy was minimized.
(This was with regard to another low-level radio experiment, on the same satellite,
that operated in a higher frequency range.) As an added precaution, the local oscil-
lator signal was dervied from a low impedance source and fed to the mixer via a

balanced twinax cable to guard against its contamination by noise.

3.3 SHIELDING AND GROUNDING

Connections between the two antenna units and the main electronic package
were made via multiple-shielded cables as indicated in Figure 3-2. Both the
local oscillator and the I.F. signals were transmitied through shielded twinax cable.
Center-tapped bifilar transformers were used in both cases to provide good common

mode rejection. *

The noise advantage of a system of this kind can be appreciated by consider-
ing the alternative, comprising a conventional transformer-coupled coaxial cable
and transformer, as shown in Figure 3-3. This diagram illustrates that if noise
voltages exist between the two ends of the cable braid (as they invariably do) such
signals will add or subtract directly from the signal of interest, i.e., the system has
no noige immunity whatever in spite of the fact that it uses coaxial cable and a
shielded transformer. (This is easily seen by considering the path starting at the
ground side of the signal generator and comprising the cable braid, the transformer
primary, the cable core and the source impedance Z S.)

A less obvious, but very serious, additional source of noise can arise in
vehicles like ATS-A which employ a double ground system.

One ground is the electronic or signal ground; the other is the box or chassis
ground, The advantage of such a configuration is of course that the return current
from each experimental package is forced to flow back to the power source via a
definite path rather than through the chassis and spacecraft frame in some ill-
defined way. A marked disadvantage, however, resides in the fact that such
systems can exhibit noise signals between the two grounds, i.e., they suffer from
ground-to-ground noise.

*References are listed at the end of this appendix.
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This state of affairs is shown in Figure 3-4, and indicates in a simplified
way our situation on ATS-A. The shaded area represents the electronic ground
plane inside the shielded experimental box. A noise generator is showm connected
between chassis ground and the power ground of the dec-to-dc converter. (Only one
power supply voltage is shown for clarity.)

CASE
// LYy f'-': POWER .{H’l DC TO DC
LI ! H I CONVERTER
|
7§§ o 11
=Ccl [ | !
%7 ¥ ]
POWER
;ﬁrjy,j; L2 t—GrounD i
VA
NOISE
. GENERATOR
4
\_ CASE
SIGNAL GROUND A D

Figure 3-4. VLF Experiment,
Power Supply Filtering Diagram

Suppose first of all that L2 is absent (i.e. short circuited) and C2 is also ab-
sent (i.e., open circuited). Under such circumstances the full ground-to-ground
noise appears inside the experimental package. ¥ there then exists any smaljl
capacitive coupling between, for instance, an amplifier input and the shi‘eldin-g case,
the noise is then coupled directly into the amplifier.

Qur experience indicates that the source impedance of such ground-to-ground
noise generators is extremely low, and consequently the problem cannot be solved
by connecting a capacitor between the two grounds.

If the effective generator impedance is raised, however, by the addition of
choke L2, then a capacitor C2 between the grounds can be an effective solution to
the problem. We found chokes of ~150-ph inductance satisfactory when used in con-
junction with a capacitor of several microfarads.
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Chapter 5

RFI MEASUREMENTS AROUND THE OPERATING SPACECRAFT

Possibly the most relevant single observation that can be made regarding
spacecraft RFI on ATS-A is that no information whatever existed on the subject
until the prototype was assembled, by which time all design was finalized and
therefore substantial changes were impossible. At that time a noise survey of the

vehicle was made with specially designed equipment, and the first clear idea of the
problem involved was obtained.

5.1 THE NOISE SPECTRUM ANALYZER

One of the satellite VLF antenna units was modified to be used as a noise
probe. The modifications consisted in removing the balanced mixer and replacing
it with an emitter follower to allow direct observation of the antenna signal

The preamplifier output was fed to a Nelson Ross plus-in spectrum analyzer
designed to be used with a Tektronix oscilloscope. The preamplifier, spectrum
analyser, and a calibration oscillator were mounted in a small metal carrying case
for easy transportation.

Many hundreds of VLF spectra were recorded with this apparatus, under all
kinds of operating conditions. Only a very small fraction of these can be shown
here, but the general usefulness of the equipment cannot be overestimated.

Figure 5-1 shows a calibration spectrum taken using the built-in test
oscillator that was included for this purpose. The oscillator produced narrow
pulses at a 10-kHz repetition rate and these were used to current-drive a single
turn coil on the ferrite rod antenna. Fourier analysis of the resulting magnetic
field revealed a large number of harmonics spaced 10 kHz apart and having sub-
stantially constant amplitude. The first 14 of these harmonics are clearly visible in
the illustration. Their amplitude was set at ~0.2vy, sufficiently large to be seen
easily even in a high-noise background. (Practically all the data was actually ob-
tained with the calibration oscillator turned off.)
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Figure 5-1. Noise Spectrum Analyzer Photograph
Showing the Calibration Spectrum
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An idea of the general form of the data obtained, with amplitude and frequency
calibration attached, is shown in Figure 5-2. This spectrum was taken at the loca-
tion of one of the antennas on the spacecraft under the quietest possible operating

conditions.
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Figure 5-2. Drawing of Noise Analyzer Photograph
with Amplitude and Frequency Scales

5.2 SURVEY OF SPACECRAFT NOISE

A typical relatively noisy spectrum is shown in Figure 5-3. This was obtained
with the antenna unit 3 inches in front of the EME frame, and was used to determine
what EME equipment generated most noise. In the spectrum shown, only the EME
power supply and encoder are on; all experiments are turned off.

In a survey of other regions of the spacecraft under operating conditions, it
was easy to find locations at which the entire screen of the spectrum analyser was
filled from side-to-side and top to bottom with noise harmonics. Many of these
spectra were extremely complex and often consisted of many simultaneous frequen-

cies.

An interesting feature of some of these strong noise sources was that their
fall-off with distance was apparently faster than 1/ r3, i.e., the fields were not pure
dipole. (It may be that one way this desirable state of affairs can occur is by the
use of uniformly wound toroids instead of pot cores. The leakage field from such a
transformer would be expected to fall off like 1/r .
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Figure 5-3. Typical Noisy Spectrum

The four spectra shown in Figure 5-4 indicate the spectra observed at the
location of the two antennas, under very quiet conditions, with the solar panels on
and off.
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Figure 5-4. Noise Spectra Showing Variation with
Solar Cell Illumination and Antenna Position
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- Chapter 6

INTERPRETATION OF THE DATA RECEIVED FROM
THE EXPERIMENT IN ORBIT

Several months worth of data have been received from ATS-A satellite. A
considerable part of it has corresponded o very noisy spacecraft operation (i.e.,
times when a great deal of noisy equipment, like TV cameras, was in use) while
much of the later data has corresponded to quiet conditions.

of' paramount importance in analyzing the data has been the question of the
positive identification of spacecraft noise so that VLF signals so generated would
not erroneously be attributed to the physics of space. Some examples of ihis
identification procedure are discussed in the following paragraphs.

6.1 IDENTIFICATION OF SIGNALS BY THE AND CONDITION

An example of a high-noise spectrum from space is given in Figure 6-1.
The graph shown here is similar in form to those discussed in Chapter 5 except that
zero frequency occurs at approximately 99 on the x axis, while the highest frequency
(at the extreme left hand edge of the diagram) is ~220 kHz. The ordinate represents
the time integral of the antenna A field as described in Chapter 2.

Two other quantities are plotted in addition, namely the live time and the
overload time. These are denoted L and O respectively on the upper graph. The
maximum live or overload fime (i.e 3.8 seconds) is denoted by a digital count of
200. It is clear that in some periods data was accumulated for somewhat more than
half the available time, while the receivers were at no time overloaded.

It is also clear that large signals appeared at some 15 discrete frequencies
at one time or another. (The small numbers attached to each data point represent
a time during the data~taking cycle. The complete ~ 80-minute cycle is divided up
into eight 10-minute periods and each period is labeled with an appropriate integer
in the range 0 through 7.)

During the same period of time, however, antenna B saw only three of
these frequencies as indicated by Figure 6-2. (The live and overload times are

6~1



common to both receivers, so the upper part of Figures 6-1 and 6-2 are
the same.)

This information by itself would strongly suggest that at least 12 of the 15
frequencies were of spacecraft origin. The inference would be that the noise
sources happened to be close to antenna A and well removed from B.

Both of these spectra belong to what is termed the "linear” mode of opera-
tion. In this mode the A and B signal digitizers each operate independently provided
only that a signal occurs above threshold at either antenna and that neither antenna

ig overloaded.

Further information can be gained from the "circular" mode however. In
this mode two additional conditions are imposed:

1. The signals must be within amplitude range simultaneously in both
receivers before either digitizer operates.

2. For all frequencies to the right of 64, the digitizers will only operate if
the relative phase of the two signals is within preset limits.

Operation of the circular mode results in Figure 6-3 where it is apparent
that, of all 15 points on Figure 6-1, only the one at frequency 45 remains a contender
for interprétation as a genuine event. This large reduction is brought about by the
AND condition for points to the left of 64 and the PHASE condition for points to the
right of 64.

Before the phase condition is discussed in more detail, mention should be
made of the further steps that can be taken to come to a decision regarding question-

able points like the remaining one in Figure 6-3.

In this particular case it is easy because one notices at once that in all three
figures it is the only data point for which both the live time and overload time are
completely missing. This identifies it as some kind of telemetry or tape error, and
as such it would be disregarded.

In the absence of such clues there are other avenues open, such as examina-
tion of the spacecraft operating log, to discover if any known noise source was turned
on or off in the time ~18.10 to ~18.20 on the day in question.

This discussion illustrates the way in which all of the data exhibited by
antenna A in Figure 6-1 has been identified as originating on the spacecraft. It
also illustrates the point that without two separate antennas and some method of
comparing their outputs this identification would have been vertually impossible,



6.2 IDENTIFICATION OF SIGNALS BY THE PHASE CONDITION

An interesting example of the operation of the circular mode is afforded by
Figures 6-4 and 6-5. A comparison of the data points in the range 64 to 83 shows
that signals above frequency 83 fail to satisfy the phase condition, i.e. are not
circularly polarized. (The reappearance of the signals above frequency 64 is due
to the fact that the phase detector is intentionally overridden for such frequencies.)

This implies that the low frequencies are circularly polarized, and, further-
more, additional evidence shows that the cutoff frequency at 83 on the frequency
scale (~30 kHz) is reasonable in view of the physics of the situation.

However, the large-signal amplitudes, and the form of the spectrum, both cast
doubt on the origin of the signal. It is tempting to think that low-frequency signals
from the spacecraft itself are coupling into the plasma and creating circularly
polarized waves. Indeed, without some such hypothesis, it is difficult to under-
stand the existence of the "slot'" in the data.

6.3 FUNCTION OF THE INFLIGHT CALIBRATION SYSTEM

During the test periods mentioned in Chapter 2, test signals are injected into
the antenna units. A typical resulting calibration is shown in Figure 6-6. This
test evidently took place in time period 4, and the test points fell close to their
preflight position. The amplitude of the test signal corresponds to ~3x10_6 rms
¥/ eycle at high frequencies.

The other data points at low frequencies correspond to noncalibration signals
obtained in other time periods.

6.4 DATA FROM SPACE

A typical spectrum from a quiet period in space is shown in Figure 8-7.
The amplifier gain is at maximum and the receiver is overloaded at low frequencies.
The broad flat region of the spectrum corresponds to ~3x 10"8 rms yz/ cycle. In
the very quietest periods, it drops to approximately half this value which corres-
ponds closely to the prelaunch calibration figures, e.g. see Figure 5-2.

Considerably more can be said on the subject of data interpretation, but it is
not strietly relevant to the present discussion of EMI. Suffice it to say that no
convincing evidence of low-level wideband noise originating in space has been found,
while all higher level signals so far examined have proved to be of spacecraft origin.
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Chapter 7
SUMMARY OF VLF EXPERIMENT

As seen with the 20/20 vision imparted by hindsight, our proposal of a radio
experiment for such a noisy vehicle was ambitious. The design and testing of a
spacecraft intended for this purpose must clearly be approached in the same rig-
orous way that is applied in the case of "magnetically clean" vehicles intended to
be used with magnetometers. Indeed, this type of VLF experiment is a magnetom-
eter, and one that is hundreds of times more sensitive than its de counterpart.

On the other hand, it has proved possible to operate this experiment close
to the initial design sensitivity of 0.01y rms in spite of the problems posed by the
vehicle. In the process we have learned a little about VLF and a considerable
amount about EMI.
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Chapter 8
THE PARTICLE EXPERIMENT

The 5-detector telescope experiment, which is also on the ATS-1 satellite,
was designed to differentiate between electrons, protons and alpha particles, and
measure their energy spectra. The energy ranges measured are approximately
300 keV to 3 MeV for electrons, 600 keV to 100 MeV for protons, and 2.1 MeV to
90 MeV for alphas. A simplified block diagram of the experiment is shown in
Figure 8-1.

The experiment operates in nine different modes in which the coincidence and
discriminator logic is so arranged that it is possible to identify with certainty the
three particle types. In each mode, linear gates sum the detector signals and feed
them with appropriate gain to the 5-channel energy analyzer. The modes are
permuted through a complete sequence in sixteen cycles of the telemetry system.
Following each cycle, the counts accumulated by the 5-channel analyzer are read
out.

The operation of each mode is shown in Table 8-1. Particle identification
is possible because of the large differences in the rate of energy loss per unit path
length for the three particle types. For example, an alpha particle must be more
energetic than a proton in order to penetrate to a given-detector, and is therefore
distinguishable on an energy basis. Electrons, on the other hand, can be identified
because they are the only particles which can penetrate to the thick detectors (4 and
5) without losing enough energy in the thin detectors to register a coincidence.
Thus, the energy analyzer is used to identify particle type, and the energy spec-
trum of the particles is accumulated during each sequence through the modes.
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Table 8-1

CHARACTERISTICS OF PARTICLE EXPERIMENT
AS A FUNCTION OPERATION MODE

Coincidence and Required Energy

Anticoincidence Loss in Indicated Particle and Energy
Mode Requirements Detectors {MeV) Range (MeV)
A 12 E, > 0.39 0.63 <p<1.75
2.1 <a<3.3
B 123 E, >0.39 1.75 <p< 3.0
E, >0.28 3.3 <a<12
C 234 E, > 0.28 3.0 <p<4.76
Eq > 0.39 12.0 <a <19
D 3456 Eg >0.39 4.76 < p < 15.0
E, > 0.3 19.0 < a< 60
)3 2456 By >0.3 15.0 <p <22
Eg >0.39 60.0 < a< 90
F 3456 E, > 1.2 22.0 < p <100
0.3 <E, <12
E; >0.39
H 3456 Ey>03 e<1
I 2,3,4,5,6 singles



Chapter 9
NOISE CONSIDERATIONS

Although a particle detector is not sensitive to radiated spacecraft noise in
the way that a VLF antenna is, the very small gignals involved make RFI protection
very important. This may be appreciated by noting that a required EMI-produced
interference of no more than an equivalent particle energy of 30 keV means an
EMI-induced charge signal at the detector of less than 10™1® Coulombs.
addition, it is unfortunately the case that the noise spikes produced by most de-to-de
converters have a waveform very similar to that of the particle detector pulses.

Figure 9-1, which shows a typical detector with its charge sensitive pream-
plifier, illustrates the situation which occurs when noise exists between the elec-
tronic ground and the case ground, to which the particle detector shield is connected
(for structural reasons). If we, after taking all reasonable precautions, assume
that the stray capacitance C g is 1 pf, the maximum allowable-ground-to-ground
signal is approximately 1 mV. The fact that this signal value implies that noise
induced on the ground return from the detector case to the preamplifier must be
less than 10'pV is also important since the capacitance of the thin detectors is on
the order of 100 pf.

.BIAS VOLTAGE

bl
DET ! ‘:Dof
SHIELD { PART. ; CHARGE SENS.

anD | DET. PREAMPLIFIER
1
| l_l__
L ]
Figure 9-1. Equivalent Circuit of a
Particle Detector and Preamplifier
\ &
GROUND
TO GROUND
NOISE
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Chapter 10
PROTECTION FROM EMI

Sensitivity to EMI was reduced by using an inner electrostatic shield in addi-
tion to the package covers, which served as an outer shield, and by multiple filter-
ing of the power supply voltages.

10.1 THE INNER SHIELD

The inner electrostatic shield can be seen in Figure 10-1 inside the package
cover. It consists of a gold-plated beryllium copper sheet attached to the cover by
thermosetting mylar tape. Multiple spring-loaded fingers on the inner shield con-
tact the ground plane on each printed circuit board. The edges of the P.C. boards
are plated with gold over copper to facilitate this connection. The result is that
when the package is assembled, the circuitry on each board is enclosed in its own
electrostatic shield at electronic ground potential. Interference from noise on the
case ground is thereby greatly reduced.

Figure 10-1. Experiment Package Showing Inner Shield in Cover
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10.2 POWER SUPPLY FILTERING

Power supply filtering is performed in several stages. The input filter
configuration, shown in Figure 10-2 consists of a series inductive filter obtained
by the use of a multiple-wound toroidal transformer followed by capacitive shunt
elements. It can be shown that for ground-to-ground noise, which is generally the
most troublesome, the transformer has the decoupling effect of separate series
inductances. In addition, however, the mutual coupling of the transformer insures
that the supply voltage, including electronic ground, are locked together. Also,
since the net dc flux in the core is zero, one may benefit from the large inductance
per turn of a toroid without risking saturation of the core.

POWER SINGLE
SUPPLY TRANSFORMER
r Fami e
+6V +— rv-m:T.
|
' L
-6V H OIYY'Y‘\+-r’
I

+ 3V

-3V

|

' I

ELECTRICAL ] | o |

GROUND : }
ENNE!

NOISE GENERATOR Figure 10-2, Diagram of the Particle
(ALL P S. LINES) Experiment Power Supply Filter

A design feature of the experiment is that it is largely made up of four types
of general purpose thin-film hybrid modules.? Awareness of the need for good fil-
tering resulted in the inclusion of power supply filtering on every module. A module
with solid tantalum filter capacitors is shown in Figure 10-3. The amplifier
module also allows the supply voltages to be fed through each amplifier in a chain
back to the preamplifier, thus filtering the voltages to low-level amplifiers several
times in cascade. Cross talk on the supply lines is also eliminated by this system.
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Besides making shunt filters more effective, series decoupling has another
important advantage from the EMI standpoint. Since the source impedance of most
satellite noise generators is extremely low, an attempt to use shunt filtering alone
results in very large noise currents. These are undesirable even when flowing in
a system of power supply lines which have been twisted in order to keep the area of
the current loop small. In the case of ground-to-ground noise, however, the area
of the loop is undefined because the return path of the current through the satellite
frame is not known. Thus, the dual ground system eliminates dc dipole moments,
but greatly enhances ac magnetic noise. Series decoupling can reduce the noise
currents by orders of magnitude. It might be well to consider the specification of
a minimum allowable impedance that a package may present between power supply
leads as an effective way of combatting magnetic noise in any spacecraft containing
broad band magnetic sensors.
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Figure 10-3. Thin-Film Amplifier Module
Showing Individual Filter Capacitors
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Chapter 11
DETECTOR BIAS SUPPLY

Detector bias voltages of from 50 to 200 volts are generated in the experi-
mental package by redundant chopper converters and Cockroft-Walton voltage
multipliers driving common filters. Because the converters are in the same pack-
age as the VLF experiment, a converter frequency of 300 kHiz was chosen. This
lies above the upper frequency detected by the VLF experiment, yet away from its
LF. frequency, and below the sensitive region of the particle experiment. The con-
verter transformers were also resonated at 300 kHz so that their output was nearly
sinusoidal; thus harmonics which could have interfered with the particle experiment
are greatly reduced. ;

In addition, however, synchronization of the two converters was found to be
necessary. When the converters were allowed to run at slightly different frequen-
cies, a beat frequency of a few kilohertz was produced which the fiiters, designed
for 300 kHz were incapable of handling.

The above difficulty points out the danger of assuming that because each
individual supply in a system runs at a frequency above the band in which the
experiments operate, there will be no interference at lower frequencies. Leaving
aside the possibility of detection of the difference frequency in a nonlinear mixer,
it should be noted that power will be generated at the difference frequency if any
nonlinear interaction of the chopping frequencies occurs. A duty cycle regulator
driving de-to-dc converter is an example of a situation in which such mixing is
likely to oceur. Thus, the safest approach is to synchronize the converters.
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Chapter 12
CONCLUSIONS

If our experience is to be of any use to others, it can perhaps be distilled in
the following way:

1. Double ground systems (one for the electronics and one for the frame or
chassis) can lead to problems of two kinds: )

a. Noise generated between the two grounds can couple into amplifier
inputs in a very serious way.

b. Capacitive coupling between the grounds can lead to the possibility
of large ac ground current loops of undefined and variable properties.
(This has particular relevance to VLF experiments.)

2. In connection with the generation of large-noise currents, particularly in
double ground systems, it would be advantageous to demand that power
supply and ground circuit impedances be not less than some specified
minimum value,

3. The noise problems of unsynchronized low-frequency power converters
rapidly become more severe as their numbers increase. It is important
to note that it is possible for spurious signals to be generated not only at
the harmonics of each converter butf alse at sum and difference frequen-
cies both above and below the converter fundamentals.’

4, Radio experiments should only be flown on vehicles specifically intended
for such purposes. '

5. In any radio experiment the use of multiple antennas can confer consider-
able advantages.

6. There is no substitute for noise surveys carried out with a sensor gimilar
to the one to be used in the actual experiment.

It may be of interest to note that although the electrical interference problems
discussed in this paper relate to two specific experimentis on one spacecraft, similar
problems exist on practically all vehicles. Experience on roughly a dozen differ-
ent satellites had convinced us of this fact, and has indicated the urgent need for
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much more careful consideration of the entire spacecraft signal, power, and ground-
ing systems at the earliest planning stages. In part, the difficulty is historical
since the techniques for monitoring and controlling interference have simply not
kept up with the rapid increase in the gain and sensitivity of experiments over the
last decade. Just what action should be taken at this time is not clear, but that ac-
tion is urgently needed is obvious to anyone who has been associated with any ex-
periments on a satellite in recent years.
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Chapter 1
INTRODUCTION

1.1 EXPERIMENTAL OBJECTIVES

The BTL experiment on ATS-B has been designed to measure the energy spec-
tra of electrons and protons at the synchronous satellite altitude in order to study
the systematic day-night variations in the trapped particles arising from the dis-
tortion of the earth's magnetic field by the magnetospheric boundary with the solar
wind, the perturbations in the trapping associated with magnetic storms, and the
long-term changes in the particles during the time of increasing solar activity. The
telescope provides spectral informaticn for electrons in the 0.4- to 3-MeV energy
range and for protons in the 0.6- to 22-MeV energy range. The experiment also
permits investigation of the possible existence of ¢ particles within the magneto-
sphere in the energy range from approximately 6 fo 85 MeV.

1.2 EXPERIMENTAL SCHEME
1.2.1 The Detector Telescope

The particle-detecting instrument is a multi-element semiconductor telescope
llustrated schematically in Figure 1-1. It consists of five semiconductor wafers
with a total of six active detecting elements. The first three wafers are thin, totally
depleted, diffused n-on-p type silicon diodes. They are made by a planar technique
in which the ambient-sensitive edge of the junction is protected by silicon dioxide.
The fourth and fifth wafers are relatively thick lithium drifted p-i-n-diodes. They
are encapsulated together in a windowless Kovar can, using a gold-silicon alloy seal
between the can and the fourth detector wafer. This fourth wafer is divided by two
angular grooves into three concentric areas. The inner two serve as independent
active detecting elements as the telescope is used. The table in Figure 1-1 lists
the thicknesses of the six detector elements and their effective-detection areas.

The detector stack is enclosed in an aluminum shielding block through which
particles have entrance via by a conical collimator with a 20° half angle. The col-
limator is designéd with stepped baffles to minimize in-scattering of particles out-
side the desired.acceptance geometry. Two thin foils (titanium and nickel) serve to
exclude light and heat from the detector assembly.
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Figure 1-1. Schematic of Detector Telescope

As the detector is mounted in the ATS-B satellite, it looks out perpendicular
to the spin axis. Since the spin axis of the satellite 1s approximately parallel to the
earth's rotational axis, the telescope looks out approximately perpendicular to the
local magnetic fleld. It accepts particles with equatorial pitch angles greater than
approximately 60°,

1.2.2 Experimental Modes

Figure 1-2 illustrates the energy deposited in detectors 1 through 5 due to
protons axially incident on the detector stack. Each of the curves is character-
istically double-valued, corresponding to particles with less and with more than
enough energy to penetrate the detector. The ambiguity as to which side of the
characteristic a given pulse belongs is removed in the present experiment by coin-
cidence requirements among the detectors. The approximate minimum pulse height
discrimination level for each detector is indicated by a horizontal line erossing its
characteristic.
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Figure 1-2. AE versus Ep for Detectors 1 through 5

The total proton energy range to which the instrument is sensitive extends from
approximately 0.6 MeV to well above 100 MeV. The lower bound is established by
the fitanium and nickel entrance foils; a practical upper bound has been chosen at
100 MeV. This energy range involves a number of different coincidence possibilities,
starting from a pulse in detector 1 alone, for a proton of about 1 MeV, to total pene-
tration of the set of five detectors at proton energies above 22 MeV.

The o particle sensitivity of the instrument is nearly the same as that for
protons, with all energies increased by approximately a factor of 4.

The telescope is also sensitive to electrons. The thin detectors have a low
probability of stopping electrons with high enough energy to satisfy minimum pulse
height requirements. This is not the case for the thick devices which thus are
primarily involved in electron detection. The minimum detectable electron energy
is approximately 0.4 MeV. The sensitivity of the telescope extends to very high
electron energies, but the probability of complete energy absorption by the detector
elements decreases as the mean electron range increases beyond 3 mm, the total
thickness of defectors 4 and 5. Clear distinction of electron spectra can be made
to energies of about 3 MeV. Clear distinction of electrons from protons are made
on the basis of pulse height in the thin detectors. Because in most cases electrons
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leave so little energy in these detectors, anti-coincidence conditions on the pulses
from these devices can be used to eliminate heavy particle events.

The first column of Table 1-1 lists the nine different modes of operation which
has been selected for the experiment. The second column of the table indicates the
detectors involved in each of the modes of operation. The third column indicates
the particles and their energy ranges which are detected in this mode. The fourth
column takes note of the special requirements on the pulses.

Table 1-1
MODE OF OPERATION

Particle & Energy

Mode Detectors Involved Ranges (MeV) Remarks
A 1 2 0.7<p<1.5 E; > .4 MeV
1.8 < o <5.7
B 1 2 3 1.6 <p<2.8 E; > 4, Ey > .2
6.0 < a<10
C 2 3 4 [ 2.8<p<4.5 Ey > .2, Eg > .4
10.5 < ¢ < 17
D 3 45 6 45<p<14 Eg > .4, E; >.3
18 < a<50
E 2 4 5 6 14 < p < 22 E4 > .3, By > .4
50 < ¢ < 85
F 3 4 5 6 22 < p <100 1.2 <E, <6, E; >4
G 4 5 6 e > 1 MeV B3<E;<12,E;> 4
H 3 4 5 6 e <1 MeV E, >.3
I 2 3 4 5 6 Singles

In the first eight modes, coincidence and/or anti-coincidence requirements are
placed on the pulses that are detected. Mode I records the singles rates for detec-
tors 2 through 6 for a check on detector noise and particle background.

In modes C through H, detector 6 is involved in ant'i-coincidence. This annular
detector which surrounds detector 4, serves to exclude incident particles that arrive
at odd angles through the detector housing and to exclude events in which a particle
{particularly an electron) is scattered outside the active region of detector 4 so that
its total energy is not available for analysis.

In modes C, D, E, and F, signals from detector 1 (and sometimes detector 2
or 3) are ignored although there must be coincident pulses from these detectors for
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real proton or o particle events. Neglecting these additional coincident constraints
increases the overall reliability of the experiment. If detector 1, 2, or 3 should fail
because of noise or radiation damage, significant portions of the experiment would
still be operational. Detector 4 enters in the most sensitive role since it is involved
in seven of the nine modes, and in six of these as a coincident {rather than an anti-
coincident) detector.

In electron mode H, the anti-coincidence on detector 3 eliminates the possibil-
ity of a proton event. In electron mode G, the additional constraint on the size of the
detector 4 pulse (0.3 MeV<E 4 < 1.2 MeV) eliminates events from protons with less
than 100 MeV. If detector 5 receives a pulse from a proton, the proton must neces-
sarily have leit energy greater than 1.2 MeV in detector 4 unless the proton had
more than 100 MeV. The expected flux of particles with such a high energy is so
low as to make this limit on the experiment unimportant.

1.2.3 Operation of the Experiment

Figure 1-3 shows the way in which the signals from the six active elements of
the detector telescope are handled by the electronic system. Pulses from the detec-
tors are amplified in amplifiers with double 1-microsecond clipping. The outputs
drive coincidence circuits, the requirements of which may be changed for different
experimental modes. The amplified pulses also pass through linear gates (where
gain may be changed in different modes). The sum of the detector pulses which are
involved in a given mode of the experiment are finally sorted in broad energy groups
in a 5-channel pulse height analyzer, and routed to five 16-bit storage registers in
the telemetry.

A single experimental mode (mode A or H, for example) is active during a sin-
gle telemetry sequence, puises being stored in the 5-channel registers and then
read out by the telemetry at the end of the storage period. At the end of a telemetry
sequence the experimental mode is changed, the storage registers are reset, and the
5-channel storage begins again under a different combination of coincidence and
gating conditions corresponding to a new experimental mode. The mode sequencing
is under control of the telemetry sequence clock.

1.2.4 Modé Sequence

The nine modes of the experiment do not receive equal weight in the experi-
mental sequence, because of the greater importance of the electron and low energy
proton modes for the orbit of ATS-B. The actual experimental mode sequence is
shown in Figure 1-4, together with the timing signals of various lines from the tele-
metry sequence clock. One complete experimental sequence occupies 32 telemetry
sequences, The-two 16 telemetry sequence portions of this total, however, differ only
in whether or not a pileup rejector is enabled or disabled (see Paragraph 3.7).
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Figure 1-4, Experimental Mode Sequence

Figure 1-4 indicates a long period signal that arises from the coincidence of
all sequence clock lines between S6 and Sﬂ. This signal provides a group of 64
telemetry sequences (two complete experimental sequences) once each 5.8 hours.
During this 64-telemetry-sequence group, special tests are carried out in the BTL
experiment. During 32 of the sequences, a radicactive calibration source (see
Paragraph 2.5.2) is extended into the throat of the acceptance cone of the detector
and provides alpha and beta particles for checking overall calibration of the system.
During the remaining 32 telemetry sequences, test pulses are internally injected into
the electronics to test the consistency of the various gain and diserimination set-
tings. This is desecribed in detail in Paragraph 3.9.

1-7



1.2,5 Telemetry Format

Figures 1-5(a) and (b) show the position of the BTL data in the telemetry
format. The five 16-bit registers are read out once each telemetry sequence, at
the end of the sequence and in the burst half of the format (Figure 1-5(2)). During
the period of readout, the registers are frozen so that the readings of all five may
reflect the same physically observed events.

In order to get information on a finer time scale, the middle eight of the 16
bits of register 1 are read out once each telemetry frame in the blank half of the
format (Figure 1-5(b)). During the two telemetry words of each frame that this
reading requires, all five registers are frozen so that all may once again reflect
the same physical events. In telemetry frames 14 and 15, the middle-bit readings
provide additional redundaney with the complete 16-bit readings of the register in
the burst portion of the format.

The total gated time of the registers is 3.89 seconds out of the 5.12-gecond
period of the telemetry sequence.

Figure 1-5(a) shows additional monitoring measurements provided in the
telemetry for the BTL experiment. Readings are made of the detector temperature,
detector bias, and of the four power supply voltages provided in the BTL packages.
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Chapter 2
THE DETECTOR SYSTEM

2.1 THE DETECTOR TELESCOPE
2.1.1 Introduction

The multi-element silicon radiation detector telescope ahoard the ATS-1 sat-
ellite was developed for experiments on charged particles in space.”™ The tele-
scope consists of three thin diffused p-n junction detectors 25-, 50-, and 100-microns
thick, backed up by two thick lithium-drified detectors 1-mm and 2-mm thick. The
telescope has an effective area of approximately 0.4 cm2 and, with its front colli-
mator, has an acceptance half-angle of approximately 20 degrees. The experiment
required a compact detector arrangement which had good detection characteristics
for electrons, protons, and alpha particles over a wide energy range. A major ef-
fort was directed towards obtaining a structure which satisfied these requirements,
was capable of withstanding launch vibrations of approximately 50 g and was elec-
trically stable under the temperature cycling and vacuum conditions of the orbital
environment. Stringent requirements were placed on the design as to weight, size,
and materials. Other major considerations were the method of connection to the
assoclated electronics and radiation damage problems.

2.1.2 The Detector Element
2.1.2.1 The dE/dX Detectors

The particle telescope requires three thin, totally depleted, semiconductor
particle detectors of 25-, 50-, and 100-microns thickness. These detectors have to
be physically rugged, electrically stable, and highly reliable in order to withstand
the rigors of launch and operate dependably in space. They must operate at moder-
ate reverse bias voliages to provide high internal electric fields and have low leak-
age currents and noise. Demountable electrical contacts were also desired, so that
individual devices could be replaced should they fail during testing.

*A complete list of references will be found at the end of this chapter on page 2-42,
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Such devices had been developed for nuclear physics experiments® and ap-
peared quite suitable for use in space. They were planar-etched, oxide-passivated,
phosphorus-diffused silicon devices which were both physically and electrically re-
liable. They could be fabricated in the quantities needed using existing techniques
and equipment. Figure 2-1 shows the geometrical details of the dE/dX detectors
used in the ATS-B experiment.

Fabrication. The detectors are made from p-type silicon in the resistivity
range of 600 to 1200Q em. This resistivity range was selected to optimize the in-
version layer effect common to oxide-passivated detectors.® Wafers are cut from
the selected silicon ingots to an orientation of 8° off the <110> direction toward the
<111> direction and 25° off the <110> direction toward the <100> direction. This
orientation was chosen to minimize particle channeling effects.* They are diced to
a diameter of 0.800 + 0.002 inch and lapped to a thickness 150 greater than the de-
sired thickness of the finished device. The origination, cutting, dicing, and lapping
are done commercia.lly.5
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Details of the subsequent fabrication steps-have been reported previously.? In
brief, they involve chemically etching T5u from one side .of a lapped silicon wafer,
growing a 5000 Es. silicon dioxide film on the wafer in high temperature stea,m,8 re-
moving the oxide on the etched side of the wafer from the area which is to be sengi-
tive to-radiation, diffusing phosphorus into this exposed silicon, etching 75y from the
back of the wafer, and evaporating a thin gold film on the back to form a surface-

barrier blocking contact.’

To assure spatial reproducibility of the diffused region, a special fixture was
designed to facilitate reproducible removal of the oxide film over specific areas
(Figure 2-2), It consists of a gold-plated brass shell containing a Teflon pedestal
on which an oxidized wafer is placed. Shims are placed under the pedestal-io com-
pensate for the three different wafer thicknesses. A cover plate is secured to the
shell, compressing a 7/16-inch I.D. O-ring against the wafer. The assembled fix-
ture is inverted over a cup of hydrofiuorie acid, the fumes removing the exposed
oxide. A 0,500-inch diameter circular area is removed from the oxide film of the

50 and 10Qu devices (Figure 2-1). For the
25y devices, two 7/32-inch I.D. O-rings are:
placed side by side in the cover plate and
compressed against the wafer, forming two
elliptical regions of ~0.050 square inches
each. Reducing the active area in this way
was necessary to avoid the very large ca-
pacity that such a thin device would have
with a full circular area. The better of the
two elliptical areas iz used in the experi-
ment.

Following diffusion, etching the back,
and forming the surface barrier contact, a
device is completed by evaporating a 250 J?L
gold film on the diffused region. In addi-
tion, a 0.005-inch thick, 0.050-inch diame-
ter ceramic disc is fastened to the front of
the 25y detector using Eastman 910 adhe-
sive (Figure 2-1). When the detector tele-
scope is assembled, this small dise fits in
a groove in the contact assembly and keeps
the 25u detector in proper alignment.
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Testing and Selection. Detectors selected for space use have to meet the fol-
lowing electrical standards: forward resistance <5k; reverse breakdown voltage
>20V above the operating point; reverse leakage current <2ua at the operating point
at room temperature; no change in detector nolse level at the voltage at which the
detector becomes totally depleted. Experience shows that detectors either exceed
or fail these specifications by wide marging — there is litile middle ground. Me-
chanically, the detectors must be within 2.5y of the desired thickness and have no
obvious physical defects such as cracks, bumps, ox pits.

The fabrication yield of detectors suitable for packaging is ~70 percent. Of
those not suitable, ~30 percent are broken during fabrication, 30 percent have bad
diode characteristics, 20 percent fall outside thickness specifications, 10 percent
have physical defects, and 10 percent have high reverse leakage currents. Each
delivered detector represents approximately six man-hours of work.

2.1.2.2 The Lithinm-Drifted Deteclors

Figure 2-3 ig an illustration of the two lithium-drifted silicon detectors.’®
These p-i-n junction diodes are made from 200 to 400 chm-cm boron-doped p-type
silicon. The geometry of the detectors resembles that of a top hat. Lithium metal
is diffused into the crown of the hat to form the n-region, and an evaporated layer
of nichrome forms an ohmic contact to this n-region. As the lithium ifons are
drifted through the slice by application of reverse bias, these ions compensate the
charge of the boron atoms and thus form the intrinsie i-region. A gold surface-
barrier is evaporated onto the bottom surface of ihe hat to form a non-injeeting p-
type contact. Concentric grooves cuti through the lithinm diffusion into the intrinsic
reglon divide the detectors electrically into separaie regions.

The 1-mm detector has two grooves which divide it into three regions: center,
anti-coincidence (ANTI~C), and guard-ring (GR). The center is the main detector,
while the ANTI-C reglon suppresses unwanted events produced by particles that
enter from the gides and by electrons scattered from the central region. The GR
surrounding the center and ANTI-C regions reduces detector noise caused by sur-
face leakage by shunting this noise direcily to ground. The 1-mm silicon detector
is alloy-bonded to an inner gold layer of a gold-clad Kovar can (Figure 2-3) in such
a manner ag to be conceniric with a 15-mm hole in the can, This Au-8i eutectic
seal is capable of withstanding repeated cycling between liguid nitrogen and boiling
water temperatures with no evidence of leak, as determined by a helium leak-
detector.

The 2-mm detector is divided by a single groove into center and GR regions.
Portions of the brim are cuti off to permit passage of leads from the 1-mm detector
contact~wafer shown later (Figure 2-6).
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Figure 2-3. Lithium-Drifted Silicon Detectors

+ The ambient sensitive surfaces of the detectors are protected by vacuum-
encapsulation of the units in the gold-clad Kovar can. Vacuum-encapsulation is
carried out in a clean stainless steel sorption-ion pump system. The encapsulation
procedure has been described previously.®

2.1.3 The Mechanical Asgembly

2.1.3.1 The Mounting Structure

The Detector Telescope Assembly is shown in an exploded view in Figure 2-4.
When assembled, as shown in the insert, it is 2.54 cm long, has a diameter of 3.50
em and weighs approximately 134 grams. The defectors are enclosed in a copper
shield whose enirance has angled surfaces to minimize entry of scattered particles.
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Figure 2-4. Detector Telescope

The entrance is closed with a thin nickel foil window fo exclude sunlight from the
light sensitive detectors. Electirical connecilons are made fo the detectors with
pressure contacts rather than bonded contacts {except for the 1-mm lithium-drifted
detector) since the latter requires thermal or chemical reactions considered detri-
mental to the detector characteristics. Detector contact leads terminate at pins on
the back of the telescope, which then conveniently plugs into the associated elec-

tronies.

The telescope 1s designed to meet the rigorous vibration requirements. This
is accomplished by making the parts of the telescope fit together with minimum
clearance and by using springs with sufficlent force to maintain contact with the de-
tectors at the maximum acceleration encountered. One telescope was subjected to
vibrations of at least 70 g's in both the lateral and thrust axes, as a verification of
the design. Other telescopes were continuously cycled for one month from -20°C
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to +40°C at pressures of 1 x 1077 Torr with a period of 24 hours with no evidence
of mechanical failure.

To minimize possible contamination which might affect the stahility of the de-
tectors, only materials with good thermal vacuum qualities were used in the fabri-
cation of the teiescope.

As shown in exploded view in Figure 2-4, the detector telescope is comprised
of a chassis assembly, a dE/dX detector assembly, a. copper shield, and a lithium-
drift detector assembly.

The chassis assembly consists of four conceniric rings: three thick ones of
copper and a thin one of a.luminum\oxide ceramic. These four parts, when assem-
bled, retain insulating ceramic tubes and terminal pins for the contact leads of the
dE/dX detectors. The front copper ring is fitted with three equally spaced copper
studs which receive the dE/dX detector assembly, including the nickel foil window.
All are securely held together by lock-washers and nuts threaded onto the studs.
The copper shield fits snugly over these asgemblies and is secured in place by three
screws threaded into the back copper ring of the chassis. The {elescope is com-
plete when the lithium-drifted detector assembly is inserted into the center of the
chassis and held in place by the clamping action of the split-center copper ring of
the chassis assembly. Access to the clamping screw of the ring is made available
by a small hole through the side of the copper shield. Proper pin alignment of the
two detector assemblies is maintained by a key~and-~slot arrangement. The copper
parts are chrome-plated to maintain clean surfaces free from oxidation.

2.1.3.2 The dE/dX Detector Assembly

It was required that the three dE/dX detectors be closely spaced to maximize
the common solid angle. In order to accomplish this, detectors are assembled be-
tween aluminum oxide ceramic wafers (Figure 2-5) which have gold-plated metalized
contacts and lead wires. Concentric moats formed in the wafers provide-clearance
for the thick and rather irregular rims of the detectors (Figure 2-1). These moats
permit the surface barrier side of a detector to lie flat on the metalized contact. .
The other side of the detector is contacted by a wafer equipped with a rippled spring
washer. A ceramic spacer (Figure 2-4), of precise thickness, is placed between
the two ceramic wafers to prevent total compression of the spring and thus control
the stress placed on the thin silicon device. This surrounding spacer also prevents
lateral movement of the detector.

The detectors, wafers, and spacers are assembled onto the chassis assembly
(Figure 2-4) which is rigidly clamped to a workbench during the assembly operation.
The first wafer is lowered over the three studs and its single contact lead is guided
through a ceramic tube in the chassis assembly and into the corresponding terminal
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pin. This is followed by a spacer that forms a cavity into which the 100-micron
detector is placed to bring together the surface barrier side of the detector and the
wafer contact. Contact to the other side of the detector is made by the rippled
spring on the under side of the next wafer, and the sequence is repeated with the re-
maining parts. The second and third wafers have two contact leads each, and the
fourih only one. The nickel foil window is placed between the last ceramic wafer
and the stainless steel retaining washer. The clamping nuts are threaded onto the
studs and tightened with sufficient torque to flatten the lock washers. The assembly
is completed by soldering the six contact leads to their corresponding terminal
pins.

2.1.3.3 The Lithium-Drifted Detector Assembly

The Iithium-drifted detector assembly is a windowless vacuum-encapsulated
package,” which contains two lithium-drifted silicon detectors, 1~mm and 2-mm
thick. The assembly is located in the center of the telescope and is therefore encir-
cled by a wall of copper 8.5-mm thick. This thickness of copper is sufficient shield-
ing against direct penetration by electrons (<10 MeV) and protons (<80 MeV) that
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arrive from the side. As a result, both the radiation damage problem for the thick
detectors and the generation of pulses by unwanted particles is minimized.

An illustration of the lithium-drifted silicon detector assembly is shown in
Figure 2-6, The container is a Xovar can with a 15-mm diameter hole centered in
the end. The inside of the can is clad with a layer of gold to which {he first detector
is alloyed to form a vacuum-tight seal. Contact is provided for each region of the
detector by small area contacts metalized to one side of a thin '(0.5 mm) aluminum
oxide ceramic wafers. Shallow metalized channels connect the contacts to Kovar
pins brazed near the outer edges of the wafer. Short ceramic tubes, giazed to the
opposite side of the wafer, help to support the pins and provide a means for posi-
tioning the Kovar support which backs up the ceramic wafer. This support lends
strength to the thin wafer and also provides an electrical contact and support for
the second detector. It is essential that the detector fit snugly in the support to
prevent lateral movement of the detector and thus avoid abrasion of the gold surface-
barrier contact. This is accomplished by a soft gold-foil washer (0.025 to 0.050 mm
thick) which folds at the edges of the detector (fo form shims) as the two are pressed
together into the support.

'[ == 1S MM

1

Figure 2-6. Lithium-Drifted Silicon Detector Assembly
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The two regions of the second detector are contacted by the same method de-
seribed previously; however, the ceramic wafer is somewhat different as it is con-
structed of two parts. The first part is a thin (0.9 mm). wafer containing the metal-
ized contacts and their associated ping. This part in addition contains three holes
that allow passage of the three pins from the previous wafer. The second part is
quite thick (4.0 mm). It has six large-diameter (4.2 mm) holes corresponding in
location to the six wafer pins and a center hole. The two ceramic parts are glazed
together so that the large holes form wells. These wells confine the contact pins
and their extension wires which are welded to the header pins. The center well
confines the coil spring which is compressed when the header is cold-welded to the
Kovar ean. To protect the stability of the detectors, all parts used in the assembly
are carefully cleaned, vacuum-baked, and stored in desiccators until ready for use.
Assembly is carried on under clean-room conditions and is done quickly and re-
liably with the aid of special fixtures.

2.1.4 Testing
2.1.4.1 Vibration Testing

The detector telescope was subjected to the sinusoidal vibration levels re-
guired by Westinghouse Specification R2131, Section 3.2.13. Tests were carried out,
using a Ling Model 300 vibration generator. The telescope was mounted in a fix-
ture simulating its mounting on the satellite. The fixture was positioned to place the
telescope in a desired axis of vibration, then rigidly fastened to the vibrator. Ac-
celerometers were attached to the fixture to monitor the acceleration in three mu-
tually perpendicular directions and also to control the applied vibration. Visicorder
iraces were made of all four accelerometer outputs.

The I-V characieristics, noise, and forward resistance of each detector were
measured before and after the test. A comparison of these measurements was made
to determine if the acceleration had any detrimental effect on the detector.

The electrical contacts to the detectors were monitored while the acceleration
fest was in progress. This was done by means of a bias circuit connected to each
detector with cables. An intermitient contact was indicated by sharp pulses dis-
played on a multi-trace oscilloscope.

Vibration tests made on early development models showed that the contact
springs in both the dE/dX and the lithium-drift detector assemblies required modi-
fication. These tests also indicated the need for improving the support for the three
thin detectors and second lithium-drified detector. After making these modifica-
tions, all detector assemblies successfully passed the tests at the gpecified levels
of vibration.
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2.1.4.2 Thermal Vacuum Testing

The detector telescope was temperature cycled for several weeks in a com-
merecial thermal vacuum space simulator. Temperature was cycled continuously
irom -20°C to +50°C with a period of 24 hours. The detectors were reverse blased
-at their operating voltages. Temperature sensing was accomplished with a thermo-
couple attached to a copper fixture containing the telescope. Pressure in the cham-
ber ranged from 5 x 10”8 Torr at the minimum temperature to 5'x 1077 Torr at the
maximum temperature. A switching arrangement on the bias supply permitted re-
verse current-voltage (I-V) characteristic measurements to be made of each de-
tector. These measurements were made frequently to determine the reliability of
the detectors. An abrupt change of the shape of the characteristic, at a given tem-
perature, is generally accompanied by a change in the noise line~widih of the de-
tector.

The I-V characteristics for the five detectors on the ATS-B satellite are pre-
sented in Figures 2-7 through 2-11. The small change of current with increasing
hiag voltage at 25°C indicates, in each case, both a good surface and a good p-n
junction, and is a necessary requirement for low noise. These figures show the
effect of temperature on reverse current. The increase of current is due primarily
to the thermal excitation of intrinsic carriers.*

In Figures 2-T through 2-9, the "punch through' voltage is shown for each
dE/dX detector to demonstrate the reliability of the gold surface barrier back con-
tact. At this voltage, the space charge reglon reaches the back of the device. Fail-
ure of the back contaet to bloek injection of noise producing minority carriers (elec-
trons) would be indicated by a sharp increase of the current at "punch through';
however, the data shows a sieady current increase out to the operating voltage and
heyond.

The long-term stability of the dE/dX detectors may be judged by comparing
the I-V characteristics obtained at 25°C, as shown in Figures 2-7, 2-8, and 2-9.
After many months of shelf-aging and environmental testing, these characteristic
measurements with related noise and forward resistance measurements indicate no
significant degradation of the detectors. -

2,1.4.3 History of Lithium-Drifted Detector Characteristics

Reverse Current History. Life tests were run with reverse bias of 200 volis
on all regions of both the 1-mm and 2-mm detectors. The reverse ecurrent history
of each region is shown in Figure 2-12, Current is expressed in microamperes

*A detailed discussion of this question will be published separately by H. E. Kern.
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normalized for 25°C. Solid lineg indicate operation under essentially continuous re-
verse bias, whereas dashed lines indicate intermittent operation with reverse bias

on only during specific tests.

Results of Figure 2-12 show that the center and ANTI-C reverse currents of
the 1-mm front detecior remain low and very stable throughout all test periods
(259 days). GR-1 behaves as intended and shunts most of the slowly increasing
leakage currenti {o ground. After completion of thermal-vacuum tests {day 73}, re-
verse current of center (2-mm) shows an increase with time, with its GR (2-mm)
shunting a large portion of eurrent to ground. There is an indication of stabilization
of reverse current between days 149 and 259 for GR-2-mm and between days 230
and 259 for Center-2-mm and GR~1-mm:.

Excessive reverse currents contribute to increased electronic noise with im-
pairment of signal-to-noise ratio. In addition, high reverse currents may produce
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a significant decrease in the detector bias voltages because of IR drop in the load
resistors. Such a decrease can result in a decrease in the collection efficiency.
Tests at Goddard Space Center and at Cape Kennedy indicated the final measured
reverse currents to be well within acceptable limits.

Noise History. Early noise data obtained on lithium-drifted detectors were
expressed in units of rms volts. Later a portable detector tesi-set was built for
measuring noise and reverse current in the field. In order to relate noise measure-
ments more directly to the satellite electronics system, this portable "suitcase™
tester was calibrated as the diserimination threshold (in XKeV) at which the noise
counting rate was 100 counts per second. It was desired that the 100 counts per
second noise level of each active detector region be well helow the coincidence dig-
crimination threshold in the flight electronies. For the 1-mm detector, thresholds
were set at 304 KeV for center and 385 KeV for ANTI-C regions, while the 2-mm
center threshold was set at 390 KeV.

After appropriate calibration of the suitcase tester, the original rms noise
data were converted to noise in KeV at 100 counis per second and plotfed against
time, as shown in Figure 2-13. This figure summarizes the noise history of each
section of the 1-mm and 2-mm lithivm-drifted detectors., With the exception of the
sharp noise peak on day 78 (probably instrumentation error since it was observed
simultaneously for both 1-mm and 2-mm detectors), the noise characteristics of all
sections of the 1-mm detector remain essentially constant throughout all test peri-
ods (259 days). The final noige signal for the center 1-mm (72 KeV at 100 counts
per second) lies approximately 230 KeV below its discriminator threshcld. The ex-
cessive noigse developed in GR-2-mm may be responsible for the slow increase in
noise observed for the 2-mm center section. However, the rate of change appears
slow, and at flight time the noise level of the center section was siill about 250 KeV
below its discriminator threshold.

2.2 THE RADIOACTIVE IN-FLIGHT CALIBRATION SYSTEM
2.2.1 Introduction

Solid-state detectors of high-energy particles require in-flight callbration to
check on their performance in space. The electronic portions of an experiment can
be checked with internal electronic pulsés, but the calibration of the detectors them-
selveg can only be checked with real particles. In some orbits and for some éxperi-
ments, the galactic cosmic ray background may serve as such a calibration source
but in a synchronous orbit and in an experiment to measure relatively low-energy
particles, radloactive sources are required. Such sources may be of low activity
and may be continously exposing the detectors. However, it is difficult to select
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low-level sources which provide adequate intensity for statistical accuracy in cali-
bration without substantially reducing the dynamic range of the experiment. In the
present experiment, in-flight calibration has been provided with higher-level alpha
and beta sources which are mounted on an arm and periodically rotated into view
of the detector telescope by means of a rotary solenoid. This assembly is shown
in a greatly enlarged view in Figure 2-14.

The requirements of the calibration system are demanding: small size and
weight, low-power consumption, rugged construction to withstand the vibration of
launch, reliable lubrication in the vacuum environment of outer space, adequate
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ROTARY SOLENC_)ID

Figure 2-14. Radioactive Calibration Assembly

local shielding to provide a low background when not in the calibration mode, and
low stray magnetic field from the solenoid to avoid magnetic interference with
other experiments or the satellite itself. Of first order importance is reliability
of operation in a satellite mission of two years duration.

2.2.2 The Rotary Solenoid
2.2.2.1 Description and Operation

Several simple devices were first constructed and evaluated, but none looked
as promising for the present application as a commercially available rotary sole-
noid from the standpoint of size, weight, low-power consumption, and ruggedness.
With modifications in fabrication, lubrication, and assembly of the commercial de-
vice, adequate reliability was achieved.

The commercial unit is a Magton, Series 11, rotary solenoid. It is manufac-
tured by Magnuson Engineers, Inc., of San Jose, California. Its principal commer-
cial application is as an actuator of indicator flags in the food processing industry.
This device is a true rotary solenoid, and unlike some popular rotary stepping
solenoids, involves no axial movement. The rotary movement is advertised to be
available in any nominal sweep from 1° to 60°. The model employed in this case
uses a standard 45° sweep. Figure 2-15 shows the assembled solenoid and its com-
ponents in an expanded view. The total solenoid weight is slightly more than half
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Figure 2-15. Rotary Solenoid

an ounce and the body measures 5/8 inch in diameter by 3/4 inch long. The mount-
ing hub and the shaft add another 1/2 inch to the length.

Figure 2-16 shows two views of the solenoid and gives its nomenclature: a
cross-sectional view along the axis of rotation with heavy diagonal shading outlining
the magnetic iron path, and a pair of cross-sectional views perpendicular to the
axis through the armature-stator air gap area. One of the pair shows the armature
in the released or a retracted position; the other shows it in the actuated or extended
position. The air gap is 0,010 inch in the retracted and 0.002 inch in the extended
position.

When the solenoid coil is actuated, the magnetic flux density in the air gap
increases sharply with decreasing gap width. This magnetic driving force causes
the armature to be "pulled in" through its 45° arc. The maximum magnetomotive
force is required at the start of the actuation, even though the rotation is being
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Figure 2-16. Rotary Solenoid Magnetic Circuit

increasingly resisted by hairspring tension. Conversely, in the actuated position,
if the actuating power is slowly decreased, the armature stays extended until it re-
leases, suddenly. This happens when the power reaches about one-third of the min-
imum power required to extend or actuate the 45° sweep.

These characteristics provide an essentially bistable device which can rotate
a pair of radioactive sources from a shielded position, with power off, to a calibrat-
ing position, where they expose the detector telescope, and hold them in the calibra-
tion position with very small power consumption.

The commercially available solenoid is advertised to operate continuously at
3 watts (not in a vacuum) and develop 16 gm-cm starting torque and 27 gm-cm ex-
tended torque. Higher torques can be developed, up to 37 gm-cm, by intermittent
operation at higher power levels. The minimum power requirements for a solenoid
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as modified for present use but with normal hairspring tension are approximately
0.25 watts to actuate and 0,04—0.08 watts to hold extended. The torque developed
at these power levels was not directly measured but could be estimated by meas-
urements of .the torque-versus-hairspring tension (see Paragraph 2.2.2.3). Fora
few degrees deflection, a {orque of approximately 2.0 gm-cm was required and for
the full 45° deflection, 3.0 gm-cm was required.

2.2.2.2 Modification and Speecial Treatment

Primary evaluation of the commercial solenoid was carried out on a unit
which was discovered to be a discontinued model. Iig replacement turned out o be
somewhat inferior in operating characieristics and slightly different in design. The
manufacturer gave assurances that the design change was an improvement and that
the poor operating characteristics were attributable to poor manufacturing toler-
ances. He then agreed to tool up specially and make a limited number of units to
flight tolerances with minor dimensional changes.

The units were to be left unassembled and all plating of paris deleted. Table
2-1 summarizes the special work performed on the piece parts of the solenoid as-
sembly after delivery.

Table 2-1
TREATMENT OF SOLENOID PIECE PARTS .
Part
Description Special Work Performed

Stator Core Heat-Treat to Siress Anneal; Nickel Plate
Armature Heat-Treat to Siress Anneal; Nickel Plate
Shaft Replace Phosphor Bronze with Stainless Steel for MoS2

Plating Feasibility
Ball Bearing Special MoS2 Plating
Sleeve Bearing Burnish with MoS2
Coil Low-Impedance Winding, 115 Ohms
Hairspring Burnish with M082
Plastic Stop Plate As Supplied
Cover As Supplied

Stator and Armature Magnetic Properties. The stator and armature material
was an alloy trade-named Ledloy A, roughly equivalent to common 1008 cold rolled
steel but containing approximately 0.2 percent lead to give it a high degree of ma-
chinability. A series of B-H loop curves taken on stator core pileces* indicated

*The magnetic measurements were conducted and evaluated by E. J. Zimany, Jr.
and M, 8. Glass.
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that some sort of heat treatment was necessary to Improve the magnetic properties
of the materlal. The dashed curve in Figure 2-17 illustrates the before heat-
freatment B-H loop. The magnetic induction B, changes rather slowly with the mag-
netizing force H, and also saturates at a lower value than would be expected for
magnetic iron. This stator was typical of all the siators before heat treatment.
Installed in a solenoid, it was found that at low power the armature would assume

a rotary position dependent on the applied electromagnetic force rather than at the
actuated extreme. This could be attributed to the slow bend in the B-H curve.

The simplest form of heat treatment, a stress anneal at 805°C in a N, atmos-
phere, was iried first, and produced siriking improvements, as indicated in the solid
curve of Figure 2-17. The curve now assumes the squarer features of magnetic
iron and reaches a higher B value at saturation. In addition, the assembled unit
now works as a bi-stable device at low powers, as described earlier. Labeled on
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Figure 2-17. Solenold Magnetic Characteristics
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this curve are bracketed regions which show the actuation levels at which the sole-
nolds are operated in the experiment, and the minimum operating levels for all the
finished solenoids that had undergone heat treatment. Comparison of these reglons
indicates the operating margin that is provided.

One stator and armature set was heat-treated at a higher temperature, 830°C,
inawet H2 atmosphere. This treatment was intended to reduce certain undesirable
impurities to low levels by reaction with the hydrogen. Although no direct magnetic
measurements were performed on this stator, the assembled unit was tested for
minimum NI (ampere-turns) operating values. The results were identical to those
after the 805°C Nz atmosphere stress ammeal; that is, a reduction of the operating
minimum NI to 75 percent of the original level and a reduction of the release mini-
mum NI to 65 percent of the original level.

A further heat treatment was tried on the same pieces at a temperature of
960°C in a dry H2 atmosphere. As a result of being subjected to this high a tem-
perature, the parts no longer fit together because of distortion in the most critical
areas. When the unit was finally made to fit again, the minimum NI requirements
remained the same. Since distortion was a certain consequence of still higher tem-
perature treatments, it was decided to settle for the 805°C anneal.

Stator and Armature Mechanical Tolerances. For reliable bi-stable operé.tion
at low-power levels, it was found that the main air gap in the actuated position (the
clearance between the armature and the stator) was very eritical. A gap of 0.002
inch seems to be ideal. With a larger gap, the device was not definite in actuation
at low power, whereas with a narrower gap, there was a tendency for the unit to
hang up until the NI was decreased to almost zero. Also, with the narrower gap,
asymmetries in the machined parts could result in the stator and armature touching
in the extended position. Consequently, all stator-armature assemblies were paired
for optimum clearance by using the minimum NI for the "hold" or release as a eri-
teria. Each assembly was tried with the armature in either of the two 180° posi-
tions, and the position that resulted in the larger NI for '"hold,” was selected.
Finally, toolmarks. and burrs were removed with 600 grit cloth and the pleces were
electroless nickel plated to give a 0.1- to 0.2-mil protective coating,.

Bearing and Shaft Lubrication. Lubrication in outer space is a widely pub-
licized problem. A great deal of time and effort are presently being spent trying to
solve the problem of metals "cold welding” in a high vacuum. At this time, no
unique solutions have been found. Most engineers agree that a solid lubricant, such
as MoS2 is the answer, but very few agree as to how to apply it to metal surfaces.

Simply impaecting or burnishing McaS2 into or onto clean metal surfaces pro-
duces good lubrication results but the amount of lubricant that can be applied in
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this manner is very limited. For heavier coatings, most applications have Involved
the use of sclid lubricants with a binder, .either resin or inorganic. However, the
binder may have detrimental effects on the lubrication gquality or iis life. Many
processes used are proprietary and make preliminary evaluations difficult, since
the lubrication vendor is usually reluctant fo reveal the composition or the details
of his process. Algo, he is at Iiberty to change his process at his own discretion.
Some of these proprietary finishes have satisfactorily met the requirements for
particular applications but not for others, such as ball bearings.

The lubrication of the ball bearing partis and armature shaft of the rotary
solenoid* was achieved by the use of a proprietary process still in its development
stage. This process, called E3C, was developed by the Alpha Molykote Plant of the
Dow Corning Corp. at Stamford, Connecticut. The E3C process deposits an electro-
plated MoS2 coating of desired thickness on stainless steel and some other metals.
The process for siainless sieel is as follows:

Sand blast, clean and eich —

Electroless Cu flash

Electroless Ag flash

Electroplate Molyhdic Oxides

Convert Molybdic Oxides with high-pressure HZS in a bot autoclave.

Machine tests showed that the lubrication qualities of E3C coatings were ex-
cellent when applied in thicknesses from 0.2 to 0.4 mils, A 0.2-mil coating of MoS2
was applied to the armature shaft of the rotary solenocid for the lubrication of the
sleeve bearing. However, this thickness was considered excessive for the ball bear-
ing parts because of the build-up of tolerances in the very small bearing assembly.

The ball bearing assembly employed in the solenocid was one which fiton a
3/32-inch shaft and into a 3/16-inch race (Barden No. SR133 WX). The bearing
balls, because of their small size, were the only parts of the assembly not plated.
Since the bearing had to be plated by pieces, the Barden Corp. of Danbury, Connect-
icut, was contracted to handle ithe selection, assembly, and testing of the bearings.

The paris to be plated, the inner and outer raceways and the ball retainer
pieces, were sand blasted at BTL on a rotating fixture, using 8. S. White #5, 10y,
AJ.203 abrasive in a dental machine. Alpha Molykote then did the MOSZ plating and
gent the pieces back to BTL for evaluation and selection of suitable pieces. Good
coatings were extremely difficult to achieve because of the minuteness of the pleces
and the thin coatings desired, approximately 0.1 mil, Determination of the thick-
ness of the coatings was attempted by weighing on a microbalance before and after

*Technical guldance and liaison assistance in connection with these lubrication
problems was generously provided by G. H. Kitehen.
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plating and also by "'dissections' in a few cases. Neither method gave a precise
measurement, but, together with a visual inspection, they helped in selection of good
coatings from poor ones. The selected parts were sent to Barden where they were
tested for smoothness, assembled into complete bearing assemblies, run in, and
evaluated for quality by torgue measurements.

The front “sleeve" bearing surface simply consisted of the armature turning
in the bore of the stator mount hub section. In addition to the 0.2-mil coating of
E3C MoS2 on the shaft in this area, fine McJS2 powder was burnished into the bore
surface to further reduce any possibility of shaft seizure.

Coil Assembly. The solenoid in the ATS experiment uses a pulse of actuating
power followed by a lower holding power to keep the radioactive source arm extended
for 2.75 minutes every 5.3 hours. The aciuating power of one watt was applied for
approximately one second and did not contribute significantly to coil heating. The
power consumption during the 2.75 minutes of "hold" was approximately 0.25 watts.
Temperature measurements of the coll winding in a vacuum showed the coil winding
average temperature did not exceed 80°C during this time. Hence, class A, 105°C
polyurethane insulated wire was used. The finished nylon coil spool contained
1250 turns of #40 wire with an impedance of 115 ohms.

2.2,2.3 Tinal Assembly and Tests

The rotary solenoid was first loosely assembled without a coil, and the arma-
ture shaft end play was set to 0.002—0.003 inch by filing off the tip of the shaft that
hears againgt the plastic stop plate. The hairspring was then installed on the shaft
and tension was incorporated by pulling the loose end of the hairspring through one
of six holes provided in the plastic stop plate. The coil was then epoxied into the
stator with Resiweld #7004, After suitable baking and curing of the epoxied coil,
the unit underwent electrical operating tests as described above and a torque versus
angular displacement test.

The torque test was carried out by measuring the angular displacement of the
armature shaft as weights were loaded and unloaded from a pulley clamped.-to the
protruding end of the shaft with the unit assembled in a temporary cover. Figure
2-18 shows a typical torque versus angle plot of a flight solenoid. The actual torque
and the slope of the curves are principally a function of the hairspring, that is, its
tension and characteristics. The difference between the "'loading’ and "unloading"
curves as well as their linearities gives the most information about friction in the
uni{, Since the rotary solenoid is used intermittently, the "static” torque test used
here is much more meaningful than the conventional running torque test of a bearing
assembly.
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Figure 2-18. Bearing Torque Test

The unif was disassembled again for final inspection and then assembled with
a permanent cover. This cover was swaged onio the siator with a hand tool and the
coil extension leads were epoxied through the cover hole provided. A small teflon
tube was inserted through the epoxy joint to allow ouigassing of the internal parts
to be vented to the outside through something besides the front sleeve hearing.

After the epoxy was cured, the entire solenoid assembly with a dummy source
arm was installed on a metal dewar and placed in a vacuum station. After a mild
bakeout, the solencid was subjected to extensive electrical tesis at temperatures
between -30°C to +50°C, The vacuum pressure during these times were usually held
to 107® Torr or better. The elecirical tests consisted of the minimum NI tests as
well as frequent cycling operations with a transistorized pulsed power supply simu~

lating that of the flight eleeironies.

The assemblies underwent vacuum tests for periods varying from one to
three days. The only potential trouble encountered was at the low temperatures
where the NI for release on several solenoids became very low. This could possibly
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be atiributed to asymmetry or narrowing of the air gap caused by the contraction
of the highly machined steel stator at these low temperatures.

2.2.2.4 Special Test Solenoids

In addition to two flight solenoids, a prototype, and a lab model for the experi-
ment, two others were assembled to undergo special tests. The outstanding ques-
tion was the bearing lubrication life in high vacuum.

The very first solencid assembled with the bearings coated with E3C MoSz
was utilized in a lubrication life {est in the laboratory. There was no epoxy used
in the assembly and the cover was machined open to allow a large area for venting
the internal outgassing. These precautions and a general high state of cleanliness
were almed at achieving a high vacuum at the bearing sifes. This assembly was
installed in a glass chamber on a 15 liter/sec Vac Ion system on August 4, 1965.
Within a few days, the vacuum pressure was less than 107 ' Torr and automatic cy-
cling of the solenoid was started, using the transistorized pulsed power supply.
The repetition rate was 1 minute on, 20 minutes off. This rate continued for 3
months or 7000 operations, which would be equivalent to 10 years of operations in
space. Afterwards, the solenoid was alternately left idle and cycled for one to two
months at a time. The unit was finally removed from the vacuum station in Janu-
ary 1967. The vacuwn pressure had been in the low 10"8 Torr region during most
of the test and there were no indications of the solenoid malfunctioning at any time.

The success of this particular test does not allow one to conclude that bearing
seizure would have occurred in the absence of lubrication. No control experiments
were done under similar conditions to determine if a solenoid asgembly without lub-
rication, or with conventional lubrication, would fail by selzure or increased fric-
tion in the bearings.s'°

The second special test was designed to discover any contamination of the in-
side surfaces of the solenoid assembly from ouigassing of its component parts, es-
peclally the epoxy. The solenoid in this test used MoS2 burnished into the bearing
surfaces but with the coil and cover epoxied and only the small tefion pumpout port
to vent the inside of the solenoid fo the outside. It was installed on the regular
vacuum station and with vacuum pressure at 10'6 Torr operated in a rapid cycle
3 minutes on, 3 minutes off, for about 24 hours at -10 to -25°C and also at +40 to
+50°C. Minimum NI measurements were taken frequently and showed normal oper-
atlon. The solenoid was machined open after removal from the vacuum station and
all internal surfaces studied under a microgcope. No sticky surfaces were found
anywhere, but an extremely thin "haze" appeared on the inside cover facing the
coll winding. The presence of this film could only be detecied by the surface re-
flectance before and after a wipe. This test indicates that the lubrication of moving

2-29



parts would not be affected by internal outgassing. Also, it should be polnted out
that in actual operation the off periods of the solenoid are five hours as compared
to three minutes during this test, thereby allowing outgassed material to be pumped
off between each operation.

2.2.3 Radioactive Sources

2.2.3.1 The Overall Scheme

The choice of sources was based on the penetrating properties of the emitted
particles, the absence of gamma rays, and the ease of fabrication. The Sr90 source
used emits a beta spectrum whose maximum energy is 2.2 MeV. Beta particles
with this energy will easily reach the deepest detector of the detector telescope.

On the other hand, alpha particles from the Am241 source have very shallow pene-
tration, in matter, even though their energy is >5.0 MeV. They will barely pass
through the first thin detector of the telescope.

Both sources were made to conform to the radiological specifications set by
NASA which required radicactive contamination levels far below those accepted
by the AEC. The level of contamination as picked up on a "wipe" or smear on or
near the sources had to stay less than 5 x 10"6,(}. curies for alpha activity and
5x 10_5;; curies for beta activity.

For additional safety during the early electrical {ests of each experiment,
the sources were made readily removable from the experiment. They were electro-
etched with their serial numbers for positive identification.

Figure 2-19 shows an exploded view of the assembly of the radicactive sources.
Each source is set inio a special machined 2-56 stainless steel socket set screw.
The sources are screwed into the source arm with a conventional Allen wrench.
The arm in turn is clamped to the shaft of the rotary solenoid {see Figure 2-14).

2.2.3.2 Strontium 90 Fabrication

The SrgD source in its final stage is a fused pellet of SrTiOS, 0.045-inch
diameter by 0.020-inch thick. gg; is prepared by mixing a solution of SrCl2 and
TiOClz, adding radicactive Sr CIZ in the right sirength. Oui of this solution,
SrTio (Cr04)2 is precipitated and fired at 900°C to produce SrTiOg in a fine powder.
This powder is compressed into a packed disc by the use of a die and then firved in
an oven at 1300°C overnight o produce a hard, ceramic-type pellet.*

*This fechnique was devised, and actual pellet fabrication of the sr%0

ried out, by J. D. Struthers.

source car-

2-30



SOURCE ARM {ATS)
r——OﬂOINr——*b
o

3 SEE ENLARGED

SOURCES
SCALE (01

2=-56ALLEN
SOCKET SET
SCREW

IlliZ
AMZSCREW "_vj sR%0scRrew

aMPAsoypce—" S~ sr20s0unce

EPOXIED TO
SCREW
0 ML, AI_—;?—, ;—I.O MiL. STAINLESS
FOIL SEaL STEEL FOIL SPOT
WELDED TO SOURCE
SCREW
LOMIL AL
FOIL SEAL
. |i T ] -SOURCE ARM
N | | | N
N NN
*Tj—rf\"u ill

Figure 2-19. Radioactive Source Assemblies

The pellet is.fitted in the machined recess in the tip of the 2-56 screw and
covered with a 1.0-mil-thick stainless steel disc. This delicate assembly is held
in a threaded copper block, placed between special elecirodes, and the foil spot-
welded to the annular rim on the screw tip. This weld does not form a hermetic
seal but the stainless disc makes a sufficiently tight cover to prevent any grains of
Sr90 from falling out of the recess. To make this assembly a sealed source, a
1.0-mil aluminum dise is placed in the bottom of the blind tapped hole in the source
arm and the source assembly is screwed firmly againsi the foil.

2.2.3.3 Americium 241 Fabrication

The Am’z‘ﬂ sources were made from strip material supplied by the U.S.
Radium Corp. The process they used is as follows: Americium 241 oxide and
gold are mixed and ground into a uniform mixture, then compressed into a brick
and sintered in an oven. The brick is then overlayed with a thin Au layer, heated
again in an oven and compressed while red hot. This piece is then cold rolled into
a strip 0.003-inch thick which is subsequently mounted on a 1/16-inch thick
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Ag-Au backing. A 0.001-inch Au overlay is hot press-welded into the backing and
this piece is then cold rolled to a 0.006-inch thick strip. This strip is then mounted
on a 0.15-inch Ag piece, overlayed with a thin Au layer, hot press-welded again,
and finally cold rolled inte a strip 0.006-inch thick,

A profile of the finished product is comprised of the following layers:
Botiom layer — 0.006 inch Ag

Then — 1-2; Au
Active layer — 1yu Am241 - Au
Overlayer — 1p An

A top layer of 0.5y Pd (or Au) is then plated over the active layer {o form the
final surface.

Individual 0.047-inch diameter discs were punched from the 0.006-inch thick
strip. These discs were then epoxied into the recess in one of the 2-56 screws.
To form a sealed source, a 0.1-mil aluminum foil was placed in the bottom of the
blind tapped hole in the source arm, and the source screw run in firmly against the
foil.

2.3 MOUNT FOR THE DETECTOR TELESCOPE
AND CALIBRATION SOLENOID

2.3.1 Description of Construction

Figure 2-20 shows the exploded view of assembly details in and on the de-
tector mount. The main structure is an aluminum block which has been machined
to receive the detector asgembly, the collimation assembly, the calibration sole-
noid assembly, and the detector sockei and concentric ground assembly. The de-
tector assembly Is readily installed or removed through the front opening which
appears near the skin of the satellite. The mechanieal parts in front of the detector
assembly serve to define the acceptance solid angle (full angle 40°) for the energetic
particles encountered in space, to minimize scattering of particles from the colli-
mator, to exclude light, and to retain the detector assembly firmly in its socket.

All surfaces of the aluminum detector mount were gold-plated by the Anchor
Plating Co. of El Monte, California. The procedure was as follows: zincate, then
plate copper, silver, and finally, hard gold. Total bulldup of a surface was held io
0.0005 inch.

2.3.2 Detector Socket and Concentric Ground

A ceramic socket which recelves the 15 pins of the detector telescope assem-~
bly is made from high-density aluminum oxide to maintain the clean enviromment

2-32



slafd I
. =
ran =
7 T et o =
AL e T ot s e
- rawa (F i o =
s g o] =
L) ZaFan i i o
?}?‘»\/\\“%“'{1‘((“ mEii e e o
e s s =[ATr T VSR ey, 8 T £
E 3 N S A B =
o =

=2 27 ez e z
A 2 i
e =
a paes e e e
A FAPAr I £
o Ay S5 =
Tl T e easTam conmirie St &
IRPAF= =
RVEL; e w =
i 5 ersoe | Soecr war =
L > o =
R I 27 W W T e =
T isarses | aetEe CARD F
T3 R anT | T =
= =
7| &

i~

DR LB
S-S5 R ik = 2GS

Figure 2-20. Detector Mount Aggembly



PRECEDING PAGE BLANK NOT FILMED.

for the detectors. The socket contains gold-plated beryllium-copper contacts. The
contacts are self-aligning to facilitate insertion of the telescope.

The concentrie ground, item 11 in Figure 2-20, provides a noise-reducing
shield surrounding the detector telescope. The shield is electrically connected to
the internal elecironic ground of the electronic package and insulated from the sat-
ellite or chassis ground. The concentric ground consists of an aluminum cylinder
insulated on each side by a thin layer (0.5 mm) of aluminum oxide. The outside
layer is applied by a plasma spray technique* and is precisely ground to form a
snug fif in the aluminum telescope mount at final assembly. The inside layer of
the concentric ground consists of a precision-ground ceramic tube which is fitted
into the aluminum cylinder while the aluminum cylinder is heated. As the cylinder
cools it shrinks to form a very tight fit on the ceramic tube. The aluminum cylinder
also provides a support for the aluminum oxide ceramic socket. The two parts are
secured in the telescope mount by four insulated pins. A back cover for the con-
centric ground is made from Fiberglas circuit board clad on each side with a layer
of copper. A photoresist technique was applied to one side of the cover to leave a
central area of copper surrounded by Fiberglas, Thig area of copper contacts the
concentric ground. The copper layer on the opposite side is connected to the chas-
sig or satellite ground by the retaining screw heads when the cover is secured in
place. To complete the insulation of the shield from satellite ground, an aluminum
oxide washer (item 6 in Figure 2-20) is placed between the detector ielescope and
the collimator. Cables from the socket to the electronics are brought through an
opening machined in the conecentrie ground.

2.3.3 'The Collimation Assembly

The {ront screw ring (item 9 in Figure 2-20), in addition to compressing the
detector assembly in its socket, serves to hold a thin entrance foil. The entrance
foil exeludes the intense light of outer space. This is important in reducing the
influx of heat to the region of the collimator and detectors, and in keeping light from
the light-sensitive particle detectors. This second function is shared with the thin
nickel foil that appears just in front of the dE/dX detector elements (see Paragraph
2.1.8.1). Even if a micrometeroid impact should drill a small hole in both foils,
the probability of the sun being positioned so as {o illuminate the first dE/dX de-
tector through this pair of holes is very small. The entrance foil is 0,085-mil
titanium, rolled by the Hamilton Watch Co. of Lancaster, Pennsylvania. When
mounted in the front screw ring, it has an unsupported diameter of 1 inch which is
stretched taut and is essentially pinhole free. Titanium exhibits tear and tensile
strengths similar to those of steel.

*This technique was developed by R. G. Brandes during the Telstar program.
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The durability of the mounted folls was tested in several ways. The mounied
foils received vibration tests with the electronics package, but, in addition, a spe-
cial test was set up to simulate the sudden decompression experienced by the foil
where the fairing was jetiisoned from around the satellite during launch. The
pressure differential developed during this operation was estimated to be approxi-
mately 0.1 psi. The mounted foil was screwed into a dummy detector mount and
placed into a large evacuated chamber. It was then subject to sudden pressure in-
creases; as high as 0.5 psi without resulting in any sign of foil motion. Only when
the chamber was suddenly brought all the way up to atmospheric pressure did the
foil show signs of motion but no damage resulted. Subsequently, dead weights were
placed on the foil held in a horizontal position to test its strength. Loading of 0.5
pounds on a 0,5-square-inch area produced no rupture or plastic stretching of the
foill.

The thermal vacuum test of the electronics package showed that the foil ex-
perienced wrinkling af low temperatures (-10°C) and stretching at high temperatures
(+40°C). Since the thermal vacuum test of the complete experiment involved only
one or two complete temperature cycles, each mounted foil was additionally cycled
in temperature chamber at least 24 times between temperatures of -20° and +50°C.
No damage resulted to any of these foils tested. To further check the "stretching”
effect, one foll that contained several pinholes was subjected to the same test to see
if tearing or rupturing at the pinholes would result. Inspection of the foil with strong
light under a microscope showed no change in the gize of the pinholes.

The front ring is frequenily screwed on and off, sometimes under forque pro-
vided by the spring washer (item 45 in Figure 2-20). Since the mating surfaces of
the pieces Involved with the front ring are aluminum, the problems of galling in the
threads was serious and required lubrication of the threads. Silicone oil or grease
were ruled out because of their migratory tendencies and the proximity of the solid-
state detectors.

The male threads were finally provided with a solid lubricant surface of MoSz,
using a proprietary process of the General Magnaplate Corp. of Belleville, New
Jersey. The procedure was as follows: Anodize the aluminum surface to a depth
of 0.1 to 0.2 mils, leaving a porous, hard surface; follow with a vapor blast of MoS2
particles to fill the pores and impact a 0.15 to 0.20 mil layer of MoS2 on the sur-
face; bake at 450°F in humid atmosphere to seal the pores of the anodized surface.
The final finish is a hard surface with a generous, fully adhered coating of Mosz.
Test pileces were repeatedly screwed in and out under 35 in.-lbs. torque without any
signs of deterioration of either the M082 male threads or the Au plated female
threads. At higher torgues, ~50 in.~lbs., the aluminum threads in the detector
mount gtarted to flow.
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Figure 2-21. Front Ring Installation Tools

Figure 2-21 shows the tool and torquemeter used for installing and removing
the front screw ring. Since the titanium is vulnerable to being pierced by any hard
object, the tool was contoured to fit the exact cone angle of the front screw ring.

A blade of ground stock steel protrudes from the sides of the tool cone angle to en-
gage matching slots in the cone of the front screw ring. The T-handle tool is first
used to screw in the front screw ring until the collimator starts to compress the
ripple spring washer (item 45 in Figure 2-20). When the tool with attached torque-
meter is substituted, and the whole collimation and detector assembly is torqued to
30-35 in.-lbs. This spring loading was incorporated to keep positive pressure on
the detector assembly during the vibration of launch.

Since the collimator (item 10 in Figure 2-20) was keyed to prevent its rota-
tion, the back of the front ring screw bore heavily against the leading edge of the
collimator. Consequently, a thin mylar washer was inserted between those two
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surfaces to prevent galling and provide a slip surface. However, this left the ano-
dized front screw ring electrically insulated from the collimator. A beryllium cop-
per ''captive' thrust washer (item 44 in Figure 2-20) was spring-attached to the un-
anodized foil retainer ring (item 15 in Figure 2-20). This captive washer held the
mylar washer in place and also electrically bridged the foil ring to the collimator.

The front ring screw defines the effective entrance aperture at a 20° half
angle. Backscattering of particles into the cone is limited by the ribs in the colli-
mator which are so placed as to prevent any particle entering at the front from
seeing the detectors. This structure is visible in section A-A, of Figure 2-20.

2.3.4 Mounting the Solenoid-Source Assembly

The rotary solenoid is mounted to the outside of the detector housing as shown
in Figure 2-22. A cover over the solenoid shaft (item 30 in Figure 2-20) is also
provided to bridge the gap between the solenoid and the front panel of the package.
This cover shields the exposed front solenoid bearing and the source arm from
small foreign objects including the foam dust that is shed from the package elec-
tronics during vibration tests. The small pump-out port tube from the inside of the

Figure 2-22. Rotary Solenoid Mounting
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solenoid (see Paragraph 2.2.2.3) vents into the tunnel formed by the cover, thus
providing a vent path directly to the package front panel.

The source arm extends into a slot in the detector mount body just aft of the
female threads. This slot extends into and through the collimator, and its width
. provides a 0.010-inch to 0.015-inch clearance for passage of the source arm. With
the power off and the source arm retracted, the collimator parts and the detector
assembly can easily be removed and replaced. When the source arm is actuated,
it extends into the open cone of the collimator to be seen by the detector assembly.

The source screws and the arm must have a firm installation because the
source arm is not restrained during vibration tests and actual satellite launch. As
a result, at critical frequencies the arm bangs against its physical stops.

2.3.5 Measurements with the Calibration System

It was imperative to minimize the background produced by the sources in the
shielded or retracted state. Using a high intensity Sr90 source and a nominal
0.7-mm-thick silicon solid-state detector, counting measurements were taken in
the shielded and calibrate positions. For pulse heights that the package electronics
would respond to, the counting rate in the retracted position of the source was ap-
proximately 10'4 times the counting rate in the calibrate position. With the flight
sr?0 source strength, this would produce about 1 to 2 cts/min in the detector,
presumably from Bremsstrahlung. In the flight experiments, the Sr90 betas in the
extended position of the solenoid arm produce measurable counts in the thickest
of the dE/dX detectors and in the two lithium-drifted detectors.

The Am241 alpha particles have such a short range the calibrate to shielded

ratio is very large and no alpha particle counts are observed in the first detector
of the telescope with the source arm in the retracted position.

Figure 2-23 shows the typical spectrum for a thin Am241 source along with
the thicker flight source, as measured by a test detector. Since the range of these
alpha particles is short, approximately 1 mil in silicon, appreciable energy losses
are experienced in the thin layers that appear between the source and the detector.
The peak alpha energy is decreased by approximately 0.7 MeV by the absorption of
energy in the Am-Au thick matrix and overlayment of Au on the matrix. (See Par-
agraph 2.2.3.3.) In the satellite, there will be a further energy decrease due to
the 0.1-mil Al seal that covers the alpha source and the 0.025-mil Ni foil that covers
the detector telescope. The expected energy loss from these two foils together is
approximately 0.7 MeV, giving a final alpha particle energy of approximately 4.1

. MeV at the front detector. The range of alpha particles of this energy is less than
the thickness of the first dE/dX detector and thus no counts are expected in the

second detector.
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2.4 DETECTOR TELESCOPE INSERTION-EXTRACTION TOOL

Because the ceramic socket is recessed deep in the Detector Mount (Figure
2-20) a special tool is required for inserting and extracting the Detector Telescope.
The tool and telescope are shown together in Figure 2-24.

Prior to inserting the felescope into the socket, thé pin arrangements of the
two detector assemblies must be oriented to the hole pattern of the socket. This is
accomplished by inserting the telescope into an identical pattern of holes provided
on the front of the tool. The relative position of the two assemblies is maintained
by cautiously tightening the clamp around the lithium-drifted detector assembly. -

Following the pin orientation, the tool is engaged to the front of the telescope
by three lugs which slide behind the mounting ring of the telescope. The ring is
clamped tightly between the lugs and the piston by adjusting the small knurled cap-
tive nut located in the handle of the tool.

The telescope is inserted into the socket by the following n{ethod. Held se-
curely by the tool, the telescope is placed in the entrance hole of the detector mount
(Figure 2-20) and is positioned to approximately align its locating pin with the lo-
cating hole in the socket. The telescope is then carefully slid through the concen-
tric ground until its terminal pins touch the socket. A slight rotational movement,
slowly back and forth, of the telescope finds the locating hole and thus each termi-
nal pin is aligned with its proper socket contact. Forward pressure applied to the
tool forces the terminal pins into the contacts. Complete insertion of the telescope
is assured by adjusting the large knurled nut until its back surface is flush with the
end of the threads (partly visible in Figure 2-24). The tool is then pushed forward
until the large knurled nut presses the washer against the front of the detector
mount. The small knurled nut is loosened and the tool disengaged from the tele-
scope and withdrawn from the detector mount.

The contacts in the socket are made to grip the terminal pins of the telescope
firmly. As a result, and due also to the large number of terminal pins (15), a con-
siderable force is necessary to extract the {elescope from the socket. To facilitate
the extraction without damage to the pins, the tool operates in the following manner.
It is inseried into the detector mount and engaged with the telescope (as during in-
sertion). The large washer on the tool is moved forward to butt against the front of
the detector mount. The large knurled nut is rotated against the washer, exerting
a force on the tool which extracts the telescope from the socket easily and smoothly.
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Chapter 3
THE ELECTRONIC SYSTEM

3.1 SIMPLIFIED DESCRIPTION OF THE ELECTRONIC SYSTEM

Figure 3-1 is a simplified block diagram of the electronic system coupled
to the detector telescope. Pulse signals from each of the six active detector ele-
ments pass through linear amplifiers to a set of pulse-height discriminators and
coincidence gates. For each particular experimental mode, as defined by the satel-
lite sequence clock and decoded in the mode control logic, a set of coincidence and
anticoincidence requirements is established among the detector signals. ¥ an in-
cident particle produces pulses which satisfy these requirements, the coincidence
block of Figure 3-1 is triggered.

The linearly amplified signals are also routed through a set of linear gates.
Under the control of the mode control logic the gates provide appropriate attenua-
tion of the signals for each experimental mode. The sum of the output signals
passes to a 5-channel stacked differential pulse-height analyzer whose discrimina-
tion levels are also controlled by the mode logic. In the present fype of application,
this type of analyzer has an advantage in that the effective width of the channels can
be changed with respect fo one another in different modes.

If the coincident system has fired, the outputs from the 5-channel analyzer
are enabled, and the particular line (if there is one) of the five output lines corres-
ponding to the signal amplitude sends a pulse to its register in the telemetry.

Additional elements of the electronic system are shown by the remaining
blocks. A detector bias supply provides de biasing voltages between 20 and 200
volis for the different elements of the telescope. This supply is commandable, ON
or OFF. The primary bias voltage and those of the input power supply lines to the
BTL package are monitored by the telementry.

For in-flight calibration of the experiment there is a radiocactive source which
is periodically actuated under control of a mode logic., The particles from the
source check the detector-electronic system in those modes which are responsive
to the alpha and beta source particles. Adjacent in time to this source calibration,
a ramp test pulse generator provides pulses to all the linear amplifier inputs to
test the electronic system alone.
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3.2 CIRCUIT DESIGN CONSIDERATIONS — MICROCIRCTUITS

Satellite experiments impose particularly stringent demands on electronic
circuitry. The equipment must operate reliably through the jarring vibrations of
launch and in the inhospitable environment of space where it is exposed to ionizing
radiation and temperature extremes. It.is severely-constrained:in size, weight and
power consumption, and there almost invariably exists a relatively short time from
experimental concept to-hardware delivery.

Any approach that can cut the design and construction time while retaining the
required reliability is highly desirable, In the present experiment this led to seri-
ous consideration of the advantages of microcircuits. Particularly atiractive was
the possibility of choosing a small set of modules to comprise a basic set of micro-
circuit building blocks from which a large class of electronic systems could be
constructed.

At the time of experimental design, the commercial microcircuit situation
was found to be as follows:

(1} A very large number of digital microcircuits existed, exhibiting a wide
range of construction forms, speed, power, etc.

(2) Extremely few analog microcircuits were available, and these were either
incapable of performing the required functions or consumed too much
power. (This situation is still true foday, more than two years later.)

It is well known that many commercially availdble digital microcircuits are
entirely suitable for satellite application, and in fact many such devices have been
successfully used. On the other hand, it was apparent that analog microcircuits, if
they were to be used, would have o be newly designed.

At this stage the question arose as to the most advantageous construction
technique, monolithic or hybrid. Each of these branch into many subdivisions of
technique, e.g., chip and wire, cermet, and metal film over oxide. Some broad
features, however, are summarized in Table 3-1. Only if very large numbers are
required (many thousands) did it seem economic to pursue the monolithic approach
unless some special extenuating circumstances prevailed, such as the ability fo
use an existing master slice. For this reason the price entry on the monolithic
side of the table indicates that the cost of such devices is either very reasonable
or out of the question. In the matter of economics it was also important to bear in
mind the cost of possible design changes if; for instance, a prototype exhibited poor
radiation damage behavior or if a modified experimental requirement necessitated
the use of transistors having a higher gain or a capability of operation at lower
temperatures. -
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Table 3-1
COMPARATIVE SUMMARY OF MICROCIRCUIT PROPERTIES

Monolithic Hybrid
Size Small Large
Design Time Long Short
gadiaﬁon 2 Good

amage
Power High Low
Component 2 Good
Tolerance
Component
Stability ? Good
Cheap or .

Cost Prohibitive Expensive

After consideration of various alternatives, the decision was made to use a
configuration employing metal film resistors along with discrete capacitors and
active components. There is not space to list all the considerations involved in
this choice, but a few salient ones are as follows:

(1)

(2)

(4)

(8)

(6)

(7)

Discrete active components permit making the best choice in terms of
individual characteristics from the thousands of commercially available

semiconductor devices.

The size of discrete transistor packages is not such a problem as might
be thought initially because each analog module has to be surrounded by
a number of discrete external components.

The available range of resistor values is essentially tnlimited while
both their temperature coefficient and drift are very low.

There is no need for redesign time. A circuit having worked satisfac-
torily on a breadboard will, if anything, work better in thin-film form
because of reduced stray capacitances.

The component density is somewhat higher than that achievable with
cordwood packaging. (It was concluded that this would be the next most
desirable form of construction.)

The flat geometry of the resulting modules is convenient for mounting on
printed circuit motherboards.

The cost is potentially quite low. (This advantage was not realized in
practice, in part because the thin-film substrate rejection rate proved
higher than anticipated.)
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Important system decisions were the power supply voliages and signal ampli-
tudes. The choices made were power supplies of +6 and +3 volts, and maximum sig-
nal amplitudes of +3 volts. The availability of four supply voltages affords consid-
erable circuit design flexibility while the choice of small signal levels allows the
use of particularly simple gating arrangements as will be shown in Paragraph 3.3.5.

3.3 THE ANALOG BUILDING BLOCKS

Examination of the operations required to implement the experiment as shown
in Figure 3-1 indicated a need for the set.of five building block elements that are
described in the following sections.

3.3.1 The Amplifier

The amplifier schematic is shown in Figure 3-2. It comprises a differential
input de-coupled operational loop. The low-frequency gain is > 104 and unity gain
is at ~ 15 MHz. The amplifier was initially designed for an npn transistor having
a lower collector capacitance, and being somewhat faster, than the 2N2222. How-
ever, this transistor exhibited poor radiation performance and was therefore re-
placed by the 2N2222. It is possible however to operate the loop with confidence at
high frequencies and quite low reserve gains {e.g., 5- 10). This is because the open
loop gain is itself stabilized, being primarily defined by the G m of the input pair
which operate at a substantially constant current. For other applications, demand-
ing a higher input impedance, the input pair of transistors are replaced with two
2N2844 p-channel field effect transistors.

Top and bottom views of the this film module are shown in Figure 3-3. A
discussion of the fabrication techniques in contained in Paragraph 5.2.2.

3.3.2 The Zero-Crossing Discriminator

The advantages of zero-crossing diseriminators for coincidence evaluation
are well known. The circuit of Figure 3-4 achieves this function in a very simple
way. Transistors Q1 and Q2 form a differential input. Quiescently @3 is in satura-
tion, Q2 is on and Q1 off. When an input signal to Q1 exceeds the threshold level
set on the base of Q2 by the potentiometer RS"RS? Q1 turns on. The tunnel diode
snaps off, turning off Q3 and completing the transfer of current from Q2 to QL
Since Q3 is off, the base of Q2 falls to ground potential and hence the circuit re-
flexes when the input base reaches zero. The positive transition of the discrimin~
ator output occurs at this time and is employed in the coincidence evaluation,thus
exhibiting the desired zero-crossing behavior. The vestigial amplitude dependent
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walk is < 20 ns for signals in the operating range of 0.2 to 2 volts. Also included in
the circuit are facilities for providing bias for a tunnel diode, which bias is removed
when the circuit fires. (The combination of a tunnel diode and discriminator is used
in the coincidence evaluation circuitry.)

3.3.3 Linear Gate

One of the considerations leading to the choice of +3-volt-maximum signal
amplitudes was the possibility of using simple linear gates like that of Figure 3-5.
Such gates exhibit on-to-off ratios of ~100:1 and simultaneously afford a convenient
means of controlling the gain of linear systems by choosing suitable combinations
of the various thin-film resistors.

3.3.4 Pulse Shaper

Figure 3-6 shows a univibrator of fixed period possessing an inhibit-input.
Also included are facilities for providing a bias current for a tunnel diode as in the
case of the discriminator. (Only a small number of these circuits were used in each
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satellite experiment and it is debatable whether it was really worth making them
in thin film.)

3.3.5 Potentiometer Network

A small thin-film network comprising a set of binary weighted resistors was
used to simulate a 3K potentiometer. By suitably bridging sets of these resistors
the "slider" could be set anywhere to within ~1 percent of full scale.

When a satellite experiment was first assembled, small wire-wound 3K poten-
tiometers were mounted at all places where adjustments needed to be made, (Ex-
amples are discriminator thresholds, amplifier gains, etc.) After all these poten-
tiometers were adjusted for correct operation of the experiment, they were then
removed, measured, and replaced with appropriate thin~film potentiometer networks.

3.4 THE COMPLETE ELECTRONIC SYSTEM

3.4.1 Linear Signal Processing

Figure 3-7 shows the way in which the amplitude or energy information is
obtained by routing the appropriate signals through amplifier and linear gate circuit
modules. Pulse shaping of the signals is performed with resistors and capacitors
external to the amplifier modules. In Figure 3-7 two typical detector channels are
illustrated. X signals from both of these detectors are of interest in a particular
mode, both linear gates are opened. If one, or both, are irrelevant in a particular
mode, the appropriate gates may be closed to avoid undesired contributions to the
total energy signal. The 1-us delay line is introduced in the linear chain to allow
time for the coincidence system to make a decision on the input pulses.

3.4.2 Coincidence Evaluation

Figure 3-8 is a simplified schematic of the coincident system. Coincidence
evaluation is achieved by using the positive-going transistions from zero-crossing
discriminators to drive tunnel diode discriminators. Since the outputs to the tunnel
diodes are routed via linear gates, it is possible to change the operating mode of
the experiment by opening and closing these gates. The minimum coincidence re-
solving time is ~20 ns, but in practice it was set at 2 much larger values (~0.3 p.s)
to allow for degradation of the detector signal rise-times as a function of radiation
damage in space.
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3.4.3 Block Diagram of the Complete Experiment

The complete block diagram of the ATS-B experiment is shown in Figurq -9,
The amplifier, discriminator, gate, and shaper thin-filmn modules are indicated hy
individual blocks. The fifth type of microcircuit module, the adjustable potentio-
meter, is not shown in the figure. The points marked TP are test points available
at a test connector on the front of the experimental package.

The routing of the linear signals can be traced in Figure 3-9 in the mamner of
Figure 3-7. Note that the gates are labeled with mode letters beneath them to indi-
cate those modes in which they are open. For example, pulses from detector 1 are-
introduced to the 5-channel analyzer only in Modes A and B through gates G1 and G2.
These two gates are adjusted to provide different gains for the two modes. Detec-
tor 4, which is included in the finally summed pulse height in the largest number of
modes, has four parallel gates which provide different gain levels in different modes.

The coincident system can be traced in the manner of Figure 3-8. A coinci-
dence discriminator is on each detector line (there are two on detectors 4 and 5 for
which special conditions of pulse height are required in several modes; see Para-
graph 1.2). The outputs from these discriminators pass mode-activated gates and
are handled in groups in coincidence discriminators D7-D9. After secondary gating
these serve to trigger shaper 6. The anticoincidence section of the system is less
complicated because adjustment of the firing levels of discriminator D10 does not
need to be very precise. Any single signal coming to it should fire the anticoinci-
dence discriminator. In the coincidence case, the sum of two signals must be suffi-
cient, but a single signal must be insufficient. (Note that detector 6 is only involved
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in anticoincidence). An anticoincidence pulse serves to inhibit shaper 6. ¥ an ap-
propriate coincidence has occurred, the output of shaper 6 enables the output shapers
of the 5-channel analyzer.

In the area of the 5-channel analyzer, an array of 24 linear gates allows adjust-
ment of the diserimination levels of the analyzer channels in different modes. For
the last two discriminators of the six involved in the 5-channel analyzer (the top of
the fifth channel is closed), an additional stage of amplification is provided to stay
within the 0.2~ to 2-volt design range of the discriminator. A special group of gates
(GD1-GD5) are provided for I mode which reads singles counts in detectors 2-6.
Pulses from the coincidence discriminators of these five detectors are routed via
special gates directly to the output shapers. They can trigger the shapers without
an enabling pulse from shaper 6. None of the normal linear channel gates are in-
volved in I mode.

A pile-up rejector is indicated in Figure 3-9. Its purpose is to discard linear
pulses (examined just before the delay line) which have zero-crossing times that
indicate the pulses are contaminated by pile-up. This circuit will be described in
more detail in Paragraph 3.7. The pile-up rejector is active only half of the time
as provided by the inhibit line to shaper 7 from the sequence clock line S4. When
the pile-up rejector is active, its detection of a piled-up pulse serves to inhibit the
firing of shaper 6 through the anticoincidence inhjbit line.

The mode logic control and the test mode logic are shown in Figure 3-9 to de-
pend on sequence clock lines S0 through 86-11' The mode control is discussed in
more detail in Paragraph 3.5. The test mode logic serves fo define two sequences
of 32 experimental modes: In one, the radioactive calibration sources are active;
in the other, an internal ramp pulser operates in either of two ramp states (see
Paragraph 3.9).

The illustration shows a bias switch in the detector bias system that can be
activated by command. Either of two commands is sufficient to turn the bias on,
but a proper combination of a bias-off-enable command and a bias-off command
are required to turn it off. This was provided for security against spurious experi-
mental turnoff by a single misinterpreted command.

The final block of Figure 3-9 shows the commutated power supply monitor
which examines the four input power supply lines on a time scale which is deter-
mined by the sequence clock lines 8 4 and SS'
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3.5 MODE CONTROL SYSTEM

Central to the multimode type of experiment operation employed here is the
implementation of the mode control system. Provision of this control by the de-
coding of the satellite sequence scaler bits is convenient because

(a) These signals are already available on the spacecraft.

(b) The contents of the sequence scaler are transmitted along with the data
in each telemetry sequence, thus providing mode identification.

A disadvantage of the scheme, however, is that it can only be conveniently ap-
plied if the associated telemetered data comes early or late in the telemetry se-
-quence. If this is not the case, experimental live time is lost since data-taking
must be inhibited for a substantial part of each sequence. (The worst case is that
in which the telemetry of the data comes in the middle of the sequence, in which
case the live time is halved.) It is obvious in any case, however, that gating must
always be provided to ensure that data telemetered in one sequence corresponds to
only one mode.

Generation of the mode control signals is accomplished by means of a transistor
decoding tree and diode logic (to provide for the logical Or function of several
modes) as indicated by Figures 3-10 and 3-11.

An important point to notice is the provision of the mode override facility.
If Ry << Ry (Figure 3-10) is chosen, it is possible to control any set or subset of
input control bits from the front test connector of the experimental package. This
facility is invaluable in testing and debugging, particularly when the experiment is
mounted in the spacecraft frame.

3.6 DETECTOR BIAS SUPPLY

A number of different bias volfages were required for the various elements
of the detector telescope. These were derived from taps along the length of a
Cockroft-Walton multiplier as shown in Figure 3-12. For reasons of reliability
two independent supplies were employed, with their various output voltages con-
nected together by diode or gates. It was found necessary to lock the two supplies
together in frequency, via capacitor C*, to prevent beat frequencies producing ser-
ious low-frequency ripple in the high-voltage output.

A special, and unusual, feature of these supplies is that they consume low
zero~load power because they are designed to oscillate in a sinewave mode. The
advantages of this is that all the capacitance of the system (notably that of the HV
transformer secondary) is driven resonanily and therefore consumes negligible
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power. This is to be contrasted with the more usual square-wave systems.in which
work is done in charging and discharging the transformer gsecondary capacitances
in each half cycle.

A high frequency of oscillation (~ 300 kHz) was chosen to simplify filtering
problems and to provide a frequency above the highest frequency of interest in an
associated experiment {(namely, the ATS-A VLF experiment) which also employs
an identical particle telescope experiment.

Since there is some evidence that it can be advantageous from noise considera~
tions to provide periodically for the removal of the bias voltage from the detectors,
provision is made to command the bias voliage on and off from the ground. For
reasons of safety the OFF command must be preceded by an OFF-ENABLE com-
mand. This latter signal triggers an ~15-second-period univibrator, comprising
Q53 and Q54 of Figure 3-12, which in turn enables the OFF command {o turn off
the bias oscillator through the switching of flip-flop Q55 and Q56. The ON command
is performed by switching the control flip-flop on again.

3.7 THE PILE-UP REJECTOR

It is well known that pulse-on-pulse pile-up distorts nuclear pulse height
spectral information, and a number of techniques have been developed to discrimi-
nate against such contaminated signals. The methods employed have depended on
noting that the time between the start and the zero crossing of a pulse is amplitude
independent and therefore the same for all uncontaminated pulses. Piled-up pulses,
on the other hand, will have either a greater or lesser start-to-crossing time de-
pending on whether the pile-up is from the left or the right. It can be demonstrated
that for the present experiment the dominant effect can he expected to be that of
lengthening the start-to-crossing time. The rationale of the pile-up rejector is
therefore to provide a gating signal to reject contaminated pulses, and to operate
alternately with the pile-up rejector enabled and disabled. Gross differences in
the resulting set of spectra then indicate when the pulse height information has been
distorted by piled-up events, and due caution can be exercised in interpreting the
significance of such data. H, on the other hand, no such rejector were employed it
would be possible for the effects of pile-up to be misinterpreted as changes in the
energy distribution of the particles under examination.

The operation of the pile-up rejector can be understood with the help of
Figure 3-13. An input signal, of the form of Figure 3-13(a), is applied to a zero-
crossing discriminator (see Paragraph 3.3.2) which triggers and reflexes at low
levels 1 and 2 (see diagram). In the period between triggering and reflexing the
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capacitor is discharged as indicated by
Figure 3-13(b). At the instant of reflex-
ing the capacitor is rapidly recharged
back to its quiescent level. A second
discriminator is used to monitor the
capacitor voltage, and if it exceeds a
preset negative threshold, indicating an

QUIESCENT ) ]
LEVEL excessively large pulse width, the sec-

: ond discriminator fires and inhibits the
} amplitude analysis of the pulse.
|
[

| I by The two discriminators employed
"MRGWG_-! are labeled D17 and D18 on the block
TIME Figure 3-13. Pileup diagram of Figure 3-9, and the timing

Rejector-Waveform capacitor is connected to pin 11 of D17.

The pulse shape discriminator is
arranged to trigger if the pulse width exceeds its normal value by more than
~ (.3 us.

3.8 RADIOACTIVE CALIBRATION SOURCE DRIVER

During the test period, in which bits 86—11 are binary "ones', and S5 isa
"one", the radioactive calibration source is deployed in front of the detector tele-
scope.

The circuit that performs this function is shown in Figure 3-14. Here an
And function is performed by Q40 and Q38, turning on Q41. This in turn drives
Q44 into saturation, which then provides a negative-going signal to the emitter
follower Q43 via C132 and C133. This turns on Q45 which also goes into saturation.
As a result of this action almost the full supply voltage (less the sum of the drops
across D151, 152 and R350, 52, etc.) appears instantaneously across the source
motor solenoid, which is connected to M1, M2. This large instantaneous signal is
advantageous in initiating the ON motion of the drive arm mechanism, but is not
required once the arm has moved into position. For this reason the time constant
of R349 and C132, 133 is arranged to slowly reduce the applied voltage from its in-
jtial value of ~ 11 volts to a "holding™ value of ~6 volts, with a time constant of
~ 1.5 seconds. This scheme of applying a large initial voltage followed by a lower
holding voltage both provides more reliable source motor action and minimizes
power dissipation in the solenoid during its 6-minute ON period.
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3.9 THE TEST PULSER

Electrical testing of the electronic system is carried out periodically by ap-
plying pulses to the preamplifier inputs. These pulses are generated by a sweeping
pulse generator, and are applied to all six preamplifiers simultaneously via a set
of capacitors and preset attenuators.

In addition, two different test pulser regimes are employed in turn, differing
in that the signals routed fo the detectors are of different amplitudes in the two
cases.

By virtue of the fact that the monotonically increasing pulse train amplitudes ™
are different in the various detectors (because of the different preset attenuators)
there exists a particular range of time, in which the signals into a given detector
channel are capable of satisfying its amplitude requirements (for the particular
mode in which the experiment is operating). If, furthermore, these amplitude re-
quirements are satisfied simultaneously for a number of detectors, then coincidence

gating signals can be generated and the test pulser signal analyzed by the five chan-
nel analyser.

The detailed operation of the sweeping pulser can be understood with the help
of the schematic, Figure 3-15. Here the two different test pulser regimes are
brought into operation by either P or P being positive, If this is the case, Q21 sat-
urates and R292 provides a constant pull-down current to the Miller integrator
formed by C120 and Q22. Consequently, the input to the discriminafor D21 ramps
up linearly with time until it reaches ~ +2 volis, (set by the potential at pin 4),
whereupon the discriminator fires. This turns on @23, and hence Q22, discharging
C120 and returning pin 5 to ground potential. At this point the discriminator re-
flexes and the cycle restarts. The length of the ramp produced in this way is ~50
ms while the return to zero takes ~ 0.5 ms.

While the ramp generator is running, the P or P signal turns off Q29, unclamp-
ing the asymmetric multivibrator formed by Q27, 28. This circuit free-runs at
~10 kHz producing pulses ~5 ps wide. These pulses in turn drive Q24 into periodic
saturation, thus shunt-chopping the voltage at its collector, which voltage is sup-
plied by the ramp generator described previously. (The diode D135 compensates
for the base-emitter drop of Q23.) The presence of the capacitor C121, together
with R301, guarantees that the pulses have a long-tail form and hence each produces
only one signal in each detector channel.

The slope of the ramp applied to each channel is controlled by the preset at-
tenuator R314, 316, etc. while the dual mode operation is provided by the turning
on and off of @26 and Q30 by the signals P and P.
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3.10 STORAGE REGISTERS

Although they are not part of the BTL experiment package, the five 16-bit
registers which receive puls‘es from the 5-channel pulse intercept analyzer are of
major importance in the operation of the experiment, and their role is thus briefly
described. The registers are in the telemetry part of the EME package and have
not been constructed by BTL.

The 16-bit registers are arranged to store events for a fixed counting interval
(3.89 seconds) with a storage capacity of 14 bits. If overflow of the storage capacity
of the register occurs during this counting interval, that register shifts to a time
mode of operation and begins to accumulate pulses from a 3 kHz clock in the tele-
metry. The accumulated clock pulses indicate the portion of the counting inferval
remaining when overflow occurs. The 15th and 16th hits of the register give a re-
dundant indication as to whether the number stored in the 14-bit portion of the
register is a number of events or a number of clock pulses. The registers are
capable of receiving events at the rate of one each 3 us.

3-28



EOLDOUT FRAME \

i3]

+ AV e

+3v S

[r

()]

JqY O —

22,
N

AITT

WY

e
£
Zar
L/
o
£r28
iy Fiae o | eaz
— i P SR ,l
zer
& g
Q?";ay
e hrez
L2
3 Znzzet

~R303
PP I Srimes,

AP0 3
wn

-I¥ -3 L 4

12}, w25 oor

Lew B

» 20)

5 o
—pze w2
AR N 6:?)
PN 4
AZ2 /A fs)
- )
AZH N 62)
g o2

ﬂgo fa1
LB - P2
MY £
/27
> FAFE
= A5
- L]
rew
H—AAN—y
DLt -ll—-t
LUL Ay LINE 7D Los
BiZ e WA SR s 2‘. "{ o
I O hAY

e

P II T

=

MITEET
A FXED WALLE DETEpaunts
CALIBRATION OF EXFESINIENT

Z. LW SRS STHEWISE SFECIFED
FESIETANEES ARE M WS
ALSISTOR VRAVES A5E +53
FESISTIRE ARE WAl
CAPSCITANCES. ARE i Al ROFRALE

F. TERT FULSER_COTVLTS CONNECTED 22
TERMAINAL STEDS OF FESNT OF S0P,

A SEF FRRTS LIST FOF MOTEER So48D 5
oF ATE

=l

ATE CLT

Figure 3-15. Schematic of the
Test Pulser

3-29

FOLDOUT FRAME 2

FEST PULIER GUTFUT 2LIECTON ¢

TEST FOLSER T iy BETECraE 2

EST RLIER SorFpd DETECTEN @

TEST IRLSER XIATT PETTERT 2

TEST FUSER EIFPT G TECI0N &
TEST PUSER LTRST PETECTOT &



Chapter 4
EXPERIMENT PACKAGE DESIGN

4.1 DESIGN PHILOSOPHY

The Bell Telephone Laboratories energetic particles experiment for ATS was
more complex by an order of magnitude than any satelliie experiment we had per-
formed in the past. Our standard form of packaging had been soldered cordwood
modules and two-sided wired circuit boards. It was clear at the onset of the ATS
program that a far greater packaging density was required. The short program
schedule also demanded an approach which would reduce design and construction
time and yet retain high reliability. A hybrid system comprised of four basic in-
tegrated circuit building blocks, together with circuits using miniature discrete
components on printed circuit motherboards, was adopted as the most expedient
method. The block diagram of the system shows how this was accomplished in the
ATS particle experiment (Figure 4-1). The system contains a total of 100 hybrid
thin-film cirecuits of the four basic types described in Chapter 3. These are shown
together in Figure 4-2: (A) is an operational amplifier, (B) a zero crossing dis-
eriminator, (C) a pulse shaper, and (E) a linear gate. The circuit shownin (D) is a
potentiometer network used to replace adjustable trimming elements in flight hard-
ware. I is made by the same basic thin-film technique but has no additional com-
ponents mounted on its substrate.

4.1.1 Eleciro-Mechanical Design

The BTL experiment, along with others, was contained in the Westinghouse
Environmental Measurements Experiment (EME) housing. This unit provided both
mechanical and electrical support for the individual experiments and was integrated
as a whole with the spacecraft as shown in Figure 4-3. The length and width of
each package thus Integrated was predetermined by the design of the EME which
will be described in Paragraph 4.3.1. Height was allotied on the basis of estimated
individual experiment volume requirements, constrained by the total number of ex-
periments to be accommodated within the helght of the EME housing and its window
in the spacecraft skin.
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A photograph of the BTL package in its flight configuration is shown later in
Figure 4-30. The mechanical details of the enclosure will be described in full in
Section 4.3.

The geometrical resirictions mentioned, combined with the following factors,
influenced the design of the electronic package within the BTL housing:

(1) Structural considerations to meet the specified high vibration test levels
(Paragraph 8.4.2).

(2) Access to all parts of the circuit for testing, modification, or repair.

(8) Isolation between portions of the electronic system sengitive to inter-
ference from internal noise sources by separation of high- and low-level
circuitry onto different circuit boards.

(4) The need for an effective internal signal ground system which would re-
duce eross-coupling of signals and exclude external RF interference.

These conditions were best met by a stack of vertical circuit boards which are
mechanically supported by bolis passing horizontally through the entire stack and
sides of the housing, as shown in Figure 4-4. With this approach, good structural
stiffness in the thrust axls (axis of highest vibration levels) was achieved for the
least housing weight since the covers were not load-bearing and could be made thin.
The housing was comprised of separately machined details which could be eaglly
disassembled for access to the electronic siack. Inferconnections between most
cireuit boards were made at one end only, thus permiiting access to both the com-
ponents and printed eireuit by fanning the stack apart on a bench.

Figure 4-5 shows the Inside of the BTL.-owned development model, a nonflight
unit constructed to verify the mechanical and elecirical designs. It is included here
to show the overall packaging technique since it was the only unit not encapsulated.
The electronic system was divided among 10 printed circuit motherboards and so
arranged that slgnal levels increased with each successive board, beginning at the
detector mount (a large block located in the front left corner) (see Figure 4-4).
Copper ground planes covering one side of each circuit board afforded good internal
shielding, This combination of shielding and compartmentalizing resulted in an
electronic package with no troublesome internal interference problems.

The motherboards measure 2.5 inches wide and from 6.7 to 9.6 inches long,
depending on their location within the package. Full dimensional details are shown
in Figure 4-6. Their main mechanical support comes from iwo stainless steel
bolts inserted through close-fitting clearance holes along the center line of each
board and the sides of the housing, as shown in Figure 4-4. The center line of the
first through-bolt is just behind the detector mount, 3.2 inches from the front of the
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Chapter 4
LABORATORY RFI MEASU REMEﬁTS ON THE EXPERIMENTS

Apart from calibration procedures designed to check the receiver gain, fre-
quency and phase response, certain other special tests were performed to investi-
gate the noise immunity of the experiment. All measurements involving antenna
response were carried out using an 8-foot-diameter Helmholtz coil system in an
electrically quiet room. Subsidiary tests were also made to check for possible
effects of the frame of the spacecraft in distorting the applied calibration fields.
Such effects were in all cases less than +15 percent.

4.1 SPURIOUS RESPONSES

The advantages of linear mixers have been mentioned previously in paragraph
3-1. H the mixer is nonlinear, its response VD to two simultaneous input signals
£, and £, (of unit amplitude) can be written in the form

2
Vy=1fp % [(fl + fz) + a(£1 + fz) + . } (4-1)
where f; 1is the local oscillator frequency.

A check on the magnitude of the cross terms in equation 4-1 was made by _
driving the Helmholiz calibration coil surrounding the antennas by two signals simul-
taneously. The signals were combined linearly by a Kirchoff adder, while the
magnitude ‘of each was adjusted such that, if tuned to the frequency of either, the
receiver would be X100 overloaded. A search was then made for sum and difference
frequency outputs from the receivers. In this way it was determined that the value
of the coefficient "a" in equation 4-1 was less than 10_4, i.e., spurious responses
were very small indeed.

Another matter of concern was the question of breakthrough of any signal
that happened to fall exactly at the I. F. frequency. Careful balance of the FET
mixer bridges minimized this effect. A numerical check indicated that a signal
producing a maximum receiver output at the frequency to which the receiver was
tuned would produce roughly 3 percent of that output if tuned to the L.F. frequency.
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(A subsequent further improvement in this performance was incorporated in the
flight back-up experiment. This involved shunting the preamplifier mixer bridge
with a single element piezoelectric ceramic LF, resonator. This effectively
short-circuited the mixer at the LF. frequency and produced a reduction of LF.
breakthrough by an additional factor of fifty.)

4.2 CABLE PICKUP

Tests of cable pickup between the preamplifier and main electronic package
were made by capacitively coupling noise signals into the cable braids. No signi-
ficant effects could be detected until both inner and outer braids were removed
from the twinax on a short section of the cable. Under these extreme circum-
stances noise signals could be observed, but it was thought that this test was a
very unrealistic one.

4.3 GROUND-TO-GROUND NOISE

In terms of the pickup of noise signals via paths other than magnetic coupl-
ing to the antennas, ground-to-ground noise was much the most froublesome. The
origin of this noise and its cure has been discussed in paragraph 3.3, but it is worth
pointing out that just because this noise is not apparently a problem with prototype
hardware the same will not necessarily be true of flight hardware. This was learned
to our cost in the course of integration of the VLF experiment into the spacecraft.

It nltimately transpired that the de-to-de converter used in prototype testing
(see Figure 3-4) differed from the flight hardware in that the latter used welded in-
terconnecting nickel strip conductors instead of soldered copper wire. This so
raised the impedance of certain interconnecting ground leads within the power sup-
ply package that ~0.2-volt-high, ~1-ps-wide spikes appeared between the grounds.
The ~75- s period between the spikes was relatively noise free.

The action of these spikes was to capacitively couple into the inputs of the
amplifierg in the main VLF package, and to shock-excite the T.F. filters with each
pulse. In the case of one particular power supply it turned out that the pulse repe-
tition frequency was a subharmonic of the I.F. freguency, leading to a greatly en-
hanced effect.
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Figure 4-2. Thin-Film Integrated Circuits

experiment. Spacing between the two bolts had to be very accurately controlled on
all boards and the sides of the housing to provide accurate alignment at assembly.
Tubular aluminum spacers, shown in the sketch in Figure 4-4A, determined the
motherboard separation in the stack which, in each case, was designed for a mini-
mum clearsnce of 0.1 inch between nearest points on adjacent boards. The total
thickness of the stack of spacers and boards exactly equalled the inner width of
the housing. When the through-bolts were tightened, the left and right sides were
clamped together to form a rigld mechanical column of boards and spacers. Fur-
ther vibrational support came from polyurethane foam encapsulation in all spaces
between boards, which will be described in Paragraph 4.1.2. Interconnecting har-
ness wiring among the motherboards lay within a 0.24-inch-wide gap provided be-
tween the back ends of the boards and the inside of the housing back plate. This
gap was filled with a silicon rubber foam at final assembly for vibration damping
of the harness wires. Notches were machined in the rear corners of motherboards
1 through 8 to allow them to fit within a rim around the back plate as shown in the
sketch in Figure 4-4A. The same arrangement was used at the front edges of
boards 5 through 10 which extend inside the front plate to its inner surface, Figure
4-4C. This provided increased mechanical support during thrust axis vibration at
both ends of the stack. Figure 4-4C also shows grooves cut in a boss along the
inner surface of the top of the front plate and in an epoxy board strip fitted inside
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Figure 4-5. BTL Experiment Development Model

its forward portion to engage the front edges of motherboards 5 through 10 and re-
strict their lateral movement during vibration. This measure was required because
of the greater distance between the nearest through-bolt and the front edges of these
boards in this area of the stack. The rear ends of motherboards 8 and 10 were

0.57 inch shorter than the rest of the stack to allow additional space for wiring to
the connectors mounted behind them on the back plate. The mechanical interface

of boards 1 through 5 with the detector mount is described in Section 4.2.

Printed circuitry only appears on one side of each motherboard. On the op-
posite side, as much copper as possible has been retained for a ground plane. The
ground plane was extended over the long edges of the boards by electroplating them
with copper. When the completed stack was assembled in the housing, the ground
planes on all boards were interconnected by beryllium copper finger-contact sheets
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mounted under the covers. This is shown in Figure 4-7, a photograph of the pack-
age with the top cover removed. These contact sheets were electrically insulated
from the covers and, together with the boards, formed a signal ground enclosure
inside the chassis ground of the experiment housing. A capacitive connection was
made between the two ground systems at the detector mount by using large tantalum
and ceramic capacitors in parallel. There was no DC connection to prevent cir-
culating currents which could disturb spacecraft spin and attitude control. The
ground plane on each board was insulated with a bonded mylar sheet before mount-
ing the components, as a measure of protection against the chance of short circuits
to component leads occurring from the accidental inclusion of wire clippings or
solder fragments. Interconnection between motherboards was made by soldered
wiring to terminal lands printed along the rear edges as shown in photographs of
the boards, Figures 4-8 through 4-17. These lands were also designed to mate with
printed circuit connectors on a test stand described in Paragraph 6.3.4.

4.1.2 Encapsulation Technique

Polyurethane foam was chosen as the best encapsulant, in view of the high
vibration levels. The use of foam in our earlier experiments had the serious dis-
advantage of restricting access to the electronics for troubleshooting, repairs, or
modifications. Much of this hardship was due to the practice of encapsulating the
entire electronic package along with the housing. In the ATS experiment, this prob-
lem was overcome by foaming the component side of each circuit board separately
and leaving the printed circuit exposed for testing on the opposite side. By a pro-
cedure described in Paragraph 6.4.2, the height of the foam layer on each board
was adjusted to 0.01 inch below the aluminum spacers that determine the separation
between boards. Under compression in the stack, solder connections on the printed
circuit side of each board were pressed into the foam on the next board. This re-
sulted in a large area of contact between boards and greatly increased the mechan-
ical integrity of the whole package.

All exposed wiring was encapsulated with a silicon rubber foam described in
Section 6.6. This material remained flexible after cure and did not hamper access
to boards which could be reached by fanning the stack apart. A completely encap-
sulated electronic stack is shown later in Figure 6-13.

4.2 ELECTRONIC STACK AND MOTHERBOARD LAYOUT

Layout of the motherboards was constrained by the following considerations:
isolation of sensitive circuits, signal routing, packaging density, and reduction of
interconnecting wiring. Interconnections were reduced by distributing mode control
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Figure 4-7. BTL Experiment Flight Model with
Cover and Detector Details Removed

diode logic among the respective boards, rather than centralizing this function.
Photographs of both sides of each motherboard are shown in Figures 4-8 through
4-17 and their respective circuit diagrams are shown in Figures 4-18 through 4-29.

The detector mount was located against the three inner surfaces of one front
corner of the experiment housing for best mechanical support. Six linear amplifier
channels, driven by the outputs of the detector telescope elements, were arranged
in pairs on a group of three short printed circuit boards directly behind the detector
mount. Each channel is laid out along an edge to reduce cross-coupling. Connec-
tions from the detector socket to the amplifier inputs are made as directly as possi-
ble by three groups of wires which enter the gaps between boards through an opening
in the rear of the detector mount (Figure 6-12). This arrangement minimized cross-
talk between the groups of detector outputs, reduced the lead length to the amplifier
input terminals, and took advantage of the existing shielding between boards. An
insulated concentric shield surrounding the detector cartridge within the mount and
the shielded back cover plate (described in Paragraph 2.2.3) were both connected to
the signal ground plane. This system prevented electrical noise on the experiment
housing from coupling into the detector terminations.

Pulses from an internal calibration generator were injected into the amplifier
channels in parallel with the detector inputs through small ceramic zero-temperature-
coefficient coupling capacitors. The problem of shielding these sensitive inputs was
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Figure 4-8. Motherboard 1

Figure 4-9. Motherboard 2
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Figure 4-11. Motherboard 4
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Figure 4-12. Motherboard 5

Figure 4-13. Motherboard 6
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Figure 4-15. Motherboard 8
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Figure 4-16. Motherboard 9

Figure 4-17. Motherboard 10
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solved by extending tabs from board 1-3, as shown in the photographs, into the

space between the top of the detector block and the cover. A slot was machined
down the centers of these tabs for insertion of a similarly slotted interlocking shield-
ing partition. This formed a shielded “egg crate" structure with six compariments,
each containing a test pulse coupling network. Two additional vertical shielding
baffles were added to the partition between the boards to further isclate the coupling
capacitors from the printed circuit on the opposite board. A sketch of this arrange-
ment is shown in Figure 4-4B. Terminal studs on the front end of the tabs and par-
tition terminate the high-level test pulse inputs well away from the detector leads.
Small coaxial cables connect these terminals to the test puise generator at the front
of motherboard 5 and to six miniature coaxial test jacks accessible from the front
panel for Input from external pulse generators. This test jack assembly was me-
chanically integrated with the detector mount and the front of board 5 so as to sup-
port it against the Insertion forces of the mating connector, whether the electronic
stack was in or out of the housing. The test jacks were divided into two groups of
three to fit above and below an internal radioactive calibration source mechanism
described in Section 2.2.

Motherboard 4, Figure 4-11, contains linear control gates and oufput ampli-
fiers driven by the six channels on boards 1-3. Crossialk between the input and
output lines was reduced by running many of the input lines as printed circuit paths
and the outputs as wires on the opposite side of the ground plane. Gates and ampli-
fiers were oriented for minimum capacitive coupling. Mode control network com-
ponents can be seen at the rear of the board. Terminal studs on a short tab at the
front of the board are to connect the source motor power input and thermistor out-
put leads to the harness terminals at the rear of the board.

The delay line, approximately in the center of board 5 in Figure 4-12, is the
largest electronic component in the package. It is surrounded by its associated
thin~film linear amplifiers and gates. The front one-third of this board containg
the calibration pulse generator. Thin-film resistor networks, which can be seen
throughout this part of the circuit in the photograph, determine the calibration pulse
output amplitudes.

The complete linear system contained on boards 1-5 is separated from the
pulse generating circuits comprising the remaining half of the stack by a structural
metal partition in the center of the housing.

The entire coincidence system is contained on motherboards 6 and 7. A group
of nine coincidence discriminators (D1-D6, D10, D19, and D20) and two others (D17
and D18) in the pile-up rejector circuit, shown in the block diagram (Figure 4-1),
were laid out along the upper and lower edges of motherboard 6, shown in Figure
4-13. This configuration was necessary to place their respective level-setiing
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trimpots in a convenient position for adjustment during trimming operations with
the board mounted in the stack. In the photograph, these have been replaced by
thin-film resistor networks. Anticoincidence cireuit transistors and associated
components comprise the central portion of the board. Motherboard 7, shown in
Figure 4-14, contains the thin-fiim coincidence gates, timing discriminators (D7~
DY), and the five-channel analyzer gating shaper (SH6).

The five-channel pulse height analyzer diseriminators and associated threshold
switching gates occupy all of motherboard 8, Figure 4-15. Here, as on boaxd 6, the
discriminators are placed along the edge to facilitate trimming., Vacant spaces at
the front of this board were originally for four additional gates which were deleted
from the system after the layout had been completed.

The output pulse shapers and line drivers are located on the rear half of
motherboard 9, Figure 4-16, directly in front of the output connector. This location
reduces thelr output lead length inside the package since these circuits necessarily
produce large current puises. Circults for supply voliage monitoring and actuation
of the internal testing devices are locafed at the front of motherboard 9, along with
the necessary logic for programming these events.

Motherboard 10 is unlque because it contains the largest number of parts
(approximately 350) and no thin-film circuits, Figure 4-17. Commandable, redun-
dant oscillator-{ype bias supplies and voltage multipliers are contained on the front
half of the board as far away as possible from the low-level linear system. These
supplies were designed to operate above 100 kHz so as to reduce the size and weight
of their components. This made possible the use of miniature 1000-pf ceramic
fliter capacitors and small ferrite toroidal core transformers (the two prepotted
cubes at the front of the board in the photograph). Behind the bias supplies are the
complete transistor mode logic "tree" and mode line driving circuitls for program-
ming the experiment. Component density was increased by packaging these items
and the bias voliage multiplier as cordwood modules. The additional clearance for
this arrangement was available because the minimum height in which the bias trans-
formers could be packaged exceeded the normal board spacing used elsewhere in
the stack. A five-winding noise rejection transformer exfernally similar io the
bias transformers can also be seen in the photograph near the rear terminals. This,
together with suitable filter capacitors, provides protection against external inter-
ference on all power supply lines entering the experiment.

All power inputs and timing signals enter the package through a 25-pin Cannon
connector on the back plate behind motherboard 10. A miniature 37-pin connector,
alongside board 10 and accessible from the front plate, is wired to many test points
within the system.
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4.3 MECHANICAL DESIGN

Figures 4-30 and 4-31 show, respectively, front and rear views of the fully
assembled BTL experiment.

The complete package weighed 4.4 pounds and was housed in a 144-cubic-inch
gold-plated magnesium enclosure 10.020 inches long, 5.750 inches wide, and 2.50
inches high. The vacancy at one side of the front plate was to accommodate the
Rice University experiment on ATS-B. This volume was occupied by the BTL VLF
experiment on ATS-A.

4.3.1 Mechanical Interface with the EME

Figure 4-3 shows a sketch of the EME housing, its monitoring arrangement
in the spacecraft, and the location of the BTL experiment. At the beginning of the
project, a request was made for our experiment to be mounted in a manner that
would permit easy removal from the assembled spacecraft. The ensuing design of
the EME housing was based on this feature so that its advantages were also extended
to other experimenters. Ironically, at the end of the project the BTL and Rice Uni-
versity experiments were the only ones not removable without major disassembly
of the spacecraft, due to a subsequent design change in the upper solar panels. The
EME housing can best be described as similar to a vertical file cabinet; the experi-
ments were slid into position like drawers along guide rails attached to its interior
walls. This structure is mounted against the central thrust tube of the spacecraft
and extends radially out to the inner surface of the solar cell panels. Large alumi-
num pins on the experiment back plate (shown in Figure 4-31) engage holes in the
EME rear wall to bring the connectors into mating alignment and to support the back
of the package. The front flanges of the experiment were attached to the EME hous-
ing with four 6-32 cap screws. Before tightening these, shims were used to adjust
the gap behind the flanges to less than 0.003 inch. The screws were torqued to pro-
duce a 300-pound preload against the back plate to prevent hammering during vibra-
tion. As an extra precaution, a captive back plate locking screw was provided in
the right side of the BTL housing (visible in Figure 4-31). It could be operated from
outside the front panel with a special extension wrench. In its secured position,
the package is lifted away from the EME guide rails so that its main areas of sup-
port are the front flanges and rear plate.

4.3.2 Thermal Control

Figure 4-32 is a copy of the Westinghouse BTL/EME interface drawing, show-
ing critical exterior dimensions and tolerances. Stringent flatness requirements
shown for the back plate were intended to ensure good mechanical contact with the
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Figure 4-30. BTL Experiment Flight Model, Front View

Figure 4-31., BTL Experiment Flight Model, Rear View
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EME rear wall for thermal control of the experiment. Subsequent spacecraft ther-
mal problems, indicating a higher rear-wall temperature than expected, and our
need to keep the detector cool necessitated decoupling our back plate from the EME.
This was accomplished with 0.005-inch-thick mylar spacers in the four rear cor-
ners. Independent thermal control of the experiment was achieved by modifying the
emissivities of its surfaces. The front plate was painted with a special white paint
with a low a/€ ratio (where ¢ is the average absorption coefficient for the solar
spectrum and € is the emissivity in the infrared spectrum). The pattern in the
paint around the Rice University experiment detector opening, shown on the left in
Figure 4-30, was to reduce possible electric field disturbance in this area. On
surfaces within the spacecraft obscured from sunlight, long wavelength infrared
radiation was the main heat source. The top cover and back plate were polished
gold to reflect radiation from hotter surfaces above and to the rear of the experi-
ment. The bottom cover and the left side were painted flat black to radiate heat
from our experiment to cooler surfaces. The accuracy of this thermal design (per-
formed by Westinghouse) is proven by an operating temperature in orbit of +22°C,
an almost ideal ambient for the detector.

4.3.3 Mechanical Interface with the Rice University Experiment

The main mechanical support for the Rice University experiment was pro-
vided by bolting it to our reinforced right-side plate, as shown in outlined form in
Figure 4-33. This was the most compatible arrangement for vibrational behavior
and for ease of interfacing and handling the combination. Cutouts were provided in
the front plate for the Rice University experiment detector aperture and its two
test connectors.

4.3.4 Housing Design

The mechanical design requirements for the housing were as follows:
(1) good structural integrity to withstand high vibration levels,

(2) light weight, )

(3) ease of disassembly for removal of the electronic package, and
{4) dimensional accuracy.

These four goals were realized through careful design and fabrication of the hous-
ing details. Magnesium was chosen as the material for its one-third weight ad-
vantage over aluminum, All details except the covers were machined out of thick,
heat-treated, magnesium tooling plates. Webbing was used wherever possible to
reduce welght, while ribs were used to maintain adequate stiffness.
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Tigure 4-34 shows the front plate and right side detzails. Full dimensional in-
formation for the right side is contained in Figure 4-35. As shown in the figure,
the webs between the 0.240-inch-thick ribs were only 0.020-inch thick. Four bosses,
with 8-32 threaded inserts for the Rice University experiment mounting bolts, ex-
tended an additional 0.005 inch beyond the ribs for clearance between the sides of
the two packages. The top and bottom edges were cut back 0.040 inch for cover
flange clearance. An 0.185-inch-diameter hole was drilled concentrically from
front to rear through all but the last rib for access to the back plate locking screw
with an extension Allen wrench. Visible in the photograph, Figure 4-31, is the float-
ing captive screw with its head constrained by a slot {0 keep it in alignment with
the wrench hole.

The left side detfailed in Figure 4-36 was made quite thin, since there was no
external loading. Its nominal thickness was 0.050 inch, with webbing 0.020 inch
thick. Additional stiffness was provided by a 0.070-inch-thick external rib. At as-
sembly, this side is secured between the front plate flange and detector mount by
Screws.

Parallelism between the front and rear edges on both the left and right sides
was held within 0.002-inch T.LR, These edges interfaced with accurate surfaces
on the front and back plates to assure squareness of the overall housing each time
it was reassembled.

It was not possible {0 use webbing on the front plate due to the number of cut-
outs and the struetural strength required of this member, Figure 4-37. The step
along the top edge of the front plate provided clearance for a solar panel above the
EME window in the spacecraft skin, The lower portion, containing the BTL and
Rice detector apertures, extended out flush with the skin for an unobstructed view
of space.

The back plate had to be quite stiff to meet the Westinghouse flatness speci-
fication, provide support for the rear guide pins, and withstand the heavy preloading
transmitted by the front mounting screws.

A very strong, lighiweight design was developed with a grid work of ribs and
bosses with 0.025-Inch-{hick webs in between and a wide rim around the edge, Fig-
ure 4-38. This rim extended into the housing and provided a good mounting surface
for the left and right sides and covers. Tapped bosses were suitably positioned
glong its inner surface for screws. The entire outer surface was machined flat to
within 0.002-inch T.I.R. Flanged connectors and guide pins were attached with
screws to lands provided for them on the inner surface.

A partition, shown in Figure 4-39, was originally intended only as an electro-
gtatic shield. As an outcome of early vibration tests, it was changed o a structural
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Figure 4-34. Front Plate and Right Side of the Experiment Housing

member to provide additional support for the through-bolts at the midpoint of the

stack and to reduce amplification on the front plate by stiffening the housing from
front to rear.

The covers, shown in Figures 4-40 and 4-41, were made from 0.020-inch-
thick magnesium sheet. Flanges formed along the front and two sides helped
strengthen and flatten the top surface. These had to be bent with the material
heated to +500°F to prevent cracking the corners.

At the first mechanical assembly, the parts for each housing were tempo-
rarily clamped together in order to check critical dimensions and parallelism. After
these requirements had been verified, 1/16-inch-diameter stainless steel locating
pins were then inserted into the sides and clearance holes were drilled for them
where they interfaced with the front and back plates. This "pinning' permitted a
rapid return to the original fitted condition each time the housing was reassembled.
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All housing parts were gold plated to protect the magnesium surface, increase
its electrical conductivity, and provide the required emissivity for thermal control.
Gold plating of the magnesium parts was performed by an outside contractor. The
process requires a very careful preparation of the surfaces followed by preplating
with layers of zinc, copper, and silver before the final outer layer of gold is applied.
Mirror finishes were obtained where required. These were protected during sub-
sequent handling by application of a thin coat of coverlac, a fast-drying plastic
paint, which could be stripped off leaving the polished surface undisturbed.

Finger contact sheets, described in Paragraph 4.1.1, were bonded inside the
covers with two layers of adhesive-faced mylar. The location and spacing of the
rows of fingers corresponds to that of the motherboards in the stack. Contact finger
outlines were photo-etched in 0.003-inch-thick untempered beryllium copper sheet
and then formed and heat-treated in special dies. Figure 4-42 shows the finger
contour. It was designed to extend 0.05 inch in its unload state and compress within
a 0.03-inch gap between the boards and covers without digging into the edge of the
board or the mylar insulation. The finished sheets were gold plated to maintain
good electrical contact.

The detector mount, shown in Figures 4-43 and 6-10, was the largest and
heaviest piece of hardware in the package. For vibrational reasons, it was located
against one corner of the front plate and secured with bolts to the front face, flange,
and left side. To reduce weight, the mount was machined over most of its length to
as small a circular cross-section as possible and still provide adequate shielding
for the detector. Square sections of the block were retained for mounting to the
front plate and for attaching the rear cover and other accessory items (Paragraph
6.5.4). Figure 4-T showed photographically an exploded view of all the removable
internal detector telescope hardware; these items are described in Paragraph
2.2.3.

An aluminum test jack bracket, shown in Figure 4-44 and 2-20, interfaces
with the detector block and front plate in alignment with the two access holes at the
left of the detector aperture. Two covers, shown removed in Figure 4-7, are pro-
vided to electrostatically shield these test ports and the one for the 37-pin test con-
nector. Both covers are vented to speed out-gassing of the experiment in space.
Additional venting holes were located on each side of the rib at the front of the left
side and at the rear of the right side.

A procedure for automatically producing the complex housing components
through numerical control machining was explored during this project. Programs
were written for the two sides (Figures 4-35 and 4-36) in time to successfully
machine these details for the second flight model. A considerable cost reduction
can be realized when several details of this complexity are required.
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Chapter 5
COMPONENTS AND RELIABILITY

5.1 RELIABILITY

The ATS experiment was undertaken with two years operation in space as an
objective. Each flight package contained 499 transistors, 341 diodes, 1348 resis-
tors, 334 capacitors, a delay line, and 3 transformers (including all components on
integrated circuits). From this information it is easy to see that only highly reli-
able parts could be considered. Bell Telephone Laboratories has acquired exten-
sive experience in the use of high reliability components through programs such as
Telstar and the submarine cable. The assistance of Bell Laboratories component _
departments in preparing specifications, advising on procurement, and in screening
devices has been invaluable to this project. Only types of components which from
past experience had proven consistently dependable were selected. Most of these
were ordered to BTL specifications. Circuits were conservatively designed and
all components operated with large deratings. Screening programs were established
to eliminate early failures, unstable elements, and statistical outliers.

The reliability analysis of the particle experiment shows clearly in Figure 5-1
the value of using high-reliability parts. Some minor component changes were ef-
fected after the survey was done.

5.2 COMPONENTS

Table 5-1 shows the basic types and quantities of components used in each
experiment,

5.2.1 Bpecifications and Screening

) Table 5-2 is a summary of the specifications and screening programs for the
various components.
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BELL TELEPHONE LABORATORIES

INCORPORATED
supecte Rellability Analysis of BTL patTE: December 1, 1965
Particle Pelescope Satelllte Experiment -
Cage 36294-11 fom: J. H. Bollman

MEMORANDUM FOR FILE

The purpose of this memorandum is to record the results of a
reliability analysis of the BTL partilcle telescope experiment
for the NASA ATS-B Satellite. The analysis 1s made under the
followling conditions.

1.

The predlction relates to electronic equipment
failures in orblt where tlme rather than environ-
mental stress such as shock and vibration 1s the
independent varlable.

It is assumed that ‘the equipment will survive the
launch stresses. This wlll be assured by extensive
environmental tests prlor to launch,

Only high rellability electronic parts wlll be used.
These wlll be well screened to eliminate early
failures, The parts failure rates furnlshed by
Department 6222 are based on experlence with similar
parts*. It 1s assumed that sufflcient shieldlng is
provided so that radiation will not be a significant
cause of fallure,

It 18 assumed that the parts are used conservatlvely
and adequate eclrcult margins for part degradation
are allowed. It 1s estimated that approximately
one-half of the inherent* 1ife (IMI'BR) of the com-
ponente will be reallzed.

l‘bperational Rellability of Componente in Selected Systems"
T, L. Tanner For Presentatlion at 1966 Rellabllity Symposium.

*

The inherent life of components has been determined by

observing thelr performance in the fleld using only data
from the best systems; typlecally digiltal circultry in roomy,
alr-conditioned, ground based environment wlth excellent
maintenance, usuwally factory repair of large replaceable

modules.

Figure 5-1. Reliability Analysis Documentation
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4, There is very 1ittle real redundancy in the various
medes of operatlon; that i1s, only a small number of
parts are used exclusively in a given mode of opera-
tlon., It 1s assumed that when a part in a given
mode or modes falls, 1t wlll not prevent proper
operation of parts not involved in that path. This
permlts us to caleulate the probabllliy of sueccess
for each mode without considering whether other
modes are operating or not.

5. The procedures used are described in "Military
Rellablility Information™ Section 2, Rating System A.
It conslsts of counting the number of like parts
used in a given mode, multiplying by the assigned
fallure rate and summing the results for all parts
to obtaln the inherent fallure rate., The unlts
used are fallures in 109 hours (R.U.) hence, the
inherent mean time between failures (IMTER) 1s 109/R.U.;
the mean time between fallures (MIBR) 1s the assigned
“K" factor (0.5) mulbtiplied by IMTBR. With well
screened parts and adequate pre-launch testing, the
fallure rates will be approximately constant with
time and the probabllity of suecess -for time t will
be P = exp (-t/MPBR).

The assumptions and approximations involved result in a
prediction which 1s only good t0 an order of magnitude (one
signlifiecant figure) in MFBR and consequently in the proba-
bility of fallure Q (Q = 1-P), However, two or three signifi-
cant figures are given in the summary table to ald in com-
parisons between the various modesof operation.

A& summary of the results are shown in Table 1 and the detalls
are glven in the appendix, Briefly, there 1s a probability
of about 0.4 that there will be some failure in the two year
operatlion perlod. There is a probabllity of about 0.2 that
this will be in the common equipment and, therefore, fail

all modes of operatlon. There 1s 1ittle to choose between
the varlous modes, they all have s probabllity of success of
about 0.75 for the two year period. To 1llustrate the value
of using well screened, high reliability (costly) parts, the
probabllity of success of the common equipment was calculated
using experlence for military equipment as given in MIL
Handbook 217, The probability of lasting two years wlth MIL
parts 1s about 0,12 where with high rellability parts it is 0.85.,

.o . -
"zﬁt"'/:?ﬁ"é Z’l— -t
WH-6223~JHB-0MS J. H. BOLLMAN

Att.
See next page

Figure 5-1. Reliability Analysis Documentation (continued)
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SUMMARY

Probability ofno failures in - 6 mo.

All equipment

411 but test equipment

Common equipment and blas supply

Mode A wilth common equipment and blas
B

S~ ~ B - T - N - B = R

Common equipment (MIL HDBK 217)

1l yr., 2 yr.

.886 LT84 626
.891 794  .635
.959  .919  .8u4
.92 .885 .78k
.930 864 750
.927 .860  .743
.921 .850  .725
+920 846 .T19
. 930 . 864 . 750
.931 870  .T60
.928 861 744
. 926 .859  .THO
.128

Figure 5-1. Reliability Analysis Documentation (continued)
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Appendlx A

All Egulpment

Component

Registor-Allen Bradley Carbon
WECo Thin Fillm
Corning Dep., Carbon
Capacitors-Erie Ceramlc
Kemet Tantalum
Vitramon Ceramic
J.E, D, Trimmers
Transistors and Tunnel Diodes
Dlodes
Fllter Choke
Delay Line
Blas Trans
Gates
Linear Amplifier
Pulse Shaper
Diseriminator

Number  Rate
436 1.0
34 3.0
33 0.5
55 i10.0
57 5.0
8o 20.0
6 100.0
133 10
204 5
1 5
1 140
2 20
51 20
26 130
6 200
21 110
Peripheral

IMIBF (all) = 10°/14000 = 71,500 hr.

(less Peripheral)= 109/13200 = 75,600 hr,

MTBF (211) = 71,500 X 0.5 = 35,700
{1ess Peripheral) = 37,800

P (6 months) all = exp {-4380/35,700)

less peripheral

P (1 year) all = exp (-8760/35,700)

less peripheral

P (2 years) all = exp {17,520/35,700)

less peripheral

.886
.891
.784
794
.626
.635

Number X Rate

436
ip2
16.5
550
285
1600
600
i330
1020
5
140
4o
1020
3380
1200

1310
14034.5
828
13206.5

Figure 5-1. Reliability Analysis Documentation (continued)
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Appendix A - 2

Common Equipment

Component

Reslstors-Allen Bradley Carbon
WECo Thin Fiim
Corning Dep. Carbon
Capacitors-Erle Ceramlc
Kemet Tantalum
Vitramon Ceramle
Fllter Choke
Transistors and Tunnel Dlodes
Diodes
Delay Line
Iinear Amplifiler
Pulse Shaper
Discriminator

Common Equlpment Only
IMPBF = 109/4756 = 210,000 hr.

Number Rate Number X Rate
200 1.0 200
2 3.0 6
1 0.5 0.5
3 10.0 30
30 5.0 150
Lg 20 980
i 5.0 5.0
75 10.0 750
67 5.0 335
1 140 140
4 130 520
6 200 1200
4 110 _hlo
b756.5

MTBF = 210,000 x 0.5 = 105,000 hr.

P (6 months)
P (1 year)

P (2 years)

Common Equipment and Blas Supply

P (6 months) = .960 - .0001k
.920 - .00058

-8‘“6 - 00022

H
H

P (1 year)
P (2 years)

tt
n

<959
919
.44

exp (-4380/105,000) = ,960
exp (-8760/105,000) = .920
exp (-17520/105,000) = ,8U46

Figure 5-1. Reliability Analysis Documentation {continued)
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Appendix & - 3

Mode A (less common and power)

Components Number Rate  Number X Rate
Reslstors-Allen Bradley Carbon 32 1.C 32
WECo Thin Film 10 3.0 30
Corning Dep. Carbon 5 0.5 2.5
Capacltors-Erie Ceramic 5 10 50
Kemet Tantalum 5 5.0 25
Vitramon Ceramle 5 20.0 100
J.F.D, Trimmers 1 100 100
Transistors and Tunnel Dlodes 3 10.0 30
Diodes 10 5.0 50
Gatesn 10 20 200
Linear Amplifier 4 130 520
Discrimlnator 9 110 990
2129.5
IMIBF = 10°/2129 = 470,000
MIBF = 0.5 x 470,000 = 235,000
P (6 months) = exp (-4380/235,000) = .983
P (1 year) = .964
P {2 years) = ,928

Mode A wlth common equipment

P ( 6 months) = ,983 x .959 = 942
P {1 year) .964 x 919 = .885
P (2 years) .928 x 844 = 784

Figure 5-1. Reliability Analysis Documentation (continued)
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Appendix A - 4§

Mode B (less common and power)

Component: Number Rate Number X Rate

Resistors-Allen Bradley Carbon 5T 1.0 57
WECo Thin Film i5 3.0 45

Corning Dep. Carbon i5 0.5 TeH
Capacltors-Erie Ceramlc i5 10.0 150
Kemet Tantalum 11 5.0 55
Vitramon Ceramlc 8 20.0 160
J.F.D, Trimmer 3 100.0 300
Transistors and Tunnel Diodes 4 10 4o
Diodes 18 5 90
Gates 1l 20 220
Linear Amplifier 1o 130 1300
Discriminator 1o 110 2100

3524,5

IMTER = 109/3524 = 284,000
MTER = 0.5 x 284,000 = 142,000

P (6 months) = 3xp (~4380/142,000) = .970
P (1 year) = 940
P (2 years} = .884

Mode B wlth common eduipment

P (6 months) = .970 x .959 = ,930
P (1 year) = .940 x .919 = .863
P (2 years) = .884 x .B44 = 745

Figure 5-1. Reliability Analysis Documentation (continued)
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Appendix A - 5

Mode C (less common and power)

Number X Rate

Componént ) Number Rate
Resistors-Allen Bradley Carbon 65 1.0
WECo Thin Film 16 3.0
Corning Pep. Carbon 15 0.5
Capaclitors-Erle Ceramlc 17 10.0
Kemet Tantalum 12 5.0
Vitramon Ceramlc 7 20,0
J,F.D. Trimmers 3 100,.0
Transistors and Tunnel Diodes T 10.0
Dlodes 21 5.0
Gates 1l 20
Linear Amplifier 10 130
Disceriminator 11 110
IMTER = 107/3695.5 = 271,000
MIBR = 0,5 x 271,000 = 136,000

P (6 months) =
P (1 year)
P (2 years)

exp (-4380/136,000) = ,968
0938

.880

I+

n

Mode C wlth common equipment

P {6 months)

H

P (1 year)

[}

P (2 years)

.968 x .959 = .927
.938 x .919 = ,860
.880 x 844 = 743

65
48
Teb

170
60
140
300
T0
105
220
1300
1210

3695.5

Figure 5-1. Reliability Analysis Documentation (continued)
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Appendix A - 6

Mode D (less common and power)

Component Number Rate

Number X Rate

Reslstors-Allen Bradley Carben
WECo Thin Fllm
Corring Dep, Carbon
Capaclbors-Erie Ceramlic
Kemet Tantalum
Vitramon Ceramlc
J,F. D, Trimmers
Translstors and Tunnel Dlodes
Dlodes
Gates
Linear Amplifier
Diseriminator

IMPER = 10°/4399 = 228,000
MTBR = 0.5 x 228,000 = 114,000

P (6 months) = exp (-4380/114,000)

P (1 year)
P (2 years)

Mode D with common equipment

P (6 months) = .962 x .959 =
P (1 year) = .926 x .919 =
P (2 years) = .858 x .844 =

.921
-850
«725

70 1.0
18 3.0
20 0.5
ol 10,0
14 5.0

8 20.0

L 100.0

6 10.0
23 5.0
11 20.0
13 130.0
11 110

= 962

= .926

= ,858

70
54
10
240
70
160
koo
60
115
220
1650

1210

4399

Figure 5-1. Reliability Analysis Documentation (continued)
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Appendix A - 7

Mode E (less common and power)

Component . . Number Rate

Number X Rate

Resistors-Allen Bradley Carbon
WECo Thin Film
Corming Dep. Carbon
Capacltors-Erie Ceramlec
Kemet Tantalum
~ Vitramon Ceramic
J F.D, Trimmers
Tranelstors and Dlodes
Diodes
Gates
Linear Amplifiers
Discriminator

IMTER

109 /4564 = 219,000
= 0.5 x 219,000 = 109,000

5
B

P (6 months) = exp (-4380/109,000)
P (1 year)
P (2 years)

Mode E wlth common equlpment

P (6 months) = .961 x .959 = .920
P (1 year) = ,922 x .919 =-.846
P (2 years) = .85) x . 844 = 719

80 1.0
18 3.0
20 0.5
24 10.0
16 5.0
11 20,0
4 100.0
7 10,0
28 5.0
i3 20.0
13 130.0
12 110.0
= ,961

= 922

= 857

80
54
10
240
80
220
400
70
140
260
1690
1320

4564

Figure 5-1. Reliability Analysis Documentation (continued)
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Appendix A - B

Mode F {(less pommon and power)

Number X Rate

Component Number  Rate
Resistor-Allen Bradley Carbon 64 1.0
WECo Thin Film 13 3.0

Corning Dep, Carbon 20 0.5
Capacitors-Erie Ceramic 24 10.0
Kemet Tantalum 13 5.0

Vitramon Ceramic 8 20,0

J.F.D, Trimmers 4 100.0
Transistors and Tunnel Diodes 6 10,0
Diodes 21 5.0
Gates 5 20.0
Linear Amplifilers 13 130,0
Diseriminator 6 110,0

INTHR = 10°/3365 = 298,000
MIBR = 0,5 x 298,000 = 149,000

P {6 months) = exp (-4380/149,000)

P (1 year)
P (2 years)

Mpde F with common equlpment

P {6 months)

P {1 year)
P (2 years)

fi

= .97
= .943
= .890

.97 x .959 = .930

943 x .919 = 864

.890 x .844 = .750

64
39
10
12
65
160
400
60
105
100
1690
660

3365

Figure 5-1. Reliability Analysis Documentation (continued)
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Appendix A - 9

Mode G (leas common and power)

Component Number Rate Number X Rate
Resistors-Allen Bradley Carbon 58 i.0 58
WECo Thin Flim 11 3.0 33
Corning Dep. Carbon 15 0.5 T.5
Capaclitors-Erie Ceramic 19 10.0 190
Kenet Tantalum 11 5.0 55
Vitramon Ceramic 7 20.0 140
J.F.D, Trimmers 3 100.0 300
Transistors and Tunnel Diodes 6 10.0 60
Dodes 22 5.0 110
Gates 5 20.0 100
Linear Amplifilers 10 130.C0 1300
Diseriminator 6 110.0 660
3013.5
IMTER = 10°/3013.5 = 332,000
MIER = 0.5 x 332,000 = 166,000
P {6 months) = exp (-4380/166,000) = ,973
P (1 year) = ,QL8
P (2 years) = .900

Mode G with common edqulpment

P (6 months) = .973 x .959 = .931
P (1 year) = ,948 x .919 = 870
P (2 years) = .90 x 844 = ,760

Figure 5-1. Reliability Analysis Documentation (continued)
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Appendix A - 10

Mode H (less power and common)

Component Number Rate
Reasistors-Allen Bradley Carbon 68 1.0
WECo Thin Film 13 3.0
Corning Dep. Carbon 20 0.5
Capacltors-Erle Ceramlec 24 10.0
Kemet Tanbalum 13 5,0
Vitramon Ceramic 8 20,0
J.F.D, Trimmers 4 100.0
Transistors and Tunnel Dlodes g 10.0
Diodes 27 5.0
Gates 4 20.0
Linear Ampliflers 13 130.0
Discriminator 6 1i0.0
IMTER = 10°/3637 = 275,000
MIBR = 0.5 x 275,000 = 138,000
P (6 months) = exp (-4380/138,000) = ,969
P (1 year) = .939
P (2 years) = ,881

Mode H with common equipment

P {6 months) = .969 x .959 = .928
P (1 year}) = .938 x .919 = 861
P {2 years) = .880 x 844 = T4y

Number X Rate

68
39
10
240
65
160
Loo
90
135
80
1690
_660

3637

Figure 5-1, Reliability Analysis Documentation (continued)
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Appendix A - 11

Mode I (less common and power)

Number X Rate

Component Number  Rate
Reslstors-Allen Bradley Carbon 55 1,0
WECo Thin Film 15 3.0
Cornlng Dep. Carbon 25 0.5
Capacltors-Erle Ceramle 29 10.0
Kemet Tantalum 16 5.0
Vitramon Ceramlc 7 20,0
J.F.D, Trimmers 5 100.0
Transistors and Tunnel Diodes 2 10,0
Diodes 17 5.0
Linear Amplifiers 15 130,0
DPlscriminator 5 110.0
IMTER = 10°/3727.5 = 268,000
MTBR = 0.5 x 268,000 = 134,000

P {6 months) = exp (-4380/134,000) = .968
P (1 year) = ,936
P (2 years) = 878

Mode I with common equipment

P (6 months) = .968 x .959 = .926
P (1 year) = .936 x .919 = .859
P (2 years) = .B78 x .844 = ,Tho

55
45
12,5
290
80
140
500
20
85
1950
-550

3727.5

Figure 5-1. Reliability Analysis Documentation {continued)
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Appendix A - 12

Bias Supply

Component Number Rate Number X Rate
Resistors-Allen Bradley Carhon 6 1.0 6.0
Capacltora-Erie Ceramlc 6 10,0 60.0

Vitramoen Ceramile 2 20.0 40,0
Bias Transformer 1 20.0 20,0
Transistors and Tunnel Dlodesg 3 10.0 30.0
Diodes 24 5.0 120.0
276
IMTEF = 102/276 = 3,630,000 hr.
MTBF = 0.1 x 3,630,000 = 363,000 hr,

P (2 years) = exp (~17520/363,000) = .953
Probability of both failing = (.O47)% = .0022
(.o24)?
(.012)%

Probability of both fallilng 1 yr

It

.00058
. 00014

il

6 months

Figure 5-1. Reliability Analysis Documentzation (continued)
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Appendix A - 13

Peripheral Equipment

Component Numberxr Rate Number X Rate
Resistors-Allen Bradley Carbon 54 1.0 5l
WECo Thin Film 6 3.0 18
Cornilng Dep. Carbon 2 0.5 1
Capacitors~Erie 6 10 60
Kemet 3 B 15
Vitramon 11 20 220
Transistors and Tunnel Diodes 28 10 - 280
Diodes 12 5 60
Linear Amplifier 1 130 130
828

Figure 5-1. Reliability Analysis Documentation (continued)
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Appendix A - 14

Common Equipment Using MIL-HDBK~217

(Assume 20% of rating, low amblent temperature)

Component Number Rate(%/1000 hr) Number X Rate
Resistors-Allen Bradley Carbon 200 .001 0.200
WECo Thin Film 2 025 0.050
Corning Dep, Carbon 1 .025 0.025
Capacltors-Erie Ceramlc 3 .001 0.003
Kemet Tantalum 30 .005 0.150
Vitramon Geramie (e} L0001 0.049
Filter Choke 1 . 05 0.050
Translstors and Tunnel Diodes 75 .025 1.875
Piodesn 67 .015 1,000
Delay Line 1 1.0 1,000
Linear Amplifier 4 .535 2,140
Pulse Shaper 6 .530 3.180
Discriminator 4 490 1.960
11.682

MTER = 16°/11.7 = 8550 hr.

P (2 years) = exp {-17520/8550) = 128

Figure 5-1. Reliability Analysis Documentation (continued)
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Table 5~1
TYPES AND QUANTITIES OF COMPONENTS
USED PER EXPERIMENT

Component Type

CAPACITORS

Solid Tantalum
General Purpose Ceramic
Tubular Ceramic

Total Capacitors

RESISTORS

Carbon Composition
Metal Oxide Film
Tantalum Thin-Film (integrated circuits)

Total Resistors

TRANSISTORS

NPN Silicon
PNP Silicon
PNP Germanium

Total Transistors

DIODES
Tunnel Diodes
Signal
Total Diodes

Transformers, Inductors, and Delay Lines

Total number of components:

5-19

Guantity per
Experiment

164
109
61

334

424
33
891

1348

211
262
26

499

25
316

341

2526
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Table 5-2. SPECIFICATIONS AND SCREENING PROGRAMS

COMPONENT

TYPE

SPECIFICATION/SCREENING

Capacitors

A, Solid Tantalum

2.2-uf and 15-uf capacitors, with manufacturer's rated op-
erating voltage of 35 volts, were supplied by Kemet Depart-
ment, Linde Company, division of the Union Carbide Cor-
poration. These capacitors were ordered under BTL Speci-
fication KS19458. All capacitors were given an additional
screening at Bell Telephone Laboratories, as follows:

1. Capacitance and equivalent series resistance mea-
surements, at 150 Hz and 10 KHz at room tempera-
ture,

2. Leakage measured at rated voltage and at 1.7 x rated
voltage,

3. Temperature cycling consisting of 5 cycles between
+85°C and -60°C over a 24-hour periocd.

4. A 100-hour life test at +85°C under rated voltage.
Capacitance and effective series resistance mea-
sured at 150 Hz at room temperature.

5. Leakage measured at rated voltage.

6. A noise test consisting of a short-term leakage vari-
ation measurement at rated voltage.

Rated voltage in the foregoing tests is manufacturer's ra-
ting. For our end use, we derated to one-half manufac-
turer's rating. Capacitors qualifying for flight use had a
failure rate of less than 0.001% per thousand hours.
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COMPONENT

TYPE

SPECIFICATION/SCREENING

Capacitors (continued)

B. Ceramic

1. General—pﬁrpo se capacitors, ranging in value from
10 pf to 10,000 pf, with a manufacturer's rated oper-
ating voltage of 200 volts were supplied by Vitramon,
Incorporated. The capacitors were manufactured and
tested in accordance with BTL specifications GA9910,
G300104, and G300105.

2. Temperature-compensated tubular ceramic capaci~
tors, 5 pf to 1000 pf, with a manufacturer's rated op-
erating voltage of 500 volts were supplied by Erie
Technological Products, Incorporated. These were
manufactured and tested in accordance with specifi~
cation GA9910 Revision G, and Erie EP3210,

Both types of capacitors were screened at Bell Telephone
Laboratories by the following procedure:

a. Capacitance and conductance measured at 1 KHz.

b. A life test for a minimum of 100 hours at room tem-
perature under rated voltage.

¢. Capacitance and conductance measured at 1 KHz,

Capacitors of these types qualifying for flight use had a
failure rate of less than 0.002% per thousand hours.
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Table 5-2. SPECIFICATIONS AND SCREENING PROGRAMS (continued)

COMPONENT

TYPE

SPECIFICATION/SCREENING

Resistors

A, Carbon composition

Type CD and EB resistors were supplied by the Allan
Bradley Corporation,

All resistors were screened at Bell Telephone Labora-
tories in groups taken from the same manufacturing lot for
each value screened. The screening procedure was as fol-
lows:

1, Resistance measured at room temperature.
2. Baked at +105°C for 96 hours.
J. Resistance measured at room temperature.

4. Ten temperature cycles between -55°C and +85°C for
a period of 120 hours.

Resistance measured at room temperature.
Noise measurement.

. Baked at 105°C for 96 hours.

S

8. Resistance measured at room temperature.

Acceptability was based on any change in resistance occur-
ring between step 3 and step 8 being within the norm for
group, and also on the noise level measured in step 6. Re-
sistors qualifying for flight use had a failure rate of
0.0001% per thousand hours or better.




£2-6

COMPONENT

TYPE

SPECIFICATION/SCREENING

Resistors (continued)

B. Metal film

Types NABOD and RN55D resistors were supplied by
Corning Electronic Products Division.

The sereening procedure for metal film resistors is iden-
tical to that given above for carbon composition resistors.

Transistors

A, Silicon bipolar

These were supplied by Motorola Semiconductor Products,
Inc.; types 2N2222 (NPN) and 2N3251 (PNP) were chosen on
the basis of their suitable electrical characteristics, relia-
bility demonstrated through use in other BT programs,
and goodtolerance to radiation damage (on the basis of sev~
eral sample lots tested). All devices were ordered to meet
the requirements of Mil-F-19500 and G657490 in addition
to BTL specifications G383745 for the 2N2222 and G383746
for the 2N3251. (Prior experience had shown Motorola cap-
able of delivering devices to these specifications. However,
because of the short program schedule and unexpected dif-
ficulties encountered, many devices were accepted without
meeting the full specifications.)

Screening was done by the manufacturer on g lot basis, A
prior condition for lot acceptance was a sample radiation
test. All transistors in lots meeting this requirement were
then subjected to the following preconditioning steps in the
order listed:
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Table 5-2. SPECIFICATIONS AND SCREENING PROGRAMS (continued)

COMPONENT

TYPE

SPECIFICATION/SCREENING

Transistors (continued)

A, Silicon bipolar
{continued)

1. Temperature aging at +250°C for 60 hours.

2. Temperature reverse voltage at +175°C for 100 hours
(PNP devices only).

3. Life defect according to G657491, Method I, 3X rated
power at +25°C for two hours.

4. Temperature cycling to Mil-FTD750, Method 1051,
Condition C.

5. Constant acceleration at 20,000G.

6. Shock 5 blows to Mil~-FTD750, Method 2016,
7. Particle test to G657491, Method 201.

8. Leak test at 90 psi for one hour.

9. Leak test at +180°C to G657491, Method 6.

A five-parameter elecirical test was performed on each de-
vice following steps 1, 2, 3, 5, and 6. For lot acceptance, a
PDA. (percent defective allowed) of 15% applied to each step
except 1, 4, and 5. In these steps, defectives were removed
before proceeding, A total PDA of 30% applied for all steps
following 1. All transistors in accepted lots were give a

visual and mechanical examination and an electrical test

which measured 16 parameters. A sample group of devices
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COMPONENT

TYPE

SPECIFICATION/SCREENING

Transistors (continued)

A, Silicon bipolar
(continued)

B. Germanium tran-
gistors

was subjected to additional environmental and mechanical
tests, some of which were destructive. The supplier was
unable to meet lot preconditioning requirements for the
2N3251; these devices were supplied, instead, to an ex-
panded version of Mil-F-19500 (plus sample radiation
tests). The radiation tests had to be waived for most of
the 2N2222 devices; for some lots, a Mil specification was
substituted for preconditioning to expedite delivery in time
to meet our schedule. Those transistors for circuit appli-
cations where radiation damage was critical were screened
and selected at BTL,

2N964A (PNP) transistors for a special application in
thin~film discriminators were also supplied by Motorola.
These devices were ordered tested to BTL specification
G365393.

Diodes

A, Tunnel diodes

1N3713 germanium tunnel diodes were suppled by the Gen-

eral Electric Corporation. The screening of these devices

was performed at Bell Telephone Laboratories, Laureldale,
Pennsylvania, under the following conditions:

1. Shock 5 blows 1500G as per Mil~-STD750, Method
2016.

2. Constant acceleration 20,000G, one minute as per
Mil- FTD750, Method 2008.
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Table 5-2. SPECIFICATIONS AND SCREENING PROGRAMS (continued)

COMPONENT

TYPE

SPECIFICATION/SCREENING

Diodes (continued)

A, Tunnel diodes
(continued)

B. Signal diodes

3. Vibration variable frequency, 100 Hz to 2 kHz as per
Mil-FTD750, Method 2056.

4, Mechanical inspection.
5. Electrical measurement of 4 parameters.

6, Life defect (high temperature accelerated aging test).
All units were subjected to 250 hours at +100°C under
bias. DC tests were made at 24 hours, 100 hours,
and 250 hours during this step.

7. Electrical measurement of 4 parameters at room
temperature.

The above tests were designed to assure 0.001% per thou-
sand hour failure rate at 50°C based on previous experi-
ments done on diodes of the same type.

High reliability silicon epitaxial signal diodes were sup-
plied by the Western Electric Company, manufactured and
screened to specification GA53930, and electrically tested
to GF-40163-L1-3.
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COMPONENT

TYPE

SPECIFICATION/SCREENING

Transformers, Inductors,
and Delay Lines

These devices were specially made by the Components
Laboratory of Bell Telephone Laboratories, Whippany,
New Jersey, The following types of devices were supplied.

1. Modified M-derived five-section delay line.
2. Five-winding noise rejection transformer.

3. Bias supply oscillator transformer.




5.2.2 Thin-Film Integrated Circuit Fabrication and Testing

Bell Telephone Laboratories at Allentown, Pennsylvania, in collaboration with
the Allentown Works of the Western Electric Company, developed and produced the
thin-film integrated circuits for this project from electronic designs supplied by
Murray Hill. Each experiment required the following quantities of these devices:
25 operational amplifiers, 21 zero-crossing discriminators, 7 pulse shapers, 47
linear gates, and 37 potentiometer networks.

The first step in producing these integrated circuits was to develop the most
efficient layout. Substrate size was held to the minimum which would accommodate
the discrete components with adequate clearances. A standard width for the three
active circuits (A, B, and C in Figure 4-2) which allowed room for two parallel
rows of transistors with tantalum capacitors mounted between rows as seen in Fig-
ure 3~-3 was adopted for most efficient use of the master ceramic substrate des-
cribed later. Unavoidable crossovers were handled with wire straps on the compo-
nent side. The thin-film resistor layouts fitted easily into the available areas with
line widths well within the state of the art. The highest value resistor was 56K ohms
which required a 3-mil line width. Two of these can be seen just above center on
substrate A in Figure 4-3. Low-value resistors were made wide to increase their
track length and minimize end effects from application of the electrolyte solution
and the anodizing process. The substrate material was high-density aluminum oxide
ceramic. Punching of the lead hole patterns was done with the alumina in the green
state. Each type of circuit was batch processed on a 3-3/4 x 4-1/2 inch master
ceramic subsirate which was later diced into individual circuits with a diamond saw.
After firing and glazing, the master was sputtered with an even film of tantalum
nitride with a sheet resistivity of between 50 and 60 chms per square. Thin-metal
films which ultimately formed the circuit paths and terminations were evaporated
on to the substrate in layers, starting with nichrome, followed by copper, and finish-
ing with palladium on the outer surface. Next, the groups of circuit path patterns
were photo-etched in the metal films. Following this, the resistor tracks were eiched
in the exposed tantalum between the circuit paths. After inspection of the resulting
circuit paiterns, each resistor on the master substrate was individually adjusted to
its final value by anodizing its surface. This process converts the surface of the
tantalum electrolytically into a layer of tantalum pentoxide, an insulator. The depth
of anodization determines the resistance but, since it can only be raised in this
process, the resistivity of the film at the beginning must be 10 to 20 percent
lower than the design value. The anodizing process is automatically controlied
by a bridge circuif which monitors the resistance and shuts off the current
when the correct value is reached. Resistance tolerances of 1 to 10 percent
were specified for these circuits, although the process is capable of far greater
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accuracy. Tantalum film resistors thus formed remain stable, protected by their
inert covering which is unaffected by normal handling during component assembly
operations. The master substrate is finally sliced into individual circuits.

Each circuit substrate passing in-process inspection was assembled with its
components, straps, and leads. Soldering was accomplished by immersing the flux-
coated thin-film circuit side of each ceramic in a solder pot for several seconds.
After cleaning and final inspection, the completed integrated circuits were shipped
to Murray Hill. At Murray Hill, all thin-film integrated circuits received were
given a follow-up inspection, assigned serial numbers and inspection cards. Elec-
trical tests were performed on a multicircuit test stand which could accommodate
half the total complement of circuits for one experiment. The test stand was de-
signed to fit into a temperature chamber and connect to a remote test panel through
a multiple feed-through connector interface. Power supply lines, inputs, and out-
puts of all circuits under test could be examined through selection by a system of
switches. Operational checks and reference measurements of critical parameters
were first made at room temperature and recorded on the inspection card. Partic-
ular emphasis was placed on pulse characteristics which were examined on an os-
cilloscope. Following these tests at room temperature, the complement was temper-
ature cycled between +60°C and -20°C (10°C more in each direction than the experi-
ment test specification), for five complete cycles of 1-hour duration each. After
temperature cycling, the high- and low-temperature limits were sustained and the
initial test sequence was repeated and the results recorded. One last test sequence
was performed upon return to room temperature for comparison with the first to
verify stability. All units completing the test were mechanically inspected for any
change in appearance resulting from temperature cycling. The recorded tempera-
ture performance data for each circuit was carefully examined. Any units showing
abnormal tendencies were rejected for flight use. One final operation before each
thin-film circuit was released for encapsulation prior to integration with a flight
motherboard was the forming of omega-shaped strain relief bends in all terminal
leads. This was carefully performed on the special multiple-lead bending tool
shown in Figure 5-2. These bends were necessary to prevent strains on the sub-
strate resulting from mounting the encapsulated units directly against the printed
circuit boards.
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Figure 5-2. Thin-Film Circuit Lead Bending Tool
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Chapter 6
CONSTRUCTION

6.1 PRINTED CIRCUIT BOARDS
6.1.1 Layout and Art Work

The production of a printed circuit board began with the preparation of a 2:1
layout drawing showing a view of the printed circuit side with the positions of com-
ponents outlined as they would be seen when looking through the board. A drafts-
man designed each layout from schematic diagrams, working with the guidance of
the packaging engineer. The assembly drawings and all printed circuit art work
originated from these layouts. Except where cross-coupling or interference prob-
lems dictated, components were placed for best packaging efficiency and minimum
conductor cross-over. Axial lead devices were normally laid out against the board
and positioned vertically only in areas of unavoidable high density. Limits were
set for minimum center-to-center lead hole spacing for each type of horizontally
mounted component to allow enough length to safely form the lead bends. Printed
path width was typically 0.032 inch, with a minimum of 0.020 inch. The same di-
mensions applied to the clearance between paths. At the board edge, a minimum of
0.050 inch was maintained. Solder lands were of the elongated circular type in
various sizes depending upon the layout requirements but always providing a mini-
mum of at least 0.08 inch clinched lead contact length. Specially shaped terminal
lands at the ends of the boards were designed to mate with commercial printed
circuit board connectors with either 0.10 inch or 0.078 inch center-to-center spacing.

Two reversed prints of the completed layout were made for the ground plane
art work to be used on the opposite side of the board, one showing the size and lo-
cation of clearance areas for component leads and the other showing the position of
selectively solder plated lands for ground through-connections. Commercially
available black tape, in pre-cut strips and land patterns, was used for the art work.
All lands were prepunched for lead hole location; special land shapes were made
by cutting or adding to the standard sizes. Taping was done on a mylar drawing
form placed over the layout drawing on a large light box. Separate ground plane
art work was made by cutting out clearance areas from a transparent sheet of ad-
hesive red plastic on another drawing form laid over the appropriate reverse print.
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A third piece of art work for the selectively solder-plated ground plane lands com-
pleted the set. Registry between all three pieces was assured by punched targets
on each, referenced to the centers of the through-bolt holes drawn accurately on

the layout.

6.1.2 Fabrication

All printed circuit boards were processed at Bell Telephone Laboratories,
Murray Hill. A few special operations which were required to produce these boards
will be discussed. The material used was 0.032-inch-thick Fiberglas-epoxy board
with 1-ounce copper on both sides. Individual oversized blanks were supplied for
each circuit board required. Every blank was predrilled for the two 0.140-inch-
diameter through-bolt holes by using a drill jig to assure accurate and repeatable
spacing. This step was important for proper alignment of the three printed circuit
patterns and for the accuracy of the in-process machining to follow. Circuit boards
were protected by cardboard separators during all machining operations and in-
spected for scratches or other damage before being released for the next step in
the sequence.

Half-size negatives of the art work were accurately punched with 0.140-inch-
diameter holes centered on the two reference targets. A frame, consisting of two
lucite plates with the same hole pattern and fitted with short dowel pins, was used
to align the negatives on both sides of the photosensitized circuit board blank during

the exposure process.

After the circuit pattern had been etched, the blanks were carefully milled to
the correct width. Electrolus copper was then deposited over the freshly milled
edges and onto the ground plane side by 0.05 inch for electrical contact. These
edges and the terminals at the end of the board were gold-plated to maintain a good
conductivity. The printed circuit and the through-connection lands on the ground
plane side were solder-plated. The remainder of the ground plane was not solder-
plated to reduce circuit board weight. After the printed circuit process was com-
plete, the ends of the boards were machined to their final dimensions and all com-
ponent lead holes were drilled. Each circuit board was then thoroughly inspected
for defects or damage, as described in Paragraph 6.3.5, before being accepted for
flight use.

6.1.3 Preparation for Assembly

The first step in the preparation of a printed circuit motherboard for com-
ponent assembly was to attach and solder the strap wires which connect the ground ‘
plane through to certain printed circuit lands. Following this, insulation consisting . |
of a 0.001-inch-thick thermal adhesive coated mylar sheet was bonded to the ground
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plane side of the board under heat and pressure. The board and mylar sheet were
clamped together between two pieces of thick silicone rubber in an aluminum jig and
heated to 150°C in an oven. This resulted in an excellent bond between the two with
the mylar following even the contour of the etched pattern in the 0.0015-inch-thick
copper. The insulating skin was trimmed and all lead holes pierced before mount-
ing the components.

6.2 ASSEMBLY AREA

White room conditions were not a requirement of this project. The main ob-
jective was to provide a controlled area separate from other less critical labora-
tory activities where flight hardware could be safely assembled and stored. Figure
6-1 shows a view of the ATS experiment flight hardware assembly room. White
nylon coats were worn to prevent contamination from metallic particles which might
have been picked up on the clothing of the assemblers while at other locations within
the building. Smoking and eating in the area was prohibited and only authorized

Figure 6-1. Flight Hardware Assembly Room
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personnel were admitted. The room was air-conditioned by a self-contained unit
and fresh air entered through a filter. A laminar flow hood containing an absolute
filter was in continuous operation to reduce the overall dust level and to provide a
local white working area when needed. Isolation between individual work positions
was achieved with plastic bench top enclosures. These enclosures were fully open
at the front and wide enough not to restrict movements of the assemblers. In this
way, wire lead clippings and bits of solder were limited to each work location and
were easier to control. Visibility of these stray pieces was increased by using re-
placeable white cardboard on the work surfaces. The hoods also kept items not
essential to a particular assembly operation from cluttering the work positions and
prevented possible damage from things stored overhead dropping onto the work.
All flight parts and subassemblies in process were kept in plastic containers and
removed from the workbenches to a locked storage cabinet at the end of the day.
Polyurethane foam encapsulation of completed hardware was performed in an ex-
haust hood located in one corner of the room.

The assembly staff consisted of four assemblers (one of whom was the lead
man and inspector), a technician, and a packaging manager. Two assemblers spent
their full time mounting and soldering components to printed circuit motherboards.
A third specialized in the interconnecting harness wiring. The lead man/inspector
managed the work assignments and bookkeeping, performed special preparatory
operations on the printed circuit boards before assembly, and inspected all work
at prescribed milestones. The technician had responsibility for component pro-
curement, stock control, integrated circuit screening, and the assembly parts kits.
The packaging manager was responsible for all phases of the packing program and
quality control.

6.3 MOTHERBOARD ASSEMBLY
6.3.1 Parts Kits and Records

All parts, parts lists, special instructions, and inspection sheets for each
motherboard were prepared in kit form in advance of assembly and stored in plastic
containers until needed. Parts kits were prepared in the form of a display by in-
serting the components upright into a sheet of styrofoam, as shown in Figure 6-2.
This arrangement was very convenient and speeded assembly time by reducing the
amount of searching and handling otherwise necessary if parts had been supplied
in envelopes. The parts list with each kit identified all components by circuit num-
ber, value, tolerance, and type. Each printed circuit board was stamped with a
serial number to identify it with its assigned paperwork. An inspection sheet for
recording all information concerning the status of the motherboard was attached to

6-4




Figure 6-2. Motherboard 10 Shown with its Parts Kit

the front of the parts 1ist. Headings and spaces on this sheet were provided for
each construction milestone which were to be dated and initialed by the assembler
and inspector upon completion. One of the duties of the inspector was to maintain

a chart showing the status of all motherboards being processed. At the beginning
of the project, a list of general assembly practices and handling procedures was
issued to each assembler. Instructions for special operations on each type of board
were included with the kit paper work.

Master assembly drawings for each board contained all the information nec-
essary to identify and place the components and strap wiring. These drawings were
kept up to date and no other copies were used. Each was mounted on cardboard
and covered with a lucite sheet so that the assemblers could check off the compo-
nents with a crayon pencil as they were installed.

6.3.2 Assembly Practices

Assembling carefully screened components onto the motherboards without de-
grading their reliability called for special handling precautions. Figure 6-3 shows
an ATS motherboard being assembled while clamped in a handling fixture. Grooves
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Figure 6-3. Motherboard 10 During Assembly

milled in the frame of this fixture held the board by its edges to prevent warping
during component mounting and soldering operations. The fixture could be rotated
axially for rapid access to either side of the board. In this way, the motherboards
were placed in an ideal working position for the assembler and were protected
against being dropped. Mounted components were kept out of contact with the work-
bench surface where they might be damaged or pick up lead clippings and solder
seraps.

Component leads were bent by using specially contoured pliers to isolate
bending forces from the component body and prevent marking the leads. Lead bends
had a minimum radius equal to twice the lead diameter and were not closer than
1/16 inch to the component body or end seal. Mechanical shock from lead clipping
was isolated from the component body with pliers clamped between it and the cut-
ting point. Axial lead components were, in general, mounted horizontally against
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the board. However, in a few areas of unusually high density, resistors and diodes
were placed vertically. In these situations, the lower end of the component was
spaced 0.05 inch from the board. Ceramic capacitors with end radial leads were
spaced 0.1 inch from the board to permit the attachment of heat sink clips during
the soldering operation. Transistors were raised by the same amount to avoid
stressing the header seals during lead clinching. Special spacing gauges were |
provided for each type of component to speed the mounting process. Assemblers |
were instructed never to twist or pull on component leads during the bending or i
mounting operations; such stresses can break the seal between the lead and com- |
ponent body. In certain dense vertical mounting situations, leads were jacketed

with a silicone varnished Fiberglas sleeving as a measure of protection against

shorting to one another during the encapsulation process. Strap wiring was insu-

lated No. 24 solid tinned copper wire, thermally stripped. Component leads and

straps were clinched against their respective printed circuit lands and cut to a

length of 0.08 inch from the mounting hole. No soldering was done until all com-

ponents and wires were mounted and their correct value and placement verified by

the inspector.

6.3.3 Soldering

Weller Electric Corporation's Model W-TCP temperature-controlled solder-
ing irons, equipped with 700°F 1/16-inch screwdriver-type replaceable tips, were
used exclusively. These small lightweight irons were ideally suited to printed cir-
cuit board work. A wet sponge provided a safe means for cleaning the iron-clad
tips, so as to assure optimum heat transfer to each connection. The solder for
most applications was 0.025-inch diameter Kester 60/40 with a pure rosin-flux
core. Where connections would be subjected to low temperatures in space, special
solder was used which contained a small percentage of antimony to prevent the
formation of gray tin (Nassau No. RM728226, manufactured by the Nassau Smelting
and Refining Company).

Components with soft solder seals or internal connections (ie: tantalum and
ceramic capacitors) were protected from damage during soldering by attaching
small, flat jaw, copper heat sink clips to their leads. Trimming components were
temporarily mounted and tack-soldered with unclinched leads for easier removal
after testing.

A rapid and effective vacuum-operated desoldering device was used for re-
moving solder from unsatisfactory joints. It consisted of a large flask reservoir
connected to a half-atmosphere house vacuum line. A glass medicine dropper was
fitted to a rubber hose which was attached to a piece of glass tubing extending
through a rubber stopper to the bottom of the flask, Water at the bottom of the
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flask trapped and prevented solder particles from entering the vacuum line. The
shape of the dropper nozzle produced a high velocity inward air flow which removed
solder from a heated connection so efficiently that in most cases the lead became
free. Most important, the whole operation could be performed so rapidly that no
damage to the printed circuit boards occurred. Several commercial desoldering
devices were tried which proved ineffective and, in some cases, detrimental to the
printed circuit board. Only the assemblers were permitted to solder or desolder
components. This prevented degradation of connections and components from tack-
soldering by technicians during the testing and trimming operations. Although all
soldering flux used was inert, it was nevertheless cleansed from the boards after
assembly to facilitate inspection of the solder joints and prevent adherence of for-
eign particles.

6.3.4 Testing and Trimming

As mentioned in Paragraph 4.1.1, the circuit boards were designed to plug
into printed eircuit connectors on a large test stand which would accommodate the
whole system of motherboards. By using this method, the usual hazards associ-
ated with testing a temporarily connected system of unencapsulated boards was
greatly reduced. Individual boards could be quickly disconnected from the test
stand, component values adjusted if necessary, and then reinserted to continue the
test. The test stand provided security and stability for the boards on the bench. It
was designed to simulate as nearly as possible the configuration of the system in its
assembled form in order to eliminate the necessity to make further adjustments
after the final assembly. Each board could be separated from the rest of the stack
while still connected, permitting full access to all test points on both sides of the
board. The test stand was also designed for operation within a Wiley Model
C-106-3600 temperature chamber.

Trimming an experiment of this complexity involves the careful adjustment
of many interacting parameters such as amplifier gains, discriminator levels, pulse
shapes, and timing. Many of these adjustments were made with miniature wire-
wound trimming potentiometers. No mechanically variable components were con-
sidered reliable enough for flight use. As the adjustments for each section of the
experiment were completed, these potentiometers were removed from the circuit
boards without disturbing their settings and carefully measured on a resistance
bridge. Highly stable thin-film potentiometer networks, described in Chapter 3 and
shown in Figure 4-2, were individually adjusted to match the setting of a par-
ticular trimming potentiometer. Adjustment of these networks involved bridging
out elements of the resistor strong to achieve the desired value. The whole .
operation was performed with the aid of a microscope by an assembler trained in the
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intricacies of soldering to the small plated circuit paths on these ceramic sub-
strates. It was necessary, for a reliable connection, to place a mechanical bridge
in the form of hot solder-coated No. 36 copper wire across the 0.005-inch gap be-
fore the application of solder. Liquid flux was applied to assure an even and rapid
wetting of the plated paths. The assembler mastered the technique so well that
these networks could be adjusted at the rate of 12 per hour. Previously adjusted
networks could be changed with ease by carefully cutting out a section of the fine
wire bridge with a small knife blade under a microscope. After verification of its
specified resistance setting, each thin-film resistor network was permanently in-
stalled in its respective trimming potentiometer location on the circuit board. The
board was then returned to the test stand to recheck the levels for agreement with
the previous adjustments. Each group of adjustments was secured in this manner
before proceeding to the next. In the case of capacitors, adjustable elements were
removed from the boards, measured, and substituted with fixed temperature-
compensated ceramic capacitors of the nearest commercially available value. The
small differences sometimes resulting between the fixed and variable elements
were compensgated by adjustment of trimming resistors elsewhere in the ecircuit.
Complete records of all adjustments and changes in component values during this
phase of work were kept with the paper work for each board.

6.3.5 Inspection

Thorough inspections were performed at various milestones in the sequence
of assembly operations beginning with the printed circuit board blanks and ending
with the completed experiment package. The inspector was highly skilled in his
field, having served in the same capacity during the fabrication of the electronic
assemblies for the Telstar program. A wide-field binocular microscope with an
adjustable range of magnification of from 7X to 80X was used as an aid for close
examination of components and connections. Table 6-1 outlines the schedule.

Table 6-1. INSPECTION PROCEDURES AND SCHEDULES

AREA OPERATION

Printed Circuit Boards 1. Inspect predrilled blanks for flaws and scratches
in the copper surface before delivery to the
printed circuit shop.

2. Inspect the boards after machining to the correct
width, prior to edge plating, for damage to the
circuit pattern, roughness of the milled edges,
and correct width of the board.
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Table 6-1. INSPECTION PROCEDURES AND SCHEDULES (continued)

AREA OPERATION

Printed Circuit Boards 3. Inspect each board after completion of all printed
(continued) circuit processing, final machining, and hole-
drilling operations for the following:

A. Scratches on

(1) Paths and lands deeper than the surface
of the solder plating,

(2) The surface of the substrate bridging
paths or lands.

B. Holes and notches in the paths resulting from
the printed circuit process exceeding 25 per-
cent of the path width.

C. Lifting of printed paths and lands.
D. Uniformity of solder-plating.
E. Metallic bridging between paths and lands.

F. The condition of the over-edge plating:

(1) Clearance to the nearest conductor on the
printed circuit side (0.020 minimum).

(2) Smoothness and uniformity.
G. Dimensional accuracy.

H. General condition of the board:

(1) Sharpness of the printed circuit pattern
and clearance areas in the ground plane.

(2) Errors or omissions in the drilling of the
component mounting holes.

(3) Cleanliness.

4. Inspect after mounting and soldering the strap
wire through connections between the ground
plane and printed circuit for the quality of the
soldered connections and any strap omissions.

5. Inspect each board after completion of the mylar
insulation bonding process for a proper bond and
general appearance.




Table 6-1. INSPECTION PROCEDURES AND SCHEDULES (continued)

AREA OPERATION
Components and The component technician was responsible for visual
Integrated Circuits inspection of all parts prior to preparing the assem-
bly kits.
Partially Assembled Inspect the partially assembled motherboards (all
Motherboards

components excluding thin-film circuits mounted but

not soldered).

1. Imspect for correct assembly. Verify components
with the assembly drawing and parts list as
follows:

A. Value of component.

B. Location of component.

C. Type of component.

D. Polarity.

2. Inspect the mechanical condition of components
and board.

A. Correct positioning and clearance of compo-
nents and leads.

B. Lead bends.

C. Any damage to components, their leads, or
the printed circuit due to mounting opera-
tions.

Inspection of Inspect after all components have been soldered and
Components strap wiring has been installed but not soldered.

1. Verify the correct connection, routing, and dress
of each strap wire against the assembly drawing.

2. Damage to the components, strap wire, and in-
sulation or printed circuit pattern as a result of
installing the strap wires.
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Table 6-1. INSPECTION PROCEDURES AND SCHEDULES (continued)

AREA OPERATION
Completely Assembled Inspect the completely assembled motherboard fol-
Motherboards

lowing mounting of the thin-film circuits and solder-
ing of all remaining connections.

1.

Condition and appearance of all components and
leads.

Check for the inclusion of wire clippings, solder
balls, and other foreign particles which might
possibly have become entrapped among the com-
ponents or printed circuit.

Inspect all solder connections for compliance
with established standards.

Trimmed and Tested
Motherboards

Inspect all motherboards after trimming and testing
following the installation of fixed components which
replace the adjustable ones.

1.

The correct placement and value of replaced
components and the quality of their solder con-
nections.

Damage resulting from the testing and trimming
operations.

A final search for entrapped foreign particles on
both sides of the board coupled with a general

vacuum cleaning operation using the same type of
device described for desoldering.

Encapsulated
Motherboards

Inspect each motherboard following the foam encap-
sulation process.

1.

2.

The condition of the foam encapsulation.
A. Uniformity and dimensions.
B. Cavities exposing components or leads.

Damage to the printed circuit from handling dur-
ing the process.
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Table 6-1. INSPECTION PROCEDURES AND SCHEDULES (continued)

AREA OPERATION
Encapsulated Boards having completed this final examination
leggm;%rds were signed off on the inspection sheet and were

ready for interconnection with other completed
boards in the harness-wiring operation. All
signed inspection sheets, notes, and parts lists
for each board were collected and filed in a note-
book for that particular flight model.

Interconnecting Inspection is described in Section 6.5.
Harness Wiring

6.4 ENCAPSULATION

As previously described in Paragraph 4.1.2, the component side of each
motherboard was individually encapsulated. The material used was Emerson &
Cumming, Incorporated Eccofoam FP with catalyst 12-2. This combination cures
to a rigld, thermo-setting, unicellular, polyurethane foam with a density of two
pounds per cubic foot. Unlike its hard setting, high temperature counterpart, Ecco-
foam FPH, this foam has some degree of flexibility and can be compressed without
crumbling. It was this property that was used to improve the mechanical integrity
of the assembled stack.

6.4.1 Integrated Circuit Encapsulation

Since the thin-film circuits were mounted inverted on the motherboards, their
components were sandwiched between it and the ceramic substrate. To insure a
proper foam {filling under these devices they were prepotted prior to motherboard
assembly. Figure 6-4 shows a nest of special molds used for this potting operation.
The foam was cast to a predetermined height above the components by inserting the
substrates into flexible silastic molds which retained them around the edges in a
groove near the bottom of the mold. Teflon cover plates, with close-fitting holes
for the leads, prevented foam run-up and provided a nonadhering top surface for the
mold. These were clamped to the mold under aluminum plates attached with screws
to the sides of the mold nest. The position of both plates was determined by locating
pins.

When all molds and nests had been loaded, a small quantity of foam resin was
placed in a disposable container with the specified proportion of catalyst by weight
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Figure 6-4. Thin-Film Circuit Foam Encapsulation Molds

and thoroughly blended by hand for one minute. This mixture was placed in a 5-cc
plastic disposable syringe and a small quantity was injected into each mold in the
nest. A pair of concentric relief holes in the two covers limited the amount of in-
ternal foaming pressure. Curing was accomplished in one hour at +60°C in a cir-
culating air oven. An encapsulated substrate is shown in the lower right corner of
Figure 6-4.

6.4.2 Motherboard Encapsulation

A procedure similar to the one previously described was used to encapsulate
a complete motherboard. Large silastic molds were specially prepared for each
type of motherboard which retained them at the required depth in a snug-fitting
groove around the inner edge of the mold. The mold was made 0.1 inch narrower
than the board in order to limit the foamed width to 0.05 inch in from the upper and
lower edges to assure clearance for contact between the plated edges of the boards
and the finger contact sheets. A greater overlap at the rear of the board masked
the terminal area during encapsulation. Other clearances in the foam required for
each type of board were provided by protuberances in the mold or separate inserts.

The aluminum mold nest, shown in Figure 6-5, was comprised of a number of .
aluminum frames of various thicknesses so that its depth could be adjusted for
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Figure 6-5. Motherboard Foam Encapsulation Mold

different molds. The motherboards were accurately positioned within the nest by
close-fitting dowel pins inserted in the through-bolt holes in each board and cor-
responding holes accurately located in the aluminum baseplate and cover of the nest.
This baseplate and cover and the various side layers comprising the nest were all
aligned by two large dowel pins in the ends. The under side of the motherboard

was supported against the foaming pressure by aluminum spacers around the dowel
pin between the board and the bottom of the nest. Further support was provided by
a piece of flexible polyfoam cut to fill this gap. Aluminum sleeves with a silicone
release agent applied were slid over the dowel pins above the board after the mold
was placed in the nest. These formed the necessary clearance around the through-
bolt holes for insertion of the aluminum stack spacers at final assembly. The alumi-
num nest cover was designed to seal against the top of the silastic mold around the
edges, held down by wing nuts on bolts around its parameter.

At the start of the foaming process the cover was off of the nest and in a state
of readiness with its inner surfaces thoroughly coated with release agent. Approxi-
mately 30 grams of foam resin was weighed into a container thoroughly mixed with
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the catalyst and poured into a 30-cc plastic syringe. This quantity of foam was
much more than required to fill the mold but the excess allowed for losses in mix-
ing and loading and assured proper foaming pressure within the mold. The mixed
foam resin was injected uniformly over the board with particular attention being
given to areas of greater impedance to foam flow. This operation was easily per-
formed before installing the cover because the foam did not expand sufficiently to
fill the depths of the mold for several minutes after injection. With the cover in
place, the relief holes were observed for foam overflow which was necessary to
assure proper filling of the mold. After the foam expansion was complete, the mold
was placed to cure in a circulating air oven at +60°C for one hour.

6.4.3 Foam Planing

The foam was molded deeper than needed so that it could be accurately planed
to the final height. This operation was performed in a fixture with the boards
clamped and supported along their upper and lower edges by long, notched Teflon
blocks. These blocks extended above the board and determined the height of the
finished foam. The boards were held with screws in threaded stand-offs which sup-
ported the board in the center under the through-bolt holes. The planing operation
was begun by first sawing off the excess foam somewhat above the Teflon blocks to
remove the hard skin which forms on the top of molded foam. Planing was done
with a very large, coarse flat file. A coarse file was used because it cut with less
pressure than a fine one and produce nearly identical results. The weight of the
file itself provided most of the planing pressure and the whole operation was per-
formed gently by gulding it back and forth evenly over the foam until it was limited
by the tops of the Teflon blocks. The foam surface thus obtained was moderately
coarse, compressible and level to within 0.010 inch of the design height. A foamed
and planed board is shown in Figure 6-6.

Figure 6-6. Foam-Encapsulated Motherboard
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After all the motherboards and the center partition had been foamed and
planed as described, they were mounted together in a stack in their correct posi-
tions between two heavy aluminum end plates. The whole stack was pressed to-
gether to seat the solder joint protrusions on the unfoamed printed circuit side of
each board into the foam on the next board to achieve a board-to-foam contact
throughout the stack. Pressure was supplied for this operation by tightening large
wing nuts on long bolts running through the stack and the aluminum plates. Before

proceeding with the harness wiring, the stack of boards was checked for proper fit
into the experiment housing.

Two more foaming operations remained before the package was complete.
These are described under Final Assembly in Section 6.6.

6.5 ELECTRONIC STACK ASSEMBLY
6.5.1 Preparations

After completion of the motherboard encapsulation process and a post-
encapsulation inspection, the entire complement was released for permanent inter-
connection as a flight electronic system. Terminal lands along the rear edges of
the motherboards, which had previously been used to connect them to the test stand,
now served as soldering lands for attachment of the harness wires. All information
for interconnecting the boards was supplied to the assembler in the form of an en-
larged view of the terminal land layout and a connection chart listing the terminal
number, color code, origin, and destination of every wire for each board in the
stack. Some boards required 40 to 50 connections.

Wiring of the harness was done with the boards mounted on a simple jig shown
together with the whole stack in Figure 6-7. The jig consisted of an aluminum bar
with two long 1/8-inch-diameter rods attached to it and spaced so that they could
be inserted into the through-bolt holes on each board. This was then clamped in a
small wiring vise equipped with a universal joint permitting the harness work to be
conveniently positioned.

Stranded No. 26 wire was used in the harness (Raychem Corp., specification
44 "Outer Space Wire"). The insulation was available only in white except by spe-
cial order. In view of the large number of identifying color combinations needed,
coding was done instead with colored dots of paint applied to the standard white in-
sulation during the harness assembly.

Before starting the harnessing operation, the gold plating was removed from
the terminals on each board to prevent embrittlement due to excessive gold con-
centration in the solder joint. Since gold dissolves very rapidly in hot solder,
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Figure 6-7. Harness Wiring During Assembly

removal was accomplished easily by wetting each terminal land thoroughly with
solder and then drawing it off along with the dissolved gold with the vacuum de-
soldering device described in Paragraph 6.3.3. This treatment left the terminal
lands with a clean and brightly tinned surface for good solderability.

6.5.2 Harness Wiring Procedure

The assembly sequence began with board 10 and proceeded towards board 1,
since connections branched from higher number to lower number boards and ter-
minal lands being connected had to be free from interfering wires. The first item
to be installed on board 10 was the miniature 37-pin test connector which later
mounted inside the front panel adjacent to the front of the board. The bundle of 37
test connector wires was laced and run along the lower edge of the board. Foam
along this edge was beveled for the cable and reduced in height in the vicinity of the
connector body so that both would fit against the right side of the housing within the .
outline of the foamed board. Components had been laid out for minimum height
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under these areas in order to accommodate this arrangement. Both connector and
cable were temporarily taped to board 10 and it was placed on the assembly jig.

All test connector leads which terminate at this board were attached before pro-
ceeding with the rest of the harness. Groups of precut wires in several standard
lengths were prepared for connection by thermally stripping the insulation 0.25 inch
back from one end and tinning the exposed wire. As each wire was attached, color
coding paint was applied to the insulation near the stripped end. Wires were in-
serted from the component side of the board through holes in the terminal lands,
clinched against the land, cut, and soldered. All wires were dressed in a loop
around the rear edge of the board for strain relief and flexibility to permit "fanning"
apart the completed stack for access after assembly. After all leads had been
attached to board 10, a careful inspection was made of the solder connections (since
these would be obscured by the next board) and lead identification was verified.
Aluminum spacers of the appropriate length were inserted in the foam cavities
around the through-bolt holes on all boards. As each new board was added to the
jig, additional 0.25-inch spacers were slipped between it and the one beneath to
build in a controlled amount of slack in the wires. These extra spacers were re-
moved as each board was completed so that the effect was not accumulative.

Thus prepared, board 9 was placed on the assembly jig; wires which inter-
connected it with board 10 were attached and soldered first. Each was color coded
at its termination on board 9 with the same identification applied at the opposite
end of the wire. Precut and coded wires from board 9 to lower number boards
were attached and inspected as described for board 10. Because of the number of
wires comprising the finished harness, the accuracy of interconnections was veri-
fied as each board was completed. Collaboration between inspector and assembler
was essential during the harness wiring operation.

Interconnections to the remainder of the boards in the stack were carried out
step by step in the manner described. Wires which terminated at the rear con-
nectors were included in the harness as it progressed and were dressed into the
connector area behind boards 9 and 10 (to be attached to the connectors as the last
step). The two Cannon connectors were mounted on stand-offs attached to the as-
sembly jig which positioned them conveniently for wiring and produced sufficient
slack in the finished cable for proper placement in the experiment housing. The
gold plating inside the connector terminal solder cups was dissolved away by filling
the cups with solder and then drawing off this first filling with the vacuum desolder-
ing device. Each wire-to-terminal connection was sleeved with Raychem heat
shrinkable tubing extending from the base of the solder cup to 0.1 inch above the
end of the insulation. These sleeves isolated stresses from the connections result-
ing from the flexing of the wires during mechanical assembly and provided insulation
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FiEure 6-8. A Completely Wired Electronic Stack (ATS-A Experiment Stack
Shown, the Particle Experiment Section on the Right is Identical to ATS-B)

between the closely spaced terminal cups. A view of the completed harness is
shown in Figure 6-8. (This shows a view of the ATS-A experiment but the particle
experiment section on the right is identical to the one in ATS-B.) The harness was
dressed and tied to fit freely within the 0.24-inch gap between the ends of the boards
and the inside of the housing back plate.

6.5.3 Front End Assembly

Integration with the detector mount was the final phase of the electronic stack
assembly. The design of the sensitive "front end" of the experiment was described
in Section 4.2. Several steps were necessary in order to prepare the stack for in-
stallation of the preassembled detector mount. First, the interlocking shield par-
tition detailed in Figure 6-9 and shown in the sketch in Figure 4-4B was assembled.
The two vertical shield baffles (Figure 6-10) and several terminal studs were
mounted and soldered to the ground plane side of the piece. The unit was then
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carefully fitted into position in the slots provided for it in the input tabs on mother-
boards 1-3. Six miniature coaxial cables interconnect the test signal input terminal
studs at the ends of the tabs to the internal pulse generator terminals on board 5.
These cables were dressed against board 5 and emerged near its top edge in order
to clear the detector mount. The coaxial shields were terminated to the ground
studs on the shield partition to which the ground planes of boards 1-3 were also
connected. Placement of these coaxial cables and the shield partition can be seen
in the close-up view of the completed front end in Figure 6-11. When the detector
mount was in place, the front tabs on boards 1-4 fitted into grooves in an epoxy
board detail attached to the top of the mount. This, together with the interlocked
tabs, forms a very sturdy mechanical arrangement for this part of the package. It
was necessary only to spot-bond the front and rear intersections of these parts
with epoxy to secure them.

6.5.4 Detector Mount Assembly

Figure 6-12 shows a rear view of the completely wired detector mount with
the back cover plate removed to show the detector socket wiring. Wires were color
coded, routed, dressed into three groups positioned to exit between the first three

Figure 6-11. A Front-End View of the Assembled Experiment
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Figure 6-12. Rear View of a Partially Assembled Detector Mount

motherboards close to the preamplifier input terminals. A multipurpose epoxy
board card shown on top of the mount in the photograph retained the bundles in po-
sition between grooves for the motherboard input tabs. This card also provided a
mounting surface for the three chassis-ground to circuit ground bypass capacitors.
Two parallel ceramic capacitors are connected to studs at the front of the card and
the third, a large tantalum capacitor, is out of view underneath the card. A glass
bead type thermistor for monitoring detector temperature is potted into a hole in
the upper corner of the rear mounting flange of the detector block. The leads from
this and the rotary solenoid are connected to terminal studs along the right edge of
the epoxy board card. These items can best be seen in the front view of the detector
mount shown in Figure 2-22, Assembly of the rotary solenoid is described in Para-
graph 2.2.3. The coaxial test jack bracket which is attached to the side of the de-
tector mount has been removed in the photograph to show the source arm. Figure
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2-20 is an exploded diagram of the whole subassembly. Six miniature coaxial test
jacks (Micon, Inc., Type 4403) were assembled to the test jack bracket insulator
shown behind the bracket in the diagram. A printed circuit pattern on this insulator
connects the shells of the jacks together. The pattern, in turn, is wired to the
ground plane on motherboard 5. A cutout in the jack insulator seals the source arm
mechanism cover to prevent entry of foam particles from the stack.

When all of these items were in place and inspected, the detector mount as-
sembly was ready for integration with the electronic stack. Before proceeding with
this, the stack was removed from the harness assembly jig and mounted in a han-
dling frame which simulated, for fitting purposes, the sides of the housing. With
all the boards in their proper relationship and the stack inverted on the bench, the
detector mount was carefully fitted into position and attached to the left side of the
handling frame with bolts. The detector socket wires were dressed and connected
to the appropriate input terminal studs along the top edges of boards 1, 2, and 3
immediately behind the test signal input tabs. Installation was completed by wiring
the coaxial test jacks to the internal test pulser studs on board 5 and connecting the
rotary solenoid and thermistor terminals to studs on the front tab of motherboard 4.

6.6 FINAL ASSEMBLY

The completely wired and inspected electronic stack with all aluminum spacers
in place was installed in the housing. This was, in effect, accomplished by building
the housing around the stack. The first step in this procedure is to mount the left
side to the stack with both through-bolts and two 0.150-inch-long spacers. The
front plate is then placed face down on the bench and the stack is lowered into it
vertically. Small locating pins installed on the left side are engaged in correspond-
ing holes on the front plate flange and the stack is maneuvered into full contact with
the front plate. A downward hand pressure on the side of the stack engages all the
board edges in the grooved details inside the front plate. The 37-pin test connector
is attached with screws from the inside before proceeding with the rest of the as-
sembly. The back plate is fitted into place over the rear edges of the boards and
secured to the left side. The right side is mounted and drawn into contact with the
front and back plate mounting surfaces by tightening the through-bolts.

An inspection was made of the harness dress and clearance inside the rear
plate. The rear connectors mount against the inside of the back plate attached with
screws from the outside into captive nuts on their flanges. This allows the back
plate to be removed after foaming the harness. Each cover was partially installed,
leaving a crack between it and the rear plate. By sighting through this crack with
a strong light source on the opposite end, the rows of contacting fingers could be
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Figure 6-13. The Completely Assembled and Encapsulated Electronic Stack
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observed just above the boards. If proper finger alignment and clearance was ob-
served, the covers were screwed down. Electrical tests were performed to verify
correct interconnection. These were repeated at high and low temperatures to
show up defective connections. If the tests were satisfactory, the package was
ready for encapsulation of all harness wiring with silicone rubber foam (Silastic
RTV S-5370 Foam, 10 pounds per cubic foot density). This material fills and sur-
rounds things but does not adhere, making it easy to remove for repairs. It can be
repatched. The foam remains flexible after cure which requires only a few minutes
at room temperature. With these features, the housing serves as its own mold with
no release agent needed. Suitable gasketing is applied along the rear of the stack
with the covers off. Catalyzed foam resin is injected with a long nozzle syringe
into the harness in several places inside the back plate for uniform filling. The
same technique was used to fill the cavities surrounding the detector mount.

The last foaming operation involved filling the 0.015-inch-wide space between
motherboard 1 and the left side with polyurethane foam. For this type of foam, the
left side inner surface had to be painted with a release coating so that it could be
separated from the stack afterwards. Figure 6-13 shows the completely assembled
and foamed electronic stack.

Approximately 100 nonmagnetic stainless steel screws hold the housing parts
together. Screw Lock made by the Locktite Corporation was applied to the threads
of each one before its insertion. This material forms a weak bond between the mat-
ing threads to resist loosening during vibration. It can be reapplied each time the
box is assembled.

The completed experiment with the detector installed was electrically tested
and then shaken to the vibration specifications supplied by NASA (Paragraph 8.2.2).
Following a post-vibration electrical test, the package was disassembled and given
a mechanical inspection. Painting of the housing details, described in Paragraph
4.1.3, was done at this time to avoid marring these surfaces during earlier mechan-
ical integration and testing. All package components, excluding the detector, were
then placed in a thermal vacuum chamber to outgas at an elevated temperature, as
described in Paragraph 8.2.3. Following this step, and prior to beginning the qual-
ifying thermal vacuum run, the final flight assembly of the experiment package was
performed.
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. Chapter 7

GROUND SUPPORT EQUIPMENT

7.1 GENERAL DESIGN

In designing the electronic test equipment for the Bell Telephone Laboratories
Particle Telescope experiment, the object was to integrate all the necessary test
functions into one unit, and to build this unit into a metal suitcase for convenience of
portability. Figure 7-1 shows one such unit with the suitcase lid open. Two of these

units were delivered under NASA contract as Ground Support Equipment (GSE) for
the ATS-B experiment.
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Figure 7-1. ATS Particle Telescope Tester
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Normal connections to the BTL ATS-B package were made from P3 and P4
Cannon connectors to the corresponding connectors P104 and P118 (interface Speci-
fication R-2180) mounted on the rear panel of the package. Additional test points in
the experiment are available through the 37-pin connector on the front of the experi-
ment. This test connector was cabled to connectors P1 and P2 of the GSE. To pro-
vide calibration pulses to the six detector inputs to the experiment, six outputs from
a precision pulser were available at six BNC connectors labelled DET 1 through
DET 6. These can be coax-connected to the detector test jack array on the front
panel of the package. Five Log Ratemeters provided analog representation of the
pulse rates from the package output channels (shapers). These are seen along the
right end edges of the GSE in Figure 7-1. Seven mode line switches provided con-
trol of the experimental modes and the calibration sequence. Three push buttons
simulated the BIAS OFF ENABLE, BIAS OFF, and BIAS ON commands. A meter
showed the current being drawn by each package power supply line, while another
meter monitored the voltage of each package supply.

7.2 POWER SUPPLIES

Power for the package under test was supplied by the GSE tester. The power
required by the package was +6V at 80 mA, -6V at 36 mA, +3V at 104 mA and -3V
at 95 mA, with the exception that more power was required from the +6V supplies
when the internal calibration source motor was activated. At these times, the +6V
supplied a transient current of 170 mA peak, returning within three seconds to its
quiescent value of 80 mA. The -6V supplied a transient of 130 mA peak, settling
within three seconds to 85 mA; thereby supplying about 50 mA holding current to
the source motor solenoid.

Figure 7-2 is a block diagram of the Power Supply system. A three-wire line
input allows the body and panel to be tied to line supply ground. A warning sign by
the line cord input specifies the use of a three-wire line system. The live and neu-
tral lines were RF-filtered and shielded.

As shown in Figure T-2, two conventional full-wave rectifiers were
transformer-fed from the line to produce +18V DC. This supplied two series regu-
lators referenced to £+12V. These regulators, in turn, fed six 250-mA regulated
and stabilized supplies.

The block diagram shows that four of the six supplies provided the +6 and 13
volt package power. The +3 volt lines also provided power for the mode line switch-
ing. The 6V (T) lines supply the log ratemeters and the precision pulser in the
GSE.
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Fuses, rated at 250 mA, were inserted between the #12V regulators and each
stabilized supply.

Figure 7-3 shows the x12 volt regulator system and its more detailed inter-
face to the six stabilized supplies. The £12V lines were used to supply zeners for
+6V reference supplies. These, in turn, fed variable potentiometer.chains, one-for -- -
each of the six supplies. The chains were comprised of two fixed resistors and a
control potentiometer which appears on the front panel of the GSE. Transistors Q3
and Q4 provide constant voltage return points for long-tailed pair stabilizing ampli-
fiers usged in the individual power supplies as shown in Figures 7-4 and 7-5.

Figures 7-4 and 7-5 are schematics of a positive and a negative supply, re-
spectively. Q5 and Q6 form the long-tailed pair referred to above. With the base
circuit of @5 returned to ground, it is necessary to return the common emitter re-
sistor to a negative point in the case of the positive supply and vice versa. This
provides sufficient current drive for the long-tailed pair through a.reasonable value
of common emitter load. The Q6 base circuit senses the variations in output volt-
age and, through Q7, controls the base of the series regulator @8 o correct for the
cutput voltage changes.

A series resistor R3 was chosen in value so that when the load on the supply
was 250 mA, Q8 no longer regulates the output voltage, which then deregulates,
falling in value according to the IR drop across R3. At current less than 250 mA,
the IR drop across R3 is inside the control loop, and does not affect the output volt-
age.

A shunt in the current path of each of the four package power supplies was
wired to the current measuring switch (Figure 7-6) which connected each shunt in
turn across the front panel current meter. The:length of the shunts was adjusted to
give current measurements calibrated against a Sensitive Research Milliammeter.

The output voltage of each of the four package supplies was monifored for de-
viation from nominal value. The Weston microammeter (labelled VOLTAGE) on the
iront panel, read center scale when the selected voltage was at its nominal value,
full scale for 10 percent high, and zero scale for 10 percent low. Each major divi-
sion on the meter therefore represented a 20 percent deviation. The wiring for this
system is shown in Figure 7-7. Operation was achieved by center-tapping the 6 V(P)
supplies (R1 and R2 Figures 7-4 and 7-5), and tapping the 6 V(T) supplies, with a
potentiometer added, to ensure a tapped output in excess of 3V. Correct polarity
conmnection to the microammeter, and selection of a series resistor (~3.9K) gave up-
scale deflection on the meter, as each package supply voliage was bucked against the
corregponding 6V(T) tapped outputs. The 3V(P) outputs were monitored at their full
(untapped) value. Calibration of this system was achieved by first setting the +6(V)

T-4
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Figure 7-6. Package Current Meter Wiring

+6V(T)
c/T .
-3 +3
—-3V(P)@-¢—_so +6
-6V(PIE :

/T OFFo

Figure 7-7, Voltmeter Switch Wiring

and x3V(P) outputs (while on nominal load) precisely to nominal values, by use of a
digital volimeter. The potentiometer on +6V(T) was then adjusted to give center
scale on the suitcase volimeter. Slight tolerance differences between the values of
+8V(P) ¢/T and +3V(P), and between -8V(P) ¢/T and -3V(P) were nulled out by
shunting the appropriate Rl or R2 on the +6V(P) supplies.

A PACKAGE POWER ON-OFF switch was provided so that power need not be
connected to the package until the voltages had been verified.
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7.3 RATEMETERS

Five Log Ratemeters gave a logarithmic analog representation of the five dig-
ital outputs (SH1 - SH5) of the package under test. Each ratemeter was driven by
the cirecuit shown in Figure 7-8,

A pulse, applied to the input, greater in amplitude than three diode forward
drops, triggers the regenerative circuit formed by Q1, Q2, and Ci. Q2 saturates,
and its collector snaps up to +6V, discharging the bank of decade-arrayed capacitors
through the connecting diodes. These capacitors then begin to charge, drawing cur-
rent through the meter circuit. The 5-pf capacitor charges rapidly (~lusec time
constant), whereas the 5-pF capacitor will remain virtually discharged for input fre-
quencies greater than 10 Hz.

If the input frequency is greater than 100 Hz, then both the 0.5-uF and the
0.05~u¥ capacitor remain discharged, and the contribution of current to the meter
circuit is approximately doubled. At 1000 Hz, the current is approximately three
times that at 10 Hz, and so on. The system is calibrated at 10 XHz by means of the
250-ohm shunt potentiometer.

7.4 MODE CONTROL

A mode control system was wired into the s-lines, see Figure 7-9. +3V(P)
was wired to seven s-line switches §,-8;5 and 8;_,,. Manipulation of these switches
enabled the selection of any one of the possible experimental modes. Sg_11 provided
the calibration mode when set to the "1 position. A NORMAL OVERRIDE switch
facility was added which provided the means for overriding the mode lines when
the package was under control from the spacecraft encoder. This was achieved in
the OVERRIDE position by connecting the suitcase tester mode line switches through

4'70-ohm resistors, to the package mode lines at the 37-pin front panel test con-
nector.

7.5 BIAS COMMAND

Three push buttons were wired, as in Figure 7-10, to simulate the three com-
mands; BIAS OFF ENABLE, BIAS OFF, and BIAS ON. These switches were used to
test that the BIAS OFF command operated only for a 15-second period following op-
eration of the BIAS OFF ENABLE command.
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7.6 PRECISION PULSER

A calibrated precision pulser provided input pulses to the preamplifiers in
the package, in order to calibrate discriminator levels (see Figure 7-11). Calibra-
tion is achieved by adjustment of the 1K  preset potentiometer, which then supplies
a DC level to the relay contacts that results in a pulse height equivalent to a 100~
MeV detector event. The 10-turn linear helipot now provides the attenuator system
with pulse heights from zero to 100 MeV, the value being read on the 1000 division
duo-dial that operates the helipot from the front panel.

First, in the attenuator system, was a divide-by-10 attenuator which was com-
mon in all six output attenuators. The effect of the + 10 attenuator was to change the
output range to measure from zero to 10 MeV. The + 10 attenuator fed the six out-
put attenuators, which attenuated the pulse by ten equal steps, and fed it to the
corresponding BNC connector on the front panel.

For example, with the potentiometer dial set to 1000 division, and the + 10
switch OFF (i.e.,.in the X1 position), each attenuator switch would step the output
from 0 to 100 MeV in 10 equal steps of 10 MeV per step. With the + 10 switch ON
and the potentiometer set to 1000 division, each attenuator step was equal to 1 MeV.
With the + 10 switch ON, and the potentiometer set to 500 division, each attenuator
switch would step the output from zero to 5 MeV in ten equal steps of 0.5 MeV, etic.

The voltage (pulse height)/electron volt calibration is derived from the fact
that a 1 MeV event generates 3 x 105 electrons in a silicon detector. This is equiva-

lent to a charge of

-19 4 3 x 10° coloumb

g/MeV =1.6x 10
=4,8x 107" coloumb.
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Therefore, if the test pulse is applied to a 15-pf eapacitor

_48x10714
15 x 10712

v= 3.2 mV/MeV.

v = 0.32 x 10”2 volts/MeV

7.7 TEST POINTS

Refer back to Figure 7-1. The 37-pin test connector on the package front
panel connects with P1 and P2 on the tester front panel. Pl and P2 are, in turn,
brought out to Pin Jack test points on the tester front panel. A indicates an Ampli-
fier output signal, D indicates a Discriminator output. SH! - SH5 are the five shaper
outputs from the package, which appear twice, once from the package rear connec-
tor, and once from the 37-pin front panel test connector. Only the latter were wired
into the ratemeters.

Other test points include the three performance parameter outputs: Power
Supply, Detector Bias, and Detector Temperature,

The seven mode conirol lines from the front.panel test connector were also
brought out to pin jacks.

Four pin plugs were provided, wired to four BNC connectors with jumper cord,
to provide four scope input points that could therefore be readily connected to any
test point pin jack.

The six detector signal BNC connectors were wired respectively to six pin
jacks. These connectors also carried a high impedance (a few Megohms) output of
the detector bias. Hence the six pin jacks were labelled BIASL - BIAS6, and the de-
tector bias could be measured at these points by a meter of sufficiently high input
impedance (= 100 Megohms), such as a Hewlett-Packard Model 412A.

In practice, when the 37-pin connector was connected to P1 and P2, stray C
coupling often caused the package electronics to oscillate and cross-couple. To
avoid this, a Driver/Attenuator Box was built to interface the package test signals
and the tester. It consisted of 18 emitter followers to isolate the 13 test signal lines
and the 5 shaper outputs from the tester cable wiring capacitance. (See Figure 7-12.)
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Chapter 8
ENVIRONMENTAL TESTING

8.1 TESTS
8.1.1 Specified Tests

These tests were carried out in accordance with NASA specification number
82-0102, as modified (for vibration) by Westinghouse Electric Corporation specifi-
cation number R2131.

The prototype unit, Serial No. 651, was tested at Flight Qualification levels;
the flight unit, Serial No. 663, and flight spare unit, Serial No. 652, were tested at
Flight Acceptance levels.

8.1.2 Additional Tests

In addition to the NASA specified tests, the units were thermally cycled, during
and after completion of fabrication, to check the reliability of the printed circuit
soldering and the printed circuit board interconnection harness wiring.

8.2 EXPERIMENT CHECKOUT

A checkout procedure was devised to verify the operation of every electrical
function of the units, and was used through all phases of the environmental tests.
This procedure is best described by referring to the 15 data sheets (Figures 8-1
through 8-12) on which the checkout results were recorded.

8.3 TEST SEQUENCE

The environmental tests of each unit proceeded in the following sequence.

8.3.1 Thermal Cycling

After completion of the interconnection harness wiring and before it was en-
capsulated, the unit was given a complete checkout at room temperature. It was
then thermally cycled three times between -20°C and +40°C for the prototype unit
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NAME OF TEST: Detector Temperature

CONTROL CONFIGURATION:

Sequence Scaler Pulser Attenuators
Det | Det | Det | Det [ Det | Det
S S S, | S, | Sy Sy [8
0 1 110 1 DISCONNECT

DESCRIPTION: This test monitors the voltage from the thermistor temper-
ature sensor on the detector block.

RESULTS:

NOTES: This measurement taken before and after all other measurements.

Figure 8-1. Detector Temperature
Checkout Sheet
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NAME OF TEST: Bias Command

CONTROL CONFIGURATION:

Sequence Scaler Pulser Attenuators

. Det| Det| Det| Det| Det | Det
S A8 |8, | Sq S 1818

0 v 1 1]0 1 DISCONNECT

DESCRIPTION: This constitutes a check on the bias "off enable,”" "off," and
"on" commands. ' ’

RESULTS: The presence of bias is observed at the bias monitor point.

Does the command cperate with a ~10 second
delay between "off enable' and "off" ?

Does the command cperate with a ~15 second
delay between "off enable" and "off"?

NOTES: It is intended that the *'off enable' and "off'' commands be sent
within 8 seconds of one another to be effective. S5 must be in
the (1) state for commands to affect bias.

Figure 8-2. Blas Command
Checkout Sheet
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NAME OF TEST: Rias Monitor

CONTROL CONFIGURATION:

Sequence Scaler

Pulser Attenuators

Det | Det | Det | Det | Det | Det
S S S S S 8,18
0 1 1 1 0 1 DISCONNECT

DESCRIPTION: This test checks the reading of the bias monitor.

RESULTS:

NOTES:

Bias Off

Bias On

Bias Voltage

Fipure 8-3. Bias Monitor
Checkout Sheet
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NAME OF TEST: Detector Bias Voltage

CONTROL CONF¥IGURATION:

Sequence Scaler Pulser Attenuators
Det| Det]| Det} Det|Det}| Det
S S 18, 8,18, |8;,18
0 JoO CONNECT
DESCRIPTION:
RESULTS;
Detector | Bias Voltage
Thermistor 1
Voltage -
Temperature 2
3
4
5
6

NOTES:

Figure 8-4. Detector Bias Voliage
Checkout Sheet
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NAME OF TEST: Mode Logic

CONTROL CONFIGURATION:

Sequence Scaler Dulser Attenuators

Det | Det | Det | Det | Det [ Det
112|134 |5]6

N IV B R R B Vol R R VRV e

Se-11 55 [S2 | 83,52 51| %

DESCRIPTION: The logical coincidence and anticoincidence requirements
of each mode are checked.

RESULTS:

NOTES:

Figure 8-5. Mode Logic
Checkout Sheet
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NAME OF TEST: Power Consumption

CONTROIL: CONFIGURATION

Sequence Scaler

Pulser Atitenuators

Det{ Det | Det| Det | Det | Det
S S S S S S )
6-11 5174 3 2 1 0 1 9 3 4 5 6
0 1 {11 Y|V |v |V DISCONNECT

DESCRIPTION: The.test box current monitor is switched hetween the
various supplies in each of thé experimental modes.

RESULTS:

+8V

-6V

+3V

-3V

Figure 8-6. Power Consumption

Checkout Sheet (Sheet 1 of 2)
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NAME OF TEST: Power Consumption (continued)

NOTES:

Mode +6V -6V +3V -3V
Hy
H,
Hq
I
4 Current drawn with
source drive on,

S5(0), Sg_11(D)

S, 54 both (1). This state draws maximum current in all modes.
Make sure bias is switched on. (Command before testing.)

Figure 8-6. Power Consumption
Checkout Sheet (Sheet 2 of 2)
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NAME OF TEST: Power Supply Monitor

CONTROL CONFIGURATION:

Sequence Scaler

Pulser Attenuators

Det| Det | Det| Det| Detj Det
S S S S S S S
0 YY1 ]1]oit DISCONNECT

DESCRIPTION: The power supply commutating check system is examined
with the package operating in a charaeteristic mode.

RESULTS:

Supply

+6V

-6V

+3V

-3V

Reading

NOTES:

Figure 8-7. Power Supply Monitor
Checkout Sheet
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NAME OF TEST: Threshold of Coincidence Discriminator

CONTROL CONFIGURATION:

Sequence Scaler

Pulser Attenuators

Det| Det [Det | Det| Det| Det
S6-11| S5 | S4| S5 82 [ B1 % ||, s lals| e
o [o|1|ofofo|o|v v Vv v ¥ ¥
DESCRIPTION:
RESULTS:
Attepuator | Helipot MeV
Dy
D,
Dy
Dy
D
Dg

NOTES: Use I Mode. Check DG by using D

at high amplitude.

noise

: 3456,

Just use 6 with 34

Figure 8-8. Threshold.of Coincidence Discriminator
Checkout Sheet
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NAME OF TEST: Threshold of 5-Channel Discriminator

CONTROL CONFIGURATION:

Sequence Scaler

Pulser Attenuators

Se-11| S5

5y

53

Sy

01 1

S Det | Det

2

Det
3

Det
4

Det
5

Det

0 0

1

7

7

DISCONNECT

DESCRIPTION:

RESULTS:

Attenuator

Helipot

MeV

Mode

Mode

Figure 8-9. Threshold of 5-Channel Discriminator

Checkout Sheet (Sheet 1 of 3)
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NAME OF TEST:

Threshold of 5-Channel Discriminator {(continued)

Attenuator { Helipot | MeV

Mode

Mode

Mode

Mode

Figure 8-9. Threshold of 5-Channel Discriminator

Checkout Sheet (Sheet 2 of 3)
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NAME OF TEST: Threshold of 5-Channel Discriminator {continued)

NOTES:

Attenuator | Helipot | MeV

Mode

Mode, D11

If more than one detector is associated, ratio of the amplifude into
each detector has {0 be noted. {Normally equal amplitude.)

Figure 8-9. Threshold of 5-Channel Diseriminator
Checkout Sheet (Sheet 3 of 3)
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NAME OF TEST:

Internal Pulser I

CONTROL CONFIGURATION:

Sequence Scaler

Pulser Attenuators

PDet| Det| Det| Det| Det | Det
S s. s, 8,8, |8, {8
6-111 "5 [P4 |73 |72 "1 170 | 5|1 3i4!l5]|68
DISCONNECT EXTERNAL
1 1|1 |Y|Y|Y|Y |DULSER AT THE PACKAGE

DESCRIPTION: Check modes using the internal pulse generator.

RESULTS:

Sh 4

Sh 5

NOTES:

Figure 8-10. Imternal Pulser I
Checkout Sheet
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NAME OF TEST: Internal Pulser II

CONTROL CONFIGURATION:

Sequence Scaler

Pulger Attenuators

Sg_11

S5

Sy | 53

st

1

Det | Det | Det

2 3

Det

4

Det

5

Det

1

1

0 |V

v v

DISCONNECT

DESCRIPTION:

RESULTS:

Sh 1

Sh 2

Sh 4

Sh 5

NOTES:

Figure 8-11. Internal Pulser II
Checkout Sheet
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NAME OF TEST: Calibration Source

CONTROL CONFIGURATION:

Sequence Scaler _ Pulser Attenuators

Det} Det| Det] Det] Det| Det
S S S S S ] S
1 oo |V I VIV |V ] DISCONNECT

DESCRIPTION: Checks detector 1 with an Am2*! 4 source and detector 4
with a Sr90 B source.

RESULTS:

Mode| Sh1l Sh 2 Sh 3 Sh 4 Sh 5

NOTES: No significant number of o particles are detected by counter I un-
less the system is in a vacuum. S =(0) - Pileup Rejector Enabled.

Figure 8-12. Calibration Source
Checkout Sheet
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and -10°C and +40°C for the flight units. (The upper limit of +40°C was held due to
the presence of the solid state detector in each unit.) During the last cycle, after
allowing the high and low temperatures to stabilize, a complete set of checkout meas~
urements was obtained for each temperature exireme, The harness wiring was then
encapsulated and the unit was rechecked at room temperature.

8.3.2 Vibration

A complete set of the specified vibration tests was then performed. If time
permitted, a further temperature cycle was given after vibration, at the extremes
of which (+40°C and -10°C) a functional checkout* was performed to verify the wiring
connections. ‘

8.3.3 Bakeout

Preceding the next specified test, thermal vacuum, each package with detector
removed, was mounted in a hot plate box, placed in a thermal vacuum chamber and
pumped on for several hours, This was found necessary to avoid detector contamin-
ation from the volatile organic molecular species that evolved from the package
during its first extended exposure to vacuum. After 10 or 12 hours of pumping, heat
was applied by the hot plate, and the package foam was baked out. Discoloration of
the foam took place if it was pumped on and baked out too soon after the foam was
applied. To avoid this it was found necessary to allow foam to cure at least 24 hours
before pumping on it.

8.3.4 Thermal Vacuum

After "bakeout," each unit was removed from the thermal vacuum chamber so
that a detector could be installed. This procedure avoided confamination of the de-
tectors and allowed thermal vacuum {esting of each unit to follow at this point.

Finally, the units were completely tested at room temperature and pressure
just prior to shipment.

*A functional test to check wiring, omitted the tests of Figures 8-6, 8-8, and 8-9,
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8.4 THE INDIVIDUAL TESTS

8.4.1 Thermal Tests Apparatus and Procedure

The apparatus used was a Wyle Laboratories chamber, with temperature con-
trol facilities and an automatic timer-sequencer unit. Instrumentation connections
were made by feed-through connectors in the chamber door. Adapter cables were
made to connect the unit to the feed-through connectors, and the feed-through con-
nectors to the ground support equipment (GSE). Liquid CO, was auto control-switched
into the chamber to provide low temperatures. In order to prevent contamination of
the detectors by the CO, (which was not free of volatile hydrocarbons), and by car-
bonic acid which formed in the presence of water vapor, each unit was placed in a
plastic bag. Dry nitrogen was piped into the bag throughout the tests, maintaining
a positive pressure of nitrogen inside the bag.

For thermal cyeling, the Wyle Sequence-Timer unit was set for 30 minutes
cold and 30 minutes hot. For temperature test results, the unit was allowed to sta-
bilize in temperature for at least 30 minutes before checkout results were recorded.
The Package Detector Temperature performance parameter output was monitored
for this purpose.

A complete set of results was recorded on the Test Result Checkout
Sheets 1-15 (Figures 8-1 through 8-12) for each temperature extreme, and also at
intermediate temperatures, in order io track the variation of discriminator levels
with temperature.

8.4.2 Thermal Test Results

All units operated satisfactorily over the range -20°C to +40°C for Serial
No. 851 and -10°C to +40°C for Serial Nos. 663 and 652.

8.4.3 Vibration Test Apparatus and Procedure

A fixture was fabricated from 1" aluminum pieces, bolted together with 3/8-
inch socket~head screws (see Figure 8-13). A comnector-carrying back plate was
provided to enable the unit under test to be plugged in, when mounted, as in the EME
package of the ATS-B satellite. Two 1 by 1-1/2 inch stiffeners were provided at the
front of the box to reduce resonance in the Z and X modes of vibration. Accelero-
meter mounting holes were drilled and tapped in the corner of the fixture located
closest to the detector telescope. '
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Figure 8-13. Vibration Fixture

A 13 by 13 inch mounting plate was also fabricated from 1-inch aluminum, to
mate the vibration fixture to the vibrator armature head. All assembly and mounting
screw holes were designed to assure at least 3/8-inch of thread to engagement.

In order to obtain a large area of contact between the three mounting surfaces
of the box with the mounting plate, the following fabrication specifications were
made:

(1) The mounting surface of the mounting plate was milled until the lowest
point on the surface was machined at least 2 mils.

(2) With the box assembled, each mounting surface was milled until the lowest
point was machined at least 2 mils.
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(3) All corners of each piece were bevelled a few mils.

(4) The rims of all holes appearing on the mounting surface were chamfered
a few mils to eliminate sharp edges.

Points 1 and 2 above provide good flush-mounting surfaces, which are impor-
tant in minimizing mechanical resonances during vibration.

Points 3 and 4 above help to avoid damage to sharp edges and corners, which
results in small dents, hills, and craters in mounting surfaces.

In order to avoid metal-to-metal contact between a package and the back plate,
0.008-inch-thick mylar discs were adhered to each of the back plate corners. An-
other 0.008-inch mylar washer was mounted around the back plate captive nut clear-
ance hole, in which the package rear-panel captive locking-screw engaged. Then,
in mounting the floating connectors, spacers were used under the connector moun-
ting holes, to ensure that mating of the connectors was between 15 mils and 25 mils
from bottoming.

To ensure back plate loading, the mounting surfaces under the package
mounting flanges were undercut by 40 mils. When mounting a package, the gap be-
tween the package mounting flange and this mounting surface was gauged over each
mounting hole. Shims were then placed in these gaps to leave 1-mil gaps under each
mounting hole. Mounting screws were then inserted and torqued to 30 in-lbs,
compressing the mounting flange through the 1-mil gap and thereby loading the back
plate.

The back plate connectors were wired and cabled out to connectors that mated
with the GSE. Thus, a package mounted in vibration fixture could be tested without
being removed from the fixture.

The breakdown of the weights of the complete vibration fixture are as follows:

Box with one stiffener 31 lbs
1" aluminum mounting plate 17 Ibs
ATS package 6 lbs
Bolts and hardware _21bs

56 lbs

2" magnesium damping plate 22 Ibs
78 lbs

NOTE: 78 lbs at 55 g (maximum level during qualification) = 4290 1bs.

A dummy load was fabricated, and was used in resonant surveys before sub-
jecting the package to unknown environments. It consisted of two brass cylinders
of 3-1/2 inches diameter and 8-1/4 inches long, mounted between two aluminum
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plates. The rear plate was fitted with guide pins to locate in the fixture back plate,

and the front plate with clearance holes, to allow mounting in the fixture with four
mounting screws.

While using the dummy load to conduct a resonance survey on December 10,
1965, a T:1 resonant peak was found at 1.6 kHz. The addition of a 2-inch thick mg
plate between the mounting plate and the armature head, modified this peak to be
2:1 at 2 kHz. Subsequent vibration fixtures were designed to mount directly to this
magnesium plate to avoid an extra mounting plate in the system.

8.4.4 Vibration Test Results

The prototype unit Serial No. 651 was vibrated at Associated Testing Labora-
tories, Wayne, New Jersey on September 29, 1965, on a Ling Model A275 Shaker
(rating 10,000 1b). The levels applied are shown in Table 8-1.

Table 8-1. PROTOTYPE QUALIFICATION
VIBRATION SPECIFICATIONS

1. Sinusoidal

Frequency Applied

Axis (Hz) Vibration Level
X&Y 10-30 0.5" D.A.
30-250 +22.5 g
250-400 +45.0 g
400-2000 7.5 g
Z 10-30 2.3 g
30-250 +34.5 g
250-400 +55.5 g
400-2000 7.5 g

NOTE: Sweep rate at two octaves per minute.

2. Random
Frequency Accel. 9 PSD
Test Duration (Hz) (g-rms (g°/Hz) Level
20-150 0.0225
4 b 150-300 9.2 Increased to 0.045
ol at 3 db/octave
300-2000 0.045

8-21




The silicon detectors, Pack #5, were damaged by this test and were replaced.
The electronics operated satisfactorily after the test and the package did not suffer
any mechanical or external physical damage.

The two flight units were vibrated at Bell Telephone Laboratories, Whippany.
Serial No. 652 was tested on December 10, 1965, and Serial No. 663 on April 20, 1966.
A Ling Model 275 Shaker was used in each case. The levels of vibration applied
for both flight units are shown in Table 8-2.

Table 8-2. FLIGHT ACCEPTANCE VIBRATION SPECIFICATIONS
1. Sinusoidal

Frequency Applied Vibration
Axis (Hz) Level
X&Y 10-30 0.33" D.A.
30-250 +15.0 g
250-400 +30.0 g
400-2000 +5.0 g
Z 10-30 1.6 g
30-250 +23.0 g
250-400 +36.9 g
400-2000 5.0 ¢g

NOTE: Sweep rate at 4 octaves per minute.

2. Random
Frequency Accel. PS% o
Test Duration (Hz) (g-rms) _(g°/Hz)
20-150 7.3 0.01
E n:i_n- 150-300 Increasing to 0.02
aE.,XiS at 3 db/octave
300-2000 0.02

This test damaged the dE/dX Detectors 72 and 74, and the first lithium-drift
detector in unit Serial No. 652.

After unit Serial No. 663 was tested in the Y mode, a fault in the detector tele-
scope (a plug-in module) was observed. This was found to be an intermittent spring
contact connection to dE/dX Detector #1. No other electrical or physical damage
occurred to either unit Serial No. 663 or Serial No. 652.
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8.4.5 Vibration Build-up in the Package

On May 5, 1966, after unit No. 663 had been selected to be the first-choice
flight unit, No. 652 was used to investigate the mechanical system of the detector
plug-in module. This was done by mounting three accelerometers in mutually per-
pendicular axes in a dummy detector package. This arrangement was installed in
unit No. 652 and vibrated at flight acceptance levels on May 20, 1966.

Visicorder charts and reports are available on all of these tests.

The investigation of the detector mechanical mounting system showed resonant
build-ups of significant magnitude. These were 2:1 at 400 Hz and 3:1 at 1100 Hz in
the axis of thrust. Reference to the vibration level specifications show that the de-
tector will experience at 400 Hz, 110 g during qualification and 74 g at acceptance
level tests.

Vibrations in the X axis generated resonant buildups in the detector assembly
of 1.2:1 between 250-400 Hz, and 6:1 over a narrow range at 1000 Hz. At ATS ac-
ceptance levels, this indicates the detector will be subjected to 60 g at 250-400 Hz
and 50 g at 1000 Hz. This mode also generated cross-axes coupling into the Y axis,
where (in the X mode) 20 g at 250-400 Hz and 40 g at 1000 Hz was observed.

A similar situation existed for the Y axis mode, where a 1.2:1 buildup occurred
between 250-400 Hz. At 400 Hz, this buildup increased to 1.5:1. Cross-coupling to
the X axis generated a 40 g peak at 400 Hz. In the 1000 Hz range, the magnification
extended from 1000 Hz to 1500 Hz. It was 2.5:1 from 1000 Hz to 1200 Hz and 5:1
from 1200 Hz to 1400Hz, then tapered off to unity at 1500 Hz. Again, cross-coupling
into the X axis occurred, where 20 g at 1000 Hz and 30 g at 1400 Hz was generated.

In subsequent separate vibration tests of individual detector assemblies, this
information was used to modify the test specifications.

8.4.6 Thermal Vacuum Test Apparatus and Procedure

8.4.6.1 Chamber

A cylindrical Thermal Vacuum (T.V.) chamber was constructed from 1/2 inch
aluminum, type 60/61. It was 18 inches long and 11 inches inside diameter. One end
was closed by a 1/2-inch plate, with a 2-inch outlet for connection to the vacuum
pumps (see Figure 8-14). The other end was open, and was sealed during test by a
1.25-inch lucite (cast acrylic) plate against an O-ring (see Figure 8-15). This lucite
plate also carried all the feed-throughs necessary for the experiment, package sig-
nals, power supplies, thermocouples, hot-plate power, etc.
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Figure 8-14. Thermal Vacuum Chamber, Rear View

Figure 8-15. Thermal Vacuum Chamber, Front View
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A cylindrical cold wall was constructed from 1/32-inch thick copper. A 3/16-
inch copper pipe was coiled length-wise, and soldered to the inside of the cold wall.
During tests, vaporized liquid nitrogen was forced through this pipe, the exhaust
temperature running about -100°C for -10°C package temperature, and about -80°C
for +40°C package temperature. The inlet and outlet to this pipe were also fed
through the lucite plate with bellows. Liquid nitrogen vapor was forced through the
cold wall piping, by connecting the piping to a 50-liter dewar of liquid nitrogen. In-
serted in the dewar was a filament of resistance wire in two porous layers of fiber-
glass sleeving. This filament was driven by a variac at 30-40 VA. The cold wall
enabled the achievement of the low temperatures specified, and also acted as a cyro-
genic trap, thereby assisting in attainment of pressures inside the chamber of less
than 107" mm Hg. (The silastic foam used as the encapsulant, contain considerable
amounts of volatile material of high vapor pressure. It was this material in parti-
cular that was difficult to pump out without the cold wall.)

A hot plate was constructed from 3/16-inch aluminum with a resistance wire
filament mounted on the underside (see Figure 8-16). A horseshoe shroud was con-
structed to mount on the hot plate to form a box into which the units under test could
be inserted and mounted (see Figure 8-17). The inside surfaces of this box were
painted with black epoxy paint to effect a radiant source. The hot plate filament
was constructed by winding nichrome wire on a quartz plate and insulated in mica
for a hot resistance of 75 ohms. This filament was conveniently driven by a
Harrison 881A Power Supply, and provided more than adequate power to achieve a
package temperature of +40°C.

An additional feature of great convenience to the T.V. system was a thermal
coupling between the horseshoe box and the cold wall. This was a copper braid
strap soldered to the cold wall on one end. The opposite end terminated in a copper
block machined with a hole. A long stainless steel rod with a threaded end was made
captive in this hole. The threaded end mated with a threaded aluminum block mounted
on a horseshoe. The opposite end was fed through the lucite plate and fitted with a
knob. Turning this knob clockwise increased the thermal coupling between cold
wall and hot plate box, and vice versa. This device was most useful in reducing the
time taken to achieve package temperatures below ambient.

8.4.6.2 Pumping System

The 2-inch pipe was made with a Y joint which branched to a Welsh 1402B 140
liter/min forepump used to rough out the chamber. This branch contained a glass
cold-trap tube which was immersed in liquid nitrogen once the chamber pressure
was 200 microns or less. This enabled pressures of about 15 microns to be achieved,
at which time the forepump branch was shut off, and the other branch (connected to
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Figure 8-16. Hot Plate Filament and Thermistor

Figure 8-17. Hot Plate with Horseshoe Shroud
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a diffusion pump system) was opened. This system consisted of a liquid nitrogen
trap, which was filled about 15 minutes before this branch was opened, a CVC oil
diffusion pump of 115 liter/sec capacity, and a Welsh 1405B 58 liter/min backup
pump. A room temperature Chevron-baffle was inserted between the diffusion pump
and the liquid nitrogen trap. Phillips vacuum gauges monitored the pressures at
strategic points in the system, and the metering system contained a meter full-scale
trip, which turned off the power to the diffusion pump heater in case the vacuum
failed.

The temperature of the package under test was monitored at all times by use
of a copper constantan thermocouple, mounted under a package mounting screw
head, on the detector side. An ice-water bath was used as reference for this thermo-
couple. The output of the thermocouple was recorded on the Leeds & Northrup re-
cording potentiometer, and measured for accurate temperature determination by a
Rubicon potentiometer #2745.

The temperature of the hot plate was monitored, as a guide to temperature
control, by a thermistor mounted on the hot plate (Figure 8-16). The thermistor
value was read by using a Leeds & Northrup resistance bridge, and the temperature
was then determined from the temperature/resistance calibration curve for the
thermistor.

8.4.6.3 Data

During the T.V. tests of all units, temperature and pressure histories were
recorded, and charts of the temperature history are available for each unit. Pres-
sure in the chamber was at all times less than that called for in the test specifica-
tions (1 x 10"% mm Hg). A Leeds and Northrup stripchart recording potentiometer,
with a temperature tripping device, was used to switch the current to the hot plate
filament. Current was switched off when a preset high temperature was reached
(a useful safety precaution), and switched on when a preset low temperature was
reached.

In order to obtain more calibration data, a Photo-data system was devised and
used during the T.V. test of Serial No. 663. It was made up of the following items
(see Figure 8-18):

(1) A sequence generator to control the S-lines and hence the experimental
modes. The sequence count was advanced by one on application of an in-
put trigger pulse to this unit. The Sﬁ_11 line was locked in the ""one" state,
so that the package under test, remained in the calibrate mode. This gave
rise to the following continuously repeated cycle of events.
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MODE INDICATOR

Figure 8-18. Photo Data System, Block Diagram
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(3) An automatic Kymograph camera type C4F which could be triggered re-
motely by an electrical signal, and would then operate its shutter and
automatically advance the film to the next frame. Kodak 4-x film was
used at 1/25 sec and f16-22.

(4) A control unit in which a system of delay univibrators was triggered by
the preset time pulse in the scaler box. This initiated the following se-
quence of commands:

a. Trigger camera.

b. Advance sequence generator by one and event counter by one.
c. Reset scalers.

d. Start scalers.

At preset time later, the preset pulse in the scaler unit would trigger the next
of these control cycles. The preset time was selected to be 5 seconds. The 85 line
was broken and used to activate a circuit which drove a relay coil. The relay con-
tacts paralleled the source motor switch in the GSE suitcase. Hence, the source
motor was activated at the correct sequence times.

8.4.7T Thermal Vacuum Test Results

During T.V. test of unit No. 651, the solid-state detectors became noisy, and
it was subsequently determined that this was due to outgassing material from the
encapsulant condensing on the detectors. This initiated the "bake-out" procedure
as described in Paragraph 8.3.3 above.

Operation of the electronics was fault free. Unit #652 operated correctly
throughout the T.V. test.

During the T.V. test of unit #663 detector #6 became noisy. This was lithium
assembly No. 138. The electronics operated without fault.

Some 10,000 frames of photo-data were taken for subsequent detailed evalu-
ation of temperature calibration.
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Each of the 16 experimental modes was cycled through twice while the
internal source was activated. The modes were then cycled through
once while the Test Pulser II was turned on. Finally, the modes were
cycled through while the Test Pulser I was turned on, after which the
sequence was repeated with the activation of the internal source, and so

on.

A scaler box that contained eight separate scalers and their individual
Nixie displays (see Figure 8-19). These were used to scale and display
the five channel outputs from the package under test, the number of ex-
perimental modes sequenced (event counter), and live time. The live
time counter had a preset control which generated the automatic STOP of

all scalers.

Figure 8-19. Eight-Scaler Box

8-29




Chapter 9
EXPERIMENT CARRYING CASE

All experiment packages were protected against damage during shipment by a
specially outfitted carrying case (shown with the experiment in place in Figure 9-1).

Figure 9-1, Experiment Carrying Case
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A 6 x 13 x 18 inch aluminum case, made by Halliburton, Incorporated, was equipped
with a heavy L-shaped aluminum plate, supported on large rubber shock mounts se-
cured to the bottom and one side of the case. The experiment was mounted in a
handling fixture designed to protect the housing finishes during bench testing prior
to spacecraft integration. The package was suspended in this fixture in a manner
similar to the EME mounting arrangement and provisions were made to accommodate
the Rice University experiment. All rear connectors were accessible through cut-
outs. This fixture was bolted to the carrying case plate for shipment. A rear lock-
ing screw tool and Allen wrenches for removing the shipping bolts were secured in-
side the carrying case along with a copy of the BTL integration and prelaunched
mechanical handling instructions.

Two nonflight protective covers on the front plate required countdown action.
One of these was a lucite cover over the detector aperture to protect its 85 millionths
of an inch thick titanium foil from damage prior to launch. The second item was an
unvented plate over the coaxlal test jack openings to exclude grit from the rotary
solenoid bearings. This was exchanged for a vented flight cover supplied with each
experiment.
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