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ABSTRACT

Review of the current electromagnetic interference
control activitles of the individual NASA Centers for Apollo
and analysis of the potential problems of lightning protection,
electrostatic charging phenomena and effects, and voltage
breakdown of electrical equipment in the critical pressure
region do not indicate the need for redirection of the current
efforts in these areas. However, the need for more timely
actlon in the coordination of the inter-center effort for
achieving electromagnetic compatibility of the integrated
elements in Apollo is indicated.

Review of the electromagnetic compatibility vali-
dation programs of the individual NASA Centers for Apollo
reveals the existence of two different test philosophles to
assure electromagnhetic compatibility of the integrated systems
of the individual stages of the launch vehicle and of the
separate spacecraft modules, respectively. Clearly, testing
in accordance with the requirements of a military specification
for integrated system electromagnetic compatibility as will be
performed on the individual stages of the Saturn launch vehicles
will yield greater assurance of the electromagnetic compatibility
of the integrated systems than will functional testing while
moniltoring subsystems performance for malfunction as will be
performed on the individual spacecraft modules and on the
integrated Apolio space vehicle. It is recognized that speci-
fication testing of the individual spacecraft modules is not
feasible in view of the tight schedule and that functional
testing must be used to demonstrate electromagnetic compatibility.
However, since very limited functilonal testing is currently
planned to demonstrate the compatibilility of the LEM and the
CSM, it is recommended that the test program be expanded to
include functilonal compatibility testing of the LEM and the
CSM in their various mission configurations.
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REVIEW OF THE APOLLO ELECTROMAGNETIC
COMPATIBILITY PROGRAM

1.0 INTRODUCTION

A review has been made of the electromagnetic inter-
ference control and electromagnetic compatibility wvalidation
activities in the Apollo Program in order to assess its adequacy
and to recommend modifications to these activities i1f appro-
priate. Control of electromagnetic interference and the electro-
magnetic compatibility of the various stages of the launcn
vehicle, the two spacecraft, the associated ground support equip-
ment, and the launch facilitles are obvious elements of an accept-
able Apollo system design.

Electromagnetic compatibility of the overall system
implies that any piece of electrical and electronic equipment
will not malfunction or be significantly degraded in performance
by the electrical and electromagnetic environment it shares with
other elements of the integrated system and will not add radiated
or conducted interference to that environment which could result
in the malfunction or performance degradation of any other piece
of equipment.

In the pursuit of this work the following subtasks
were performed:

(a) review of the current electromagnetic interference
control and electromagnetic compatibility wvalidation
activities of the individual NASA Centers from an
overall Apollo Program viewpoint,

(b) review of the electromagnetic compatibility experience
in the Gemini Program for possible relevance or applil-
cation to the Apollo Program, and

(¢) analysis of problems of special pertinence or novelty
to Apollo including lightning protection, electrostatic
charging phenomena and effects, voltage breakdown in
electrical equipment occurring at critical pressures,

/ and formal courses on EMC proposed for NASA use.

The results of the investigations conducted under the
subtasks described above are summarized in Appendices A through
G of this report.
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A memorandum¥ summarizing the electromagnetic inter-
ference control activities of the NASA Centers for the
Apollo Program has been written and includes discussions
of the electromagnetic interference control specifications
in effect, center management control procedures, and inter-
center panel activities.

Conclusions and recommendations for the existing
electromagnetic compatibility program for Apollo are in-
cluded in Section 2.0 of this report. Potential problem
areas uncovered during this review are discussed in Sec-
tion 3.0.

2.0 CONCLUSIONS AND RECOMMENDATIONS

It became apparent that the personnel working
in the Apollo Program are very aware of the need for electro-
magnetic compatiblility programs of the integrated systems.
Although the electromagnetic compatibility programs of
the various NASA Centers for Apollo were, 1n some cases,
delayed in starting, the separate programs are, for the
most part, progressing well at this time and no major
redirection of the current intra-center efforts is in-
dicated. The coordination of the inter-center effort for
achieving electromagnetic compatibility of the integrated
elements in Apollo also began late and the need for more
timely action is indicated.

The following recommendations are made for the im-
provement of the existing electromagnetic compatibility pro-
gram for Apollo:

(a) A single organization at the Kennedy Space Cen-
ter should be vested with the responsibility
for coordinating all of the efforts of the
Kennedy Space Center in the electromagnetic
compatibility area.

(b) The test program should be extended to verify
the electromagnetic compatibility of the Lunar
Excursion Module and the Command and Service
Module. To accomplish this objective, the test
program should include electromagnetic com-
patibility tests of or functional tests to
demonstrate the electromagnetic compatibility
of the Lunar Excursion Module and the Command
and Service Module (1) when in the docked con-

¥"Summary of the Electromagnetic Interference Control
Activities of the MSFC, the KSC, and the MSC for the Apollo
Program," A. G. Weygand, Bellcomm TM-65-2021-7, August 9, 1965.
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figuration used for the translunar phase of the
mission and (2) when separated and in various
orientations likely to be encountered during the
separation and the rendezvous and docking phases
of the mission.

(c¢) A timely exchange should be implemented between
the NASA Centers of walvers to the requirements
contained in the inter-center Interface Control
Documents on electromagnetic compatibility.

(d) The electromagnetic interference controls on the
electrical interface between the space vehicle and
its electrical ground support equipment are the
responsibility of the Electrical Systems Panel.
However, the Instrumentation and Communication
Panel should review thelr EMI control documents to
assure the regulation of sources of EMI that could
affect communications.

(e) The Instrumentation and Communication Panel should
evaluate the electromagnetic compatilibility tests
and validation programs for the end items of the
various centers and the overall test program for
the integrated space vehicle, ground support equip-
ment, and the launch facilities to determine whether
the test program will give a high degree of confi-
dence in the overall electromagnetic compatibility
of all systems in Apollo.

(f) The "Electromagnetic Compatibility Awareness Course,"
sponsored by the Apollo Program Office (MAR),
should not be linked to the Apollo Program exclusively
but should be considered for.use as a NASA-wide
course.

(g) The measures recommended in the study of lightning
protection for MILA Launch Complexes 34, 37, and
39 should provide adequate protection within
their intended scope after they are implemented.

(h) Although it 1s recognized that more experimental
data would be desirable for verification, space
vehicle electrostatic charging and discharging are
not expected to cause hazardous situations for the
space vehicle or the astronauts during the Apollo
missions.
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(i) Electrical and electronic equipments of Apollo-
Saturn space vehicle should be designed to
operate and tested for operation in the critical
gas or air pressure region without performance
degradation or malfunction. It would be highly
desirable to perform comprehensive thermal-vacuum
tests on a fully instrumented flight model of
the Lunar Excursion Module and Command and
Service Module for both nominal and emergency
spacecraft conditions with all in-flight systems
operating to verify and demonstrate proper
voltage breakdown design of spacecraft systems.

3.0 POTENTIAL PROBLEM AREAS

3.1 CENTER MANAGEMENT CONTROL PROCEDURES

The distribution of responsibility and the assign-
ment of specific tasks within the organization of each of
the NASA centers to assure electromagnetic compatibility of
the end item from the respective center for the Apollo Program
are outlined in Appendix A.

Six directorates of the Kennedy Space Center (prior
to May 1, 1966) had responsibilities in the various aspects
of achieving electromagnetic compatibility of the Apollo-
Saturn space vehicle, the associated ground support equip-
ment, the launch facilities, and the launch complex. However,
no single directorate has the overall responsibility for
coordinating the electromagnetic compatibility activities
of the center, although a group within the Information Systems
directorate acts as a central surveillance organization for
and assists the various directorates as requested in matters
concerning electromagnetic interference control and electro-
magnetic compatibility.

As in many large organlzations where several different
units are involved in testing equipments, subsystems and
systems, active liaison between testing organizations 1is
especially important and the results of these tests should be
coerdinated for the integrated system. A central EMI
control and compatibility organization would be more effective
if it were the contact for all electromagnetic compatibility
matters involving a center. In this role, it could direct,
coordinate, and monitor the overall electromagnetic com-
patibility technical effort of the center. It is suggested
that such a single and authoritative organization be
considered for the Kennedy Space Center.
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3.2 ELECTROMAGNETIC COMPATIBILITY VERIFICATION IN APOLLO

The agreements between the NASA centers and their major
contractors in the area of electromagnetic interference control,
integrated equipment and systems tests to be conducted to demon-
strate the electromagnetic compatibility of the various systems,
and the co-ordination of inter-center effort in achieving electro-
magnetic compatibility in Apollo are summarized in Appendix B.

A similar summary of the program used to achieve and verify
electromagnetic compatibility of the integrated systems 1n Gemini
is presented in Appendix C.

FPor the most part, the electromagnetic compatibility
assurance and verification program being pursued for Apollo
compares favorably with the Gemini program. A relative reduction
in the scope of the program was noted 1n some areas. To provide
verification of the electromagnetic compatibility of the combined
operations of the Gemini spacecraft and the Agena D target
vehicle in the various orbital configurations (both docked and
undocked), a series of radio frequency and functional compati-
bility tests were performed at Cape Kennedy. The tests included
a simulated mission, involving rendezvous and docking of the
Gemini spacecraft with the Agena D target vehicle, on the radio
frequency test range. Also, proper Gemini/Agena D subsystems
operation was demonstrated in a number of vehicle orientations.
However, in current Apollo test planning, no LEM/CSM electro-
magnetic compatibllity tests will be performed per se. Functional
testing of the hardline electrical interface between the LEM and
the CSM will be accomplished with simulation of physical docking
by using an umbilical connection. Radlo frequency compatibility
checks will consist of those tests performed on the entire
space vehicle during launch pad operations with the LEM and the
CSM oriented in the launch configuration. At no previous time
will compatibility tests be performed on the combined LEM and CSM.

It is recommended that a more extensive test program
be considered for demonstrating the electromagnetic and function-
al compatibility of the LEM and the CSM,.

3.3 INTER-CENTER PANEL ACTIVITIES

Inter-center panel activities to insure electromagnetic
compatibility in Apollo are reviewed in Appendix B.

The Instrumentation and Communication Panel has been
assigned the responsibility of coordinating the inter-center
effort for the control of electromagnetic interference in Apollo.
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This responsibility includes (1) assigning frequencies to the
space vehicle transmitters and receivers for minimum interference,
(2) assuring electromagnetic compatibility of the interfaces be-
tween the spacecraft and the launch vehicle, and (3) assuring
electromagnetic compatibility between the space vehicle and the
ground support equipment and launch facilities. These tasks have
been delegated to the Electromagnetic Compatibility Subpanel of -
the Instrumentation and Communication Subpanel.

Except for information on frequency allocations, the
exchange of information among the centers concerning items
pertinent to achieving electromagnetic compatibility of the
interface between the launch vehlicle and the spacecraft has not
been sufficiently complete or timely to be effective. In
particular, it is noted that the exchange between the centers
of the lists of deviations or walvers granted by each center to
the requirements contained in the electromagnetic compatibility
interface control documents is not belng done in time for a
reasonably complete examination of the effect of the waivers.

The interface between the space vehicle and electrical
ground support equipment and the launch facilities is currently
the responsibility of the Electrical Systems Panel. The Electrical
Systems Panel has some interference controls on this interface
scattered in various documents, but, for the most part, the
controls consist of informal agreements between centers. The
Electromagnetic Compatibility Subpanel has decided not to generate
an electromagnetic compatibility interface control document
covering this interface because it is believed that it 1is too
late in the program for such a document to be useful. Further-
more, the Electromagnetic Compatibility Subpanel has terminated
all of its effort in this area and thus allowing the Electrical
Systems Panel to control the interface as 1t sees fit. It is
suggested that the Electromagnetic Compatibility Subpanel should
collect the interference controls data which have been documented
on this interface, and determine the informal agreements between
the centers pertinent to achieving electromagnetic compatibility
at this interface, and subsequently should review the information
for possible indications of gross incompatibility.

There has been some concern expressed by the Reliability
and Quality Control Directorate of the Apollo Program Office about
the absence of an electromagnetic compatibility specification
covering the overall Apollo-Saturn space vehicle. The usefulness
of such a document at this late date in the overall Apollo program
is debatable. Since for the most part it is too late to make
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significant changes in design criteria and design requirements
without a significant cost and schedule impact, it appears that
a more fruitful task for the Electromagnetic Compatibility
Subpanel would be to review and evaluate the electromagnetic
compatibility test and validation programs for the end-items
being processed by the centers and the test plans for the
integrated space vehicle, ground support equipment, and launch
facilities to determine whether or not the successful completion
of the test program will yield a high degree of confidence in
the overall electromagnetic compatibility in Apollo.

3.4 ELECTROMAGNETIC COMPATIBILITY AWARENESS COURSE

The Reliability and Quality Directorate of the Apollo
Program Office has contracted with the General Electric Company,
Apollo Support Department, to prepare a course and a supporting
text to promote an awareness of the importance of electromagnetic
compatibility planning in Apollo and to disseminate electromagnetic
interference control and electromagnetic compatibility information
throughout the Apollo Program. Some background information on the
Electromagnetic Compatibility Awareness Course 1s included in
Appendix D.

The Electromagnetic Compatibility Awareness Course
contains information applicable to any program and not peculiar
only to the Apollo Program. Since the course is intended to be
an awareness course and not a design course where solutions and
fixes to possible problems are outlined, the content of this
course will have little impact on the Apollo Program at this
late date. Furthermore, outside of occasional references to the
spacecraft acceptance checkout equipment for Apollo as an example
to illustrate a poinft in a lecture and of some discussion of the
electromagnetic control specifications used in Apollo, the Apollo
Program is never specifically discussed.

It is recommended that this Electromagnetic Compatibility
Awareness Course not be linked to the Apollo Program exclusively
but be a general NASA-sponsored course for use in promoting elec-
tromagnetic compatibility awareness in up-coming NASA programs.

If this course were adopted as a NASA-wide course for
use in training both NASA and contractor personnel, speclal care
would need to be exercised in interpretating the requirements of
contractually imposed milifary electromagnetic compatibility
specifications and in discussing the required contents of electro-
magnetic compatibility control and test plans. It is recommended
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that inputs on these subjects be solicited from each NASA center
in order to develop and present a unified NASA Interpretation of
the requirements of electromagnetic compatibility specifications
and of the material which should be included in electromagnetic
compatibility control and test plans. )

3.5 LIGHTNING PROTECTION

The recommendation resulting from an investigation by
the High Voltage Laboratory of the General Electric Company of
the practices and procedures for protection of personnel,
facilities, ground support equipment and space vehicle (in transit
or on the launch pad) at Launch Complexes 34, 37 and 39 at MILA
are reviewed in Appendix E. The capabilility to withstand surges
generated by lightning of the many different connected equipments
within the launch complexes and space vehicle has not been
specified in these recommendations. However, the individual NASA
centers have been made aware of the potential problem and have
been asked to determine whether the voltage or current spikes
induced in any connected equipments will be harmful to their
equipment and to provide adequate protection if indicated.

The measures for lightning protection of Launch
Complexes 34, 37 and 39 recommended by the General Electric
Company have been adopted by the Kennedy Space Center. These
measures should provide adequate protection of the launch
complexes within thelir intended scope. However, some consideration
should be given to the possible problem of galvanic corrosion of
buried metallic facilities in the launch complex resulting from
the introduction of extensive buried copper grounding systems.

3.6 ELECTROSTATIC CHARGING

The more important of possible electrostatic charging
and discharging mechanisms as applied to the space vehicle
operations during the launch powered flight, space coast, and
lunar surface operations phases of a lunar landing mission and
the results of applicable experiments are discussed briefly in
Appendix F.

Although the actual processes resulting in electro-
static charging of the space vehicle during engine operation
have not been determined, the results of a series of experiments
on static firings of rocket engines and the results of some
actual flight experiments indicate that the space vehicle will
acquire an electrostatic charge during rocket engine operation.
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Because the data available are for solid fuel rocket engines

and because of the wide variations in the data, 1t is extremely
difficult to estimate the magnitude of the electrostatic charging
effect of the liquid fuel engines of the Saturn launch vehicles.
Also difficult to estimate is the magnitude of the charging
effect on the space vehicle of the triboelectric charging pro-.
cesses when (a) the boost protective cover is snatched from the
spacecraft during the launch sequence, and (b) the space vehicle
impacts water, ice or dust particles suspended 1in the atmosphere
during launch.

Results of experiments on two flight vehicles designed
to measure potential difference between the system ground points
of two stages of the launch vehicle during the separation maneu-
ver, however, indicate that no appreciable potential difference
exists between launch vehicle stages during separation. Although
these results may not be conclusive, they do suggest that arcing
between launch vehicle stages during separation will not be a
problem.

Electrical discharges within each stage or spacecraft,
except for possible charge realignment via surface streamering
from dielectric surfaces to conducting surfaces, will be pre-
vented by adequate bonding of all conducting surfaces with the
single point ground of each stage or spacecraft. Surface
streamering from the spacecraft boost protective cover to the
Launch Escape Tower legs has been recognized as a possible
problem area and steps have been taken to protect the electro-
exploslive devices located in this area from premature activation
by electrostatic discharges.

The plasma of the ionosphere will act as an efficient
discharge mechanism as the space vehicle rises into the ionosphere
during the launch maneuver and will limit the electrostatic
charge accumulation on the space vehicle to non-hazardous amounts.

It is known that steady state poftentials of space
vehicles coasting in earth orbit in the ionosphere will be a
few volts negative. For space vehicles coasting in outer space,
it is expected that the equilibrium potential of the space
vehicle will range from a few volts positive to a few volts
negative depending upon which effect predominates, the solar
wind or photoemission. If a space vehicle should acqguire a
large potential by an independent process such as rocket engine
operation, the ionosphere will act to discharge the space vehicle
rapidly. The solar wind would act in a similar manner, but the
discharging rate will be understandably smaller.
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The effects of the various postulated electrostatic
charging and discharging mechanisms of the solar wind, photo-
emission, and motion on the lunar surface during lunar surface
operations cannot be accurately estimated because of the absence
of certain data. Knowledge of the electrical conductivity and
the dielectric constant of the materials composing the lunar
surface is required to determine the effect of motlion on the
lunar surface. Knowledge concerning the lunar magnetic field
is required to determine the effect of possible shielding of
the lunar surface from the solar wind. However, using current
best estimates of these physical properties, it is not expected
that dangerous charge accumulations will occur during lunar
surface operations of the LEM and the astronauts.

In summary, although it is recognized that more experi-
mental data would be desirable to verify some of the assumptions
and conclusions, space vehicle electrostatic charging and possible
resulting effects are not expected to cause hazardous situations
for the space vehicle or the asftronauts during any of the Apollo
mission phases. The Electromagnetic Compatibility Subpanel of
the Instrumentation and Communication Panel has proposed no
further theoretical, experimental, or preventive design effort
in this area until evidence appears that shows additional
activity is warranted.

3.7 VOLTAGE BREAKDOWN

Appendix G contains a discusslon of the causes of
and problems in space vehicles resulting from voltage breakdown
in equipments.

Although voltage breakdown in electrical and electronic
eguipment can result from the multipactor effect, it is a
phenomenon requiring specialized condiftions and is not likely to
be a problem in Apollo.

The probability of voltage breakdown of electrical

and electronic equipment and of antennas 1s enhanced by operation
in a plasma. However, the times during a mission when a plasma
will be present can be predicted and the effects can be antici-
pated and taken into account in the mission and equipment planning.
For instance, it is known that during the atmospheric reentry
phase of a space mission, communications blackout between the
spacecraft and earth based stations will occur as a result of

the effects of a plasma sheath surrounding the reentering space-
craft. Consequently, the spacecraft communications equipment
operating during this phase will be designed to survive the large
reflected powers caused by operation in this severe environment.
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The major cause of voltage breakdown of electrical
and electronic equlpments in space vehicles has been the
operation of these equipments in the critical air or gas
pressure region. Equipment ambient pressures falling in the
critical pressure reglon can result from a variety of conditions
which cannot always be anticipated in the equipment design.
Therefore, all high voltage equipment for use in space by man-
rated space vehicles should be designed and tested to operate
in the critical pressure region.

To date there have been no failures experienced in
the Saturn launch vehicles which could be attributed to
voltage breakdown phenomena. The Marshall Space Flight Center
has been aware of this problem area and for this reason has
designed the electrical systems to operate at the lowest
practical voltages. In addition, high voltage circuitry and
components are potted and circuit boards are cord-wood stacked
and have a conformal coating applied.

The Manned Spacecraft Center has also recognized
voltage breakdown of electrical and electronic equipment as
a possible problem area. Most of the black boxes to be carried
in the Apollo spacecraft will undergo vacuum testing separately.
During one of these tests, voltage breakdown occurred in the VHF
transcelver to be carried by the Apollo Lunar Excursion Module.
Subsequent redesign of the packaging of the transceiver made
possible satisfactory operation in the critical pressure region.

Although testing of the individual black boxes for
voltage breakdown in the anticipated environments is necessary,
the integrated spacecraft should also be tested in a simulated
mission environment, including the launch phase, under nominal
and emergency spacecraft conditions because local environments
of equipments in the spacecraft may be significantly different
than the anticipated environment. This difference could be
caused by decompression of spacecraft, subsequent repressurization,
outgassing of materials, and inadequate venting of equipment
enclosures. Furthermore, voltage breakdown in wiring and
connectors has proven to be a problem 1n other space vehicle
programs and 1is best tested in their intended configuration
and possible environments.

Thermal-vacuum tests on the integrated Lunar Excursion
Module and Command and Service Module are planned to be conducted
at MSC. Thermal-vacuum tests will also be performed at the
Kennedy Space Center on some of the flight spacecraft. However,
all systems may not be operating during these tests, notably
the communications equipments which use high voltages in some
instances.
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Voltage breakdown problems including problems in
wiring and connectors have frequently been uncovered in
spacecraft of other space programs during thermal-vacuum
testing of the integrated spacecraft. It would be highly
desirable to perform comprehensive thermal-vacuum tests for
nominal and emergency flight spacecraft conditions to verify
and demonstrate proper volfage breakdown design of the space-
craft systems.

(¢ ij Wi dcéawkli

2012-AGW-gdn A. ¢. Weygand
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APPENDIX A

CENTER MANAGEMENT CONTROL. PROCEDURES TO ASSURE

APOLLO ELECTROMAGNETIC COMPATIBILiTY

1.0 General

The electromagnetic interference control and electro-
magnetic compatibility organizations, their respective responsi-
bilities and thelr functional relationships within each of the
NASA Centers are outlined in the following paragraphs.

2.0 Marshall Space Flight Center

The responsibility for providing electromagnetically
compatible operation of the Saturn launch vehicles and associated
ground support equipment is shared by two of the laboratories under
Research and Development Operations at the Marshall Space Flight
Center. The Astrionics Laboratory is responsible for insuring pro-
per design and test of launch vehicle flight equipment and the
associated ground support equipment required for prelaunch check-
out. The Quallty and Rellability Assurance Laboratory is respon-
sible for insuring proper electromagnetic interference control
deslgn and test of launch vehicle checkout equipment not required
for use in the launch area. The Quallty and Reliability Assurance
Laboratory also is responsible for the performance or monitoring
of the electromagnetic compatibility testing of the integrated
stage and associated ground support equipment, but the Astrionics
Laboratory is responsible for correction of any incompatibilities
revealed during the integrated tests. Both laboratories maintain
close contact with the activities of each other in the area of
electromagnetic interference control. In addition, both
laboratories review all contractor documentation pertalining to
electromagnetic interference control in and compatible operation
of integrated stage and associated ground support equipment.

The Marshall Space Flight Center has tThe responsibility
for the compatible operation of the overall Saturn launch vehicle
in all mission modes although the Kennedy Space Center has the
responsibility for the performance of tests to verify this com-
patibility in the launch area.
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3.0 Manned Spacecraft Center

The electromagnhetic compatibility effort and respon-
sibility at the Manned Spacecraft Center for the spacecraft and
the associated ground support equipment is distributed over the
system and subsystem engineering levels. The electromagnetic
compatibility systems engineer of the Apollo Spacecraft Program
Office defines and specifies the overall system electromagnetic
compatibility requirements for the spacecraft and associated
ground support equipment and monitors the overall program to 1in-
sure system electromagnetic compatibility requirements are
satisfied. The various subsystem managers within the Engineer-
ing and Development directorate are then responsible for trans-
lating the overall system requirements into design and test
requirements for specific subsystems and for monitoring progress
to ensure subsystem compliance with electromagnetic interference
control requirements.

The Manned Spacecraft Center has the responsibility for
the compatible operation of the overall Apollo spacecraft in all
mission modes although the Kennedy Space Center has the respon-
sibility for the performance of tests to verify this compati-
bility in the launch area.

4,0 Kennedy Space Center

At the Kennedy Space Center six directorates are con-
cerned with different aspects of the electromagnetic compati-
bility of the space vehicle, the ground support equipment, the
launch facilities, and the launch complex. While the responsi-
bility for the level of effort in achieving electromagnetic
compatibility in the areas of each respective directorate is
retained by that directorate, an organization within one of the
directorates acts as a central survelllance organization for and
assists the various directorates of the Kennedy Space Center as
requested in matters of electromagnetic compatibility. However,
the various directorates are not required to keep this organization
up to date on electromagnetic compatibility activities taking
place under thelr respective cognizance.

The overall responsibility for verifylng electromag-
netic compatibility of the various elements within the launch
area 1s divided among the various directorates of the Kennedy
Space Center as follows:

(a) Launch Vehicle Operations - demonstration of the
electromagnetic compatibility of the launch vehicle
with the environment, both conducted and radiated
at the launch complex provided by the spacecraft, the
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ground support equipment, the launch facilities, and
the local electromagnetic environment produced by
facilities external to the launch area.

(b) Spacecraft Operations - demonstration of the electro-
magnetic compatibility of the spacecraft with the en-
vironment, both conducted and radiated, at the launch
complex provided by the launch vehicle, the ground
support equipment, the launch facilities, and the local
electromagnetic environment produced by facilities
external to the launch area.

(¢) Quality Assurance - coordination of the electromag-
netic interference control specification compliance by
electrical and electronic equipments procured by the
Kennedy Space Center.

(d) Support Operations - provision of the electromagnetically
compatible operation of the communication and data
transmission facilities within the launch area.

(e) Engineering and Development - construction of facilities
ensuring proper structural bonding, grounding, power
grounding and distribution, etec.

(f) Information Systems - provision of assistance to other
directorates in the area of electromagnetic inter-
ference control as requested including performance
of electromagnetic interference testing of individual
equipments; preparation of electromagnetic compati-
bility control plans, test plans, test procedures,
test reports, and design guidelines; performance of
launch vehicle, spacecraft and ground support eqguip-
ment compatibility tests including monitoring command-
destruct receivers and electro-explosive device firing
circuits for possible detrimental interference; per-
formance of ambient electromagnetic interference
environmental control in the Merritt Island Launch
Area; and management of radio frequency assignment
in the Merritt Island Launch Area including the co-
ordination of frequency assignments between NASA and
the Air Force Eastern Test Range.
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PROGRAM TO VERIFY ELECTROMAGNETIC COMPATIBILITY IN APOLLO

1.0 General

Electromagnetic interference control specifications for
the most part form the basis of the programs of the various NASA
Centers to insure electromagnetic compatibility of the various
systems in Apollo. The contractual agreements befween the NASA
Centers and their respective major contractors and the inter-
center panel co-ordination activities in the area of electro-
magnetic interference control and the integrated equipment tests
to be performed to demonstrate the electrcmagnetic compatibility
of the various systems in Apollo are discussed in the following
paragraphs.

2.0 Electromagnetic Interference Control Specifications
Contractually Imposed

2.1 Stages of the Saturn Launch Vehicles

The Marshall Space Flight Center has included 1in the
negotiated contracts with the prime contractors for the wvarious
stages and the Instrument Unit (IU) of both the Saturn IB and
Saturn V launch vehicles the military electromagnetic interference
specifications, MIL-I-6181D and MIL-E-6051C, and the military
electrical bonding specification, MIL-B-5087A. The design and
test of the electrical and electronic equipments of all stages
and the IU and associated ground support equipment are required
to comply with the requirements of specification MIL-I-6181D.
The requirements of specification MIL-E-6051C apply to each
completely integrated stage or 1IU and tests are required to be
performed by the contractor to demonstrate a minimum of 6 db of
margin between the desired signal and the interference noise at
the most critical point of subsystems on either stage of IU.
There are currently no electromagnetic compatibility specifi-
cations covering the entire Saturn launch vehicle.

2.2 Spacecraft Modules

In the current electromagnetic compatibility program of
the Manned Spacecraft Center for Apollo, the prime contractors
for the CSM and the LEM are contractually required to design the
integrated spacecraft (CSM or LEM) and the associated ground
support equipment (GSE) using the military electromagnetic
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compatibility specification MIL-E-6051C as a guide and
attempting to maintain at least a 6 db safety factor against
all electromagnetic interference caused malfunctions or
performance degradations. Tests to demonstrate the success
of this design effort are not contractually required. There
are currently no electromagnetic compatibility specifications
covering the integration of the CSM and the LEM.

However, the interface control document, "NAA/GAEC
Electromagnetic Compatibility Design Criteria ICD", dated
June 17, 1965, between North American Aviation, Inc. and the
Grumman Aircraft Engineering Company describes the electro-
magnetic compatibility design requirements that shall be used
for the design of all interfaces between the LEM, the Block IT
C8M, and the Spacecraft - Lunar Excursion Module Adapter,

To minimize the number of electromagnetic incompati-
bilities in eilther the integrated CSM or the integrated LEM,
the prime contractors are contractually required to design
and test all electrical and electronic equipments in accordance
with the milifary electromagnetic inteference specification MIT-
I-26600 as amended by the addendum MSC-EMI-10A, or the equivalent.
The electromagnetic interference testing of the electrical and
electronic equipments will be limited to one of each type of
equipment unless modifications are made in the piece of equip-~
ment which would require further testing or retesting.

2.2.1 Command and Service Module, and Launch Escape Systfem

The prime contractor for the CSM, North American
Aviation, Inc., has required that all deliverable electrical and
electronic hardware from subcontractors or from in-house groups
except the communication equipments meet the requirements of the
North American Aviation, Inc., electromagnetic interference
control specification MC999-0002B. The communication equipments
are required to meet the electromagnetic interference control
requirements incliluded in the communication and data subsystem
procurement specification MC999-0023C. The electromagnetic
interference control design and test requirements contained in
these two documents are comparable and are essentially equivalent
to the military specification MIL-I-26600 as amended by the
addendum MSC-EMI-10A.
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2.2.2 Lunar Excursion Module

The prime contractor for the LEM, Grumman Aircraft
Engineering Company, has required that all deliverable electrical
or electronic hardware from subcontractors or from in-house
groups meet the Grumman Aircraft Engineering Company electro-
magnetic interference control specification LSP-530-001. The
design and test requirements contained in LSP-530-001 are
essentially equivalent to the requirements contained in the
military specification MIL-I-26600 as amended by the addendum
MSC-EMI-10A.

3.0 Infter-Center Panel Activities to Insure Electromagnetic
Compatibility in Apollo

The Instrumentation and Communication Panel has taken
the initiative in co-ordinating the inter-center effort for the
control of electromagnetic interference in the Apollo Program.
The Instrumentation and Communication Panel has delegated the
responsibility in this area to the Electromagnetic Compatibility
Subpanel., The responsibilities of this subpanel as cutlined in
its charter include allocating frequencies to space vehicle
transmitters and recelvers on a minimum interference basis and
insuring electromagnetic compatibility of the interfaces between
the spacecraft and the launch vehicle, and between the space vehicle
and the ground support equipment and the launch facilities.

The possible radio frequency interference problems
aris ing from frequency allocations for space vehicle transmitters
and receivers have been examined for both the Apollo Saturn IB
and Apollo Saturn V space vehicles. Interface Control Document
13M60003, "Saturn-Apollo Frequency Plan," has been issued by
the Instrumentation and Communication Panel and contains a
statement of the allocated frequencies for each Apollo Saturn
IB and Apollo Saturn V space vehicle.

Interface Control Document 13M60004, "Saturn-Apollo
Electromagnetic Compatibility Design Criteria," (attached as
Appendix H) has also been issued by the Instrumentation and
Communication Panel and defines the spacecraft and launch vehicle
interface electromagnetic compatibllity design requirements.
Since this document encompasses some areas which are under the
purview of the Electrical Systems Panel, it was co-ordinated with
that panel prior to official issuance. Under the provisions of
Interface Control Document 13M60004, the Manned Spacecraft Center
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and the Marshall Space Flight Center each are required to
prepare and exchange a 1list of all deviations and/or waivers to
the requirements of this document. These lists are to be
examined by the respective centers and any suspected incom-
patibilities resulting from granting any deviation and/or waiver
are to be submitted to the Electromagnetic Compatibility
Subpanel for examination. If necessary, the deviation or

walver will be re-submitted by the subpanel to the center which
approved it for reconsideration.

4,0 Integrated Systems Tests Performed Prior to Acceptance

4;1 Stages of Saturn Launch Vehicle

Electromagnetic compatibility testing in accordance
with the requirements of the military specification MIL-E-6051C
will be performed as contractually required on each flight
configuration stage of the Saturn vehicle at the checkout
facility or manufacturing site of each major contractor. Each
stage contractor 1s required to perform a comprehensive stage
system electromagnetic compatibility test which includes
testing to demonstrate a minimum safety margin of 6 db between
the desired signal and the interference noise at the most
critical point of a subsystem, testing to demonstrate no mal-
function or performance degradation of a subsystem due to
electromagnetic interference, and testing for detrimental
transients on power busses while all stage and associated
ground support equipments are cperated through thelir normal
flight sequence. The test points monitored during these tests
are chosen because they indicate performance of flight critical
circuits or of inherently nolsy circuits. The individual stage
contractors have been encouraged to perform as early in the
program as possible investigative electromagnetic interference and
susceptibility tests with individual stage and ground equipments
energized to detect baslic incompatibilities and to provide a
data base and performance history to aild in the evaluation of
future test results.

The Marshall Space Flight Center performs or monltors
the performance of radiation interference generation measurements
with all intentional radiators operating simultaneously and of
radiation susceptibility measurements on the receiving and trans-
mitting subsystems of the individual stages to aid in determining
if the stages will be radio frequency compatible when stacked.
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4,2 Spacecraft Modules

h,2.1 Command Module, Service Module, and Launch Escape System

Tests will be performed at the North American
Aviation, Inc. manufacturing location (Downey) on each flight
spacecraft to assure flight readiness of the CM, SM, and the
launch escape system and to verify the compatibility of the
interfaces between the CM, SM, the launch escape system and
the associated ground support and acceptance checkout equip-
ment, These tests will include individual subsystem functional
tests, integrated subsystems functional tests and finally
simulated mission tests., During the integrated subsystem
checkout and the simulated mission tests using the acceptance
checkout equipment, the various subsystems will be exercised
through various operational modes including abort modes and
normal flight modes for the demonstration of operational
compatibility of the various subsystems of ftThe spacecraft.

In addition to monitoring performance of the critical
spacecraft subsystems, special attention will be given to
monitoring transients and other types of interference conducted
on both the ac and dc power distribution subsystems during the
functional tests and checkout operations. Limited electro-
magnetic interference and spectrum signature test measurements
will be performed on each spacecraft but only as required to
assure resolution of electromagnetic interference problems
encountered during earlier tests or in earlier spacecraft.

This limited electromagnetic interference test data together

with the results of the integrated subsystems tests and acceptance
checkout data on each spacecraft is expected to provide the
necessary information for evaluating the electromagnetic com-
patibility of spacecraft performance,

Earlier in the program prior to production of flight
spacecraft a house spacecraft was used in performing electro-
magnetic compatibility tests on individual subsystem and
integrated systems, in indicating corrective action, and in
evaluating design modifications.

4. 2.2 Lunar Excursion Module

Tests will be performed at the Grumman Aircraft
Engineering Company manufacturing location (Bethpage) on each
flight spacecraft and associated ground support and acceptance
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checkout equipment to demonstrate the compatible operability
of the spacecraft subsystems and to verify mission readiness
of the Integrated spacecraft and associated ground support
equipment. These tests will include functional subsystem
tests and checkout during subsystem and stage build-up and
integrated subsystem functional tests and checkout of the final
spacecraft stages. 1In addition to the integrated spacecraft
checkout by the acceptance checkout equipment, the performance
of all critical spacecraft subsystems will be monitored during
the performance of mission oriented tests when the spacecraft
subsystems will be exercised in the various operational modes
and combinations.

Electromagnetic compatibility of the subsystems will
be confirmed in the house spacecraft which will also be used
in spectrum signature tests.

5.0 Test Performed at Cape Kennedy

The functional compatibility and operational readiness
of the integrated Apollo Space Vehicle and associated ground
support equipment will be demonstrated by the successful
completion of a series of tests, checkouts and simulated missions
performed at the Merritt Island Launch Area. In general, electro-
magnetic compatibility of an assembled or partially assembled
space vehicle will be -checked by performing functional tests on .
the assembly and monitoring critical subsystems for performance
degradation, monitoring ordnance subsystems for interference
which could cause premature ignition, and monitoring power
distribution systems for transient identification as indications
of incompatibility.

5.1 Launch Vehicle Integration

Inspection upon receipt and limited subsystems testing
will be performed on the various stages and ground support
and checkout equipment to ensure proper subsystem installation
and operation prior to stage mating and checkout. After mating
operations have been completed, the test program will essentially
follow a building block pattern starting with initial checks at
the equipment level and progressively expanding into subsystem
and system tests and finally integrated system tests. The
detailed subsystem and system tests will ensure complete system
integrity and will verify proper system operation.
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Integrated launch vehicle system tests and checkout
will be performed to demonstrate that each system is compatible
with other systems, that each stage is compatible with other
stages and that all systems are compatible with the associated
ground support equipment. Overall tests will then be performed
to verify the integrity and compatibility of the launch
vehicle and the associlated ground support equipment electronic,
electrical and mechanical systems while all systems are
operating according to a modified and abbreviated countdown
with the flight program. Finally a simulated flight test will
be performed including the pre-count, countdown, and flight
phases of i1ts mission with all launch vehicle and ground
support equipment systems operating as close as possible to
launch day configuration to checkout all systems and to verify
compatibility of operation and readiness for participation in
space vehicle checkout of the complete launch vehicle and
associated ground support equipments., However, no radio
frequency interference tests with transmitters and recelvers
operating will be performed at this time. Malfunction
sequence tests will also be performed to verify the compati-
bility and proper operation of the launch vehicle systems
under non- nomlnal conditions.

5.2 Spacecraft Integration

Significant reductions in the originally conceived
procedures for spacecraft launch operations and checkout at
MILA are currently being considered for both the CSM and the
LEM which would eliminate much of the redundant tests made at
different locations and would aim to perform checkout at as
high an assembly level as possible consistent with the cost
and schedule slip for repair. Specifically, experience will
be gained on reduced testing of CSM 011, 012, and 014 with the
objective of obtaining the necessary confidence for shipping
CSM 017 directly to the Vertical Assembly Building.

For CSM 011, 012, and 014 after a brief receiving
inspection, the CM and SM will be mated and placed in the
altitude chamber. After completion of systems verification
functional checkout and polarity checks, the assembled CSM
and associated ground support equipment will undergo simulated
flight tests and simulated flight abort tests to demonstrate the
operational performance readiness of the integrated spacecraft
for mating with the launch vehicle., After being mechanically
mated to the launch vehicle on the pad, integrated systems tests
will be performed using a launch vehilicle simulator.
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For CSM 017 and subsequent, after a brief receiving
inspection, the CM and the SM will be mated and be moved to
the polarity fixture in the Vertical Assembly Building where
polarity checks and systems verification tests will be made.
The CSM will then be mated with SLA which had already been
mated with the LEM Test Article. This assembly will then be
mechanically mated to the launch vehicle and integrated
systems tests including simulated launch tests using a launch
vehicle simulator will be performed, After successful
completion of these tests the spacecraft assembly will be
electrically mated with the launch vehicle.

As for the LEM, after a brief receiving inspection
of the ascent and descent stages, the LEM ascent and descent
stages will be mated and systems verification tests will be
performed. Then the LEM and the SLA will be mated and
electrical interfaces will be checked,

Combined CSM and LEM tests will be restricted to
electrical interface checks when the LEM and the CSM are
electrically connected via an umbllical hardline. No RF
compatibility tests between the LEM and CSM are planned.

5.3 S8Space Vehicle Integration

After the launch vehicle and the spacecraft have
been mechanically and electrically mated, interface tests will
be performed to demonstrate the integrity and functional
compatibility of the spacecraft and launch vehicle interfaces,
to checkout the space vehicle emergency detection system,
and to verify the functional compatibllity of space vehicle
sgstems and ground support equipment. (For Saturn IB flights
the spacecraft will be mated to the launch vehicle on the launch
pad while for the Saturn V flights the spacecraft will be
mated to the launch vehicle in the Verticle Assembly Building.)
Following these tests will be tests to demonstrate the
compatibility and proper cperation of all space vehicle and
ground support equipment during a nominal automatic firing and
flight sequence both with and without umbillical ejections.
Malfunction sequence tests will also be performed on the space
vehicle, ’
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For the Saturn V flights the space vehicle will then
be moved to the launch pad. For the Saturn IB flights the
Count Down Demonstration Test (CDDT) will follow which shall
be as close as possible to the actual launch countdown. A
RF compatibility test of the space vehicle, MILA and ETR RF
radiating systems will be performed in conjunction with the
CDDT. During the RF compatibility tests all radio frequency
systems of the space vehicle, MILA, and ETR will be turned on
which will be operating during countdown and launch activities.
A1l launch vehicle and spacecraft RF systems will be interro-
gated and/or monitored for indications of malfunction and for
indications of interference. The RF compatibility tests will
be performed with the Mobile Service Structure (MSS) in the
launch location and with the MSS removed from the pad area.

After the Saturn V space vehicle has been transported
to the launch pad and the ground support equipment has been
connected, systems verification tests will be performed to
assure that system operation was unaffected by the transportation
and that the ground support equipment was properly. connected.

In addition to malfunction sequence tests on the space vehicle,
CDDT and RF Compatibility tests, as described earlier for the
Saturn IB space vehicles, will then be performed.
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PROGRAM TO VERIFY ELECTROMAGNETIC COMPATIBILITY IN GEMINIT

1.0 General

The contractual requirements imposed by the Manned
Spacecraft Center on the McDonnell Aircraft Company, the prime
contractor and the agency responsible for integration of the
Gemini spacecraft systems, are not explicit in the area of
electromagnetic interference control. Instead, the Mcponnell
Aircraft Company is made responsible for the control of
electromagnetic interference such that equipment items of
the spacecraft and associated aerospace ground equipment shall
not be adversely affected by interference voltages, currents,
or fields present 1n thelir operational environment. Moreover
these items are required not to produce interference indivi-
dually or in any comblination operationally required which will
cause malfunction or unacceptable performance degradation of
other equipment items or subsystems of the spacecraft, launch
vehicle, target vehicle, and associated aerospace ground
equipment.

The basic approach taken by McDonnell for control of
electromagnetic interference within Geminl was to place
heavy emphasis on equipment design and test. The design and
test requirements of the military electromagnetic interference
control specification, MIL-I-26600, were included to varying
degrees in the Specification Control Drawing for each of the
electrical or electronic equipments. The Specification Control
Drawing defines the technical requirements for the design and
test of each piece of equipment and also forms part of any
McDonnell Aircraft Company Purchase Order. Compliance by the
subcontractor or vendor is contractually required. Functional
compatibility tests were performed by McDonnell to demonstrate
electromagnetic compatibility of the integrated spacecraft
rather than conducting specific electromagnetic compatlibility
tests.

The minimization of interference between the trans-
mitters and receivers on-board the Gemini spacecraft, the Titan
launch vehicle and the Agena D target vehicle is essential to
the success of the Geminl missions. For use in transmitter and
receliver frequency allocation, the harmonics of and the cross
modulation products of the various on-board transmitter funda-
mental frequencies were calculated to determine any combinations
that might produce radio frequency interference in the on-board
recelvers.,.
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2.0 Equipments

2.1 Equipment Design and Development Phase

The first formal testing of equipment by subcontractor
or vendor as required by the McDonnell Aircraft Company was the
"design approval test" which also included electromagnetic
interference tests contained in the Specification Control
Drawing. This testing was performed on engineering models to
demonstrate that the design of the equipment did comply with
the requirements contained in the Specification Control
Drawing.

Also during this phase, integrated systems tests
were conducted by McDonnell. Compatibility of the electrical
and electronic subsystems of the Geminl spacecraft was initially
tested on the Electronic Systems Test Unit. The Test Unit was
constructed early in the program for the purpose of demonstrating
the functional compatibility of the electrical and electronic
subsystems of the Gemini spacecraft. The mechanical design
and the layout of the electrical and electronic subsystems of
the final Gemini spacecraft design were approximated as were
the cable runs. Other subsystems were not included in the
Electronic Systems Test Unit.

Final systems integration tests during this phase
were conducted by McDonnell on the Compatibility Test Unit.
The Compatibility Test Unit has become the house spacecraft
and is configured 1like a flight spacecraft. Only functional
compatibility tests were performed., If a malfunction was
detected, corrective action was taken at that time in the
appropriate equipment.. Any deslgn changes were evaluated on
either of these test units.

2.2 Equipment Qualification and Acceptance Test Phase

The next formal testing of the electrical or electronic
equipments by the subcontractor or vendor were the gualification
tests. Early production units were used in these tests which
included rigid checks of the equipments tc demonstrate compli-
ance with the design requirements set forth in the approved
Specification Control Drawing. Formal failure analysis and
corrective action were pursued during these tests. Any waivers
or deviations to the requirements in the Specification Control
Drawing requested from McDonnell by the subcontractor or vendor
were coordinated by McDonnell with the Manned Spacecraft Center.
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In the next series of formal tests, the actual
flight equipment hardware for each flight spacecraft was
tested to measure equipment performance and to ensure proper
equipment operatlon but not to demonstrate compliance with the
requirements of the military electromagnetic interference
control specification, MIL-I-26600. First the pre-delivery
acceptance tests of the equipments were performed on the
premises of the subcontractor or vendor. Nearly identical
tests were performed by McDonnell prior to installation of
the equipments into the spacecraft. It should be noted that
these tests were concerned primarily with the performance of
the end items supplied by the contractor or vendor before
acceptance by the McDonnell Aircraft Company.

3.0 Integrated Systems

3.1 Integrated 3pacecraft Systems Test Phase

After installation of the equipments into the space-
craft, performance tests were conducted by the McDonnell
Aircraft Company prior to spacecraft acceptance by the Manned
Spacecraft Center and shipment to the launch site. These
performance tests included module tests, 1lnterface verification
tests, integrated systems tests, and simulated flight tests.
The McDonnell generated test plan does not in itself contain
the detailed test procedures for the tests to be performed
but does reference other documents called Service Engineering
Department Reports. The test equipment to be used, the exact
test procedure to be followed, and the test data to be recorded
for each test are described in detail in the appropriate
Service Engineering Department Reports.

Of prime importance in these tests was demonstration
of satisfactory operation of the integrated equipment and of
spacecraft operational readiness for its mission. This test
philosophy was based on the belief that major electromagnetic
incompatibilities would be uncovered during functional tests
and that testing to demonstrate compliance with a system
electromagnetic compatibility specification, such as MIL-E-6051C,
would cause a schedule slip in an already protracted schedule,

It should be noted that one of the tests of the block
of tests on the spacecraft included simultaneous operation of
all systems to permit intersystem operation and compatibility
tests. A "fix" was applied as required in the spacecraft
systems to suppress any electromagnetic interference causing
malfunction or performance degradation of any equipments or
systems,
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3.2 Integration of Geminl Spacecraft and Titan Launch Vehicle Phase

An important electrical as well as a mechanical
interface exists between the Gemini spacecraft and the Titan
launch vehicle. The major electrical interface 1s the inter-
face between the Gemini guidance computer and the launch
vehicle guidance system. To date, there has been no signi-
ficant problems with the various interfaces between the space-
craft and launch vehicle when mated despite the fact that the
first time the two had contact was at the launch site. This
success has been attributed to the work of coordinating
committees, many meetings, rigidly followed interface speci-
fication control documents, and tests performed with a simu-
lated vehicle., The interface control committees were composed
of representatives from the Manned Spacecraft Center, the
McDonnell Aircraft Company, the Air Force and the Martin Company.

Tests at the launch site of the spacecraft and launch
vehicle were minimal to assure there was no damage caused
during transportation to the launch site untll integration of
the launch vehicle and spacecraft was completed on the launch
pad. At this time integrated system functional checks were
performed and radio frequency testing by the Air Force Eastern
Test Range was performed. Finally simulated flight tests were
run with assistance from the Eastern Test Range and the Mission
Control Center to demonstrate proper performance of the final
space vehicle systems and ground support equipments.

3.3 Integration of the Gemini Spacecraft and the Agena D
Target Vehicle Phase

Similarly, for later Gemini missions, the target
vehicle, the Agena D, will be integrated with the Gemini space-
craft for the first time at Cape Kennedy. At no time during
the development of these vehicles was it possible to provide
a compatibility test of the two flight wvehicles, although
several tests were run with a simulated vehicle to provide the
necessary design information. However, the collar structure
and electronics required on the target vehicle to accomplish
rendezvous and physical docking of Geminil spacecraft and the
Agena D target vehicle was supplied by the McDonnell Aircraft
Company to the contractor for the target vehicle for installation
and compatibility tests. As was the case for the interfaces
between the spacecraft and launch vehicle, coordinating committees,
frequent meetings and interface specification documents played
important roles in achieving compatibility of the spacecraft
and target vehicle.
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To provide a final verification of the compati-
bility of the combined operations of the Gemini spacecraft
and the Agena D target vehicle in the various orbital
configurations, a series of radlio frequency and functional
compatibility tests for Gemini/Agena D were performed at
Cape Kennedy. The tests included an orbital flight simu-
lation of the docking maneuver of the Gemini spacecraft
and Agzena D target vehicle and functional compatibility
tests of Gemini/Agena D in both the docked and undocked
configurations. The specific objectives of these tests
include: (a) demonstration of Gemini/Agena D hardline and
radio frequency communication capability to verify satis-
factory vehicle interfaces, (b) demonstration of proper
performance of Gemini/Agena D subsystems in the combined
Gemini/Agena D electromagnetic fields, and (c) demonstration
of the proper performance of Gemini/Agena D subsystems during
a simulated mission,
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ELECTROMAGNETIC COMPATIBILITY AWARENESS COURSE

1.0 Background

It has been recognized in past programs that
management has been unaware of the Importance and necessity
of electromagnetic compatibility planning and engineering 1in
the design and development of a system. All too often electro-
magnetic compatibility of equipments, of subsystems and of
the overall integrated system has not been considered until
final end-item assembly and test. When interference problems
arise durlng end-item tests, quick fixes are applied, which
may compromise the original design, in order to avoild
schedule slip and additional cost., However, a major redesign
effort is frequently required. Because of this approach to
electromagnetic interference control, little information has
been gathered or disseminated in a form useful to management
and engineering personnel. Consequently, the state-of-the-
art of electromagnetic interference control has not kept up
with the advances in other fields of electronics, ‘

Recognizing these facts, the Reliability and Quality
directorate of the Apollo Program Office has contracted the
General Electric Company, Apollo Support Department, to
prepare a course and a supporting text to promote an awareness
of the importance of electromagnetic compatibility planning
in the Apollo Program and to disseminate electromagnetic
interference confrol information throughout the Apollo Program.

The course was to be designed to introduce the
personnel, such as project management, design and test engineers
and manufacturing engineers, to electromagnetic interference
and associated problems and to make them aware of the possible
approaches to controlling electromagnetic interference and
achleving electromagnetic compatibility of the integrated
system, Although it is yet too early to say how widespread
the audience will be for this electromagnetic compatibility
awareness course, current planning indicates that the course
will be given initially to the interested personnel at the
Marshall Space Flight Center, and other NASA Centers and then
possibly to the prime contractors of the NASA Centers for Apollo-
Saturn., The duration of the course will be one full week which
will be divided into two parts. The lectures of the first day
will be slanted primarily toward management although the

lectures will also be of interest to the engineering personnel.
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The lectures of the final four days will be aimed at the design
test and manufacturing engineers, primarily the design
engineers, who have not been intimately concerned with
electromagnetic interference control, '

A text has been prepared of the electromagnetic
interference awareness course and is intended to be a con-
structive aid to the NASA Apollo team in thelr electromagnetic
compatibility responsibilities., Ifs purpose is to stimulate
interest and further promote understanding in the art and
science of electromagnetic interference control throughout
the Apollo Program, The first draft of this text entitled,
"Electromagnetic Compatibility Principles and Practices,"
dated May, 1965, was issued with a limited distribution as
part of an Apollo Design Reliability series of documents.

This first draft of the text is currently in publication

by the Government Printing Office and is expected to be

wldely distributed as a whole or in individual chapters
throughout the government and industry. It is hoped that feed-
back of technical additions and corrections to the material
contained in the text will result from the recipients of the
documents. The text, it is hoped, will evolve into.a set of
reference documents which present, in technical depth, the
information needed by the engineer to properly design equip-
ments for interference free operation and compatibility within
a system, including design guides and techniques, prediction
methodology, and testing methods and procedures,.

2.0 Presentation of the Electromagnetic Compatibility
Awareness Course

A NASA sponsored workshop on electromagnetic com-
patibility was held in Daytona Beach, Florida, on November 1
through November 5, 1965, which served as a preview of the
Electromagnetic Compatibility Awareness Course. Representatives
from industry, the various NASA centers, the Department of
Defense, and the Electromagnetic Compatibility Analysis Center
and some of the members of the G-L46 Committee on Electromagnetic
Compatibility of the Electronics Industries Association partic-
ipated in this workshop. The objectives of the workshop were
to stimulate discussions of and information exchange on
different aspects of electromagnetic compatibility and to obtain
comments from acknowledged electromagnetic interference control
specialists on the organization of, the effectiveness of the
presentation of, and the appropriateness, completeness, and
technical accuracy of the material contained in the course and
in the draft of the supporting text. The information and
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comments obtained during the workshop sessions was to be used
by the General Electric Company for reworking and refining
the Electromagnetic Compatibility Awareness Course.

With Dr. C. Frederick, a recognized leader in the
field of electromagnetic compatibility noted for the Frederick
Research Corporation four volume publication, "Handbook on
Radio Frequency Interference", acting as technical coordinator,
the Electromagnetic Compatibility Awareness Course was reworked
and the lecture notes were revised. The revised week-long
course is divided into 16 one hour lectures with a planned one
hour discussion period following each lecture. The revised
course was gilven at the Michoud Operations Plant in New Orleans,
Louisiana during the week of April 17, 1966 to representatives
from NASA, the Chrysler Corporation Space Division and the
Boeing Company. Although the revised lecture notes were
issued to the course attendees, the Apollo Program Office
publication, "Electromagnetic Compatibility Principles and
Practices", was used as the text for this course.
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LIGHTNING PROTECTION OF APOLLO-SATURN LAUNCH COMPLEXES

There are two important modes by which lightning
strikes can cause damage which must be considered in the
development of a plan for the protection of launch complexes
from lightning strikes, These are (a) direct stroke effects
which could cause damage in the form of burning, blasting, or
destructive currents or voltage surges in electrical equip-
ment and (b) damage effects of currents or voltages induced
in nearby wiring and sensitive electrical equipments by
electromagnetic fields produced by the lightning stroke.

An investigation was conducted by the High Voltage
Laboratory of the General Electric Company under NASA contract
NASw-410 to determine the possible effects of lightning
strokes to Apollo-Saturn launch complexes, to review standard
practices and possible solutions to unique problems, and to
recommend practices and procedures to protect the launch
complexes from lightning strikes or to minimize the effects
of such strikes, The results of this investigation of
protection of personnel, facilities, ground support equip-
ment and space vehicle (in transit or on the pad) on Launch
Complexes 34, 37, and 39 have been published in the following
two General Electric Company reports which have been distri-
buted to interested personnel at the Kennedy Space Center,
the Manned Spacecraft Center, and the Marshall Space Flight
Center:

(a) "Lightning Protection for Saturn Launch Complex 39,"
dated September 10, 1963, and

(b) M"Analysis of Lightning Effects on Launch Complex
34 and 37," dated July 1, 1964,

These reports were reviewed and the lightning protection
measures recommended were evaluated by the Bell Telephone
Laboratories, Inc. The results of this review and evaluation
are included in a memorandum attached to this appendix.

An ad-hoc lightning protection committee was formed
in 1963 by NASA to direct the effort of the High Voltage
Laboratory of the General Electric Company in thils investi-
gation and to develop plans for protecting launch complexes 34,
37, and 39 against lightning strikes. This committee, chaired
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by Mr. H. D, Brewster of the Kennedy Space Center, consisted
of representatives of the three NASA centers. A plan was
developed for the protection of Launch Complex 39 by the ad-
hoc committee using the results of the investigation per-
formed by the General Electric Company. This plan was sub-
sequently established as policy for the Kennedy Space Center
by the Director on June 18, 1963. This plan appears in the
Kennedy Space Center technical report, TR-4-28-2-D, entitled,
"Lightning Protection for Saturn Launch Complex 39," by H. D,
Brewster and W. G. Hughes, dated October 18, 1963.

A similar lightning protection plan was developed
for Launch Complexes 34 and 37 and was established as policy
for the Kennedy Space Center by the Director on November 30,
1964, This plan for Launch Complexes 34 and 37 will be the
final objective, but it is recognized that complete implemen-
tation of this plan may not be practical or economical if it
1s imposed on exlsting facilities for immediate action.

For the most part the lightning protectlon plans
involve activities to be conducted by the Kennedy Space Center,
However, the plans include two items which require action
from the Manned Spacecraft Center and the Marshall Space Flight
Center. These items are (a) that the exterior cable tunnels
on the space vehicle should be made of conducting material
and (b) that the maximum voltages expected to be induced in
circuits provided by the NASA center as a result of a lightning
strike should be examined and protective devices put into the
circuits if required.

At the present time, the coordination of the inter-
center lightning protection activities for Apollo-Saturn has
come under the purview of the Electrical Systems Panel.
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ELECTROSTATIC CHARGING

1.0 General

Some concern has been expressed about possible
problems in Apollo resulting from electrostatic charging of
the space vehicle during the various phases of the mission.
These problem areas include: (a) radio frequency interference
during discharging, (b) arcing between two vehicles during
separation or during rendezvous causing physical damage,

(¢) discharges of sufficient rapidity and energy to induce
transient pulses of signhificant size in sensitive electrical
circuits, such as electro-explosive devices to cause a
malfunction, and (d) adhesion of dust layers to the LEM and
extra-vehicular astronauts during lunar surface operations,

Electrostatic charging and discharging mechanisms
are discussed qualitatively in the following paragraphs for
launch, space coast, and lunar surface operations. Results of
some of the experiments performed in this field are also
included, Electrostatic charging due to rocket engine opera-
tion is discussed in the section on launch operations, but the
discussion is also applicable to the other sections 'if the
engines are operated during those phases,

2.0 Launch

Many processes have been postulated by which a space
vehicle can become electrostatically charged during the launch
phase, The dominant processes are expected to be external
triboelectric charging and charging processes resulting from
rocket engine operation.

When an electrostatically charged, isolated, elec-
trically conducting body is asymmetrically separated into
two bodies, a potential difference will be developed between
the two bodies. If the potential difference were great enough,
a redistribution of electrostatic charges by a spark, arc-
over, or current flow between the two bodies could occur if
an ionized gas or other conducting path were present. This
phenomenon might be expected to be applicable to stage separ-
ation of an electrostatically charged vehicle such as the Saturn
launch vehicles,
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2.1 Theoretical

2.1.1 Triboelectric Charging

The triboelectric (frictional or contact) charging
process has long been recoghized as a problem when aircraft
are operated in precipitation or in an atmosphere where there
are many suspended particles. Aircraft potentials measured
in the hundreds of kilovolts have been attained as a result of
triboelectric charging in the atmosphere. Triboelectric
charging occurs whenever two dissimilar materials with
different charge carrier mobilities are brought into contact
and then separated. The charging rate and the polarity of
the resulting potential depends on the materials involved.

Although it is not likely that Apollc-Saturn will
be launched in adverse weather conditions where precipitation
1s present, a partial cloud cover, ice particles, and possibly
other particles may be suspended in the atmosphere through
which the space vehicle will rise.

Another possible instance of electrostatic charging
through frictional effects will be when the boost protective
cover 1s snatched from the spacecraft when the launch escape
system is Jjettisoned.

2.1,2 Rocket Engine Charging

Many phenomena are expected to occur during rocket
engine operation which could serve to charge the space vehicle
electrostatically, although some may have negligible effect
with respect to other phenomena. It is believed the more
significant of these phenomena include:

(a) diffusion of electrons to the rocket engine wall
due to the greater mobility of the electrons in the
plasma formed in the combustion chamber during rocket
engine operation,

(b) triboelectric or frictional charging effects caused
by the solid particles in the combustion products
striking the rocket engine walls, and

(c) thermionic emission or photoemission resulting from
the combustion process within the rocket engine.



BELLCOMM, INC.

APPENDIX F - 3 -

To produce large potential differences, the uncollected
charges must be mechanically removed to large distances from
the space vehicle,

The potential of the space vehicle will be limited
by some discharging processes such as corona discharge in the
atmosphere or the ability of the charged space vehicle to
capture a discharging current from the ionized and charged
exhaust from the rocket engine. This recirculation of the
charges from the exhaust to this space vehicle will depend
upon the relative velocity between the charges in the exhaust
and the space vehicle, the mean free path of the charge,
electron (or ion depending on polarity of space vehicle) and
the charge mobility., Thus, as the space vehicle gains
altitude, the recirculation properties assoclated with the
plume should be enhanced.

2.2 Experimental

There have been a number of electrostatic charging
experiments performed with small solid-fuel rocket motors
during static firings. Although all of these experiments
indicate that solid-fuel rocket motor operation is a definite
cause of vehicle electrostatic charging, little insight into
the actual mechanisms has been gleaned from the experiments.
In addition, little use can be made of the results of the
experiments in predicting the potentials a space vehicle may
attain during a launch because the experiments were performed
in an environment different than that which a space vehicle
would encounter during an actual launch.

Results of electrostatic charging tests on various
small rocket motors performed by the Boeing Company in 1963
were '"'scaled" to apply to the Minuteman vehicle. The tests
showed that a negative charge was deposited on a rocket motor
burning a Minuteman-type grain. Extending these results
suggested to Boeing that a Minuteman vehicle might attain a
potential to cause electrical discharge. 1In order to control
any discharge and decouple it from sensitive circuits in the
vehicle, special corona dischargers were developed for easy
installations on the vehicle. If electrostatic charging of
the Saturn vehicle is critical during launch, this method of
discharging the vehicle may have application to the Saturn
launch vehicle during passage through the atmosphere.
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An instrument was installed on a Nike-Cajun vehicle
by the Stanford Research Institute in 1961 to measure the
field strength at a point on the Nike-Cajun vehicle skin in
order to obtain a time history of the potential of the vehicle:
during launch powered flight. Polarity discrimination was not
incorporated into this instrument nor was the ability to
discriminate between a true field produced by an electro-
statically charged vehicle and electron or ion collection by
the instrument in the ionosphere. During the Nike burning
the vehicle reached a peak potential of 26 kilovolts, but during
the Cajun burning the peak potential was only about two
kilovolts., In addition, falrly high vehicle potentials were
measured above 100 km,

A similar experiment was conducted on the Nike-Cajun
vehicle by the Stanford Research Institute in 1965. However,
the instrument used to measure the electric field strength was
equipped with a synchronous detection scheme designed to enable
the instrument to distinguish between a true electric field and
a drift current caused by lon or electron collection from the
environment by the instrument. The results of the experiment
paralleled the results of the earlier experiment performed in
1961, with the exception that the potential of the vehicle
while in the ionosphere never exceeded 5 kilovolts., It is
believed that the indication of high vehicle potentials in
the ionosphere during the 1961 experiment was caused by collection
of ions or electrons from the ionosphere by the instrument.

Ling Temco Vought Aerospace Corporation instrumented
a Scout vehicle to measure the field strength at certain points
on the vehicle skin in order to ascertain a time history of the
vehicle electrostatic potentials during launch and to measure
the potential differences between stages during separation
maneuver, Four sensors wWere used to make two surface field
strength measurements and two stage separation potential
difference measurements, The NASA Scout Evaluation Vehicle,
S-131R, was launched in August, 1965.

Surface measurements of the field strength were made
on the second and third stages of the NASA Scout Evaluation
Vehicle, The measurements indicated that the vehicle reached
a peak potential of less than 1 kilovolt during the rocket
motor operation of the first three stages of the Scout vehicle.
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Instruments were carried on the NASA Scout Evaluation
Vehicle to determine the maximum amplitude of the potential
difference between the system ground points of the first stage
and the second stage during the first stage separation
maneuver, and between the system ground points of the second
stage and the third stage during the second stage separation
maneuver, A peak instantaneous voltage detector with a rapid
rise-time response was used to record the peak potential
differences or transients during separation and the results
were later telemetered to the earth. During the August, 1965,
launch of Scout vehicle, S-131R, there were no indications of
recorded potential differences between the two parts of the
vehicle during the separation maneuver.

An experiment was carried on SA-10 to measure the
potential difference between the S-I booster stage and the S-IV
stage of the Saturn I launch vehicle during separation. A
continuous voltage measurement was made between the two stages
during the separation maneuver using a telemetry channel with
a frequency response of 80 cps. An instantaneous peak voltage
detector to record any high frequency voltage pulses was not
used. The result of the experiment indicated no perceptible
difference between the two stages during separation.

3.0 Space Coast

The more important mechanisms for the electrostatic
charging of a space vehicle coasting in space are collection of
electrons or ions from the environmental plasma, (either the
ionosphere or the solar wind), and photoemission, Other
mechanisms include (a) thermionic emission, (b) secondary
emission, (c¢) collisions with other bodies such as micrometeors,
and (d) field emission.

3.1 Theoretical

3.1.1 Electron or Ion Collection

A space vehicle in space will be continuously bom-
barded by environmental particles which will be electrically
charged, such as electrons, ions, and cosmic rays. The incidence
of such particles, in general, will result in a transfer of
charge to or from the space vehicle. Since the electrons are
much more mobile than the positive lons, the space vehicle will
probably accumulate a negative charge. The electric fileld
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around the space vehicle produced by the charge on the space
vehicle will reduce the number of electrons reaching the space
vehicle until equilibrium is reached.

Electron and 1lon concentrations vary with altitude,
time, and solar activity. In addition, the Van Allen belts
in the ionosphere contain high energy particles. The dis-
charging or charging capability of the electrons or positive
ions are dependent on the energies and the concentrations of
the particles and on the relative velocities of the particles
with respect to the space vehicle. In the solar wind, the
positive ions are characterized by having mostly directed
energy, while the electrons are generally randomly directed.

For the case of a space vehicle orktiting in the
ionosphere, equilibrium potentials are expected to be a few
volts negative, although somewhat higher potentials may be
attained when passing through the Van Allen radiatilion belts.
It 1s also expected that the equilibrium potential of the space
vehicle in the solar wind will be limited to a few volts due
to this charging mechanism of positive ion or electron collection.

3.1.2 Photoemission

As the altitude of the space vehicle increases, the
concentrations of electrons and positive ions in space decreases
and the process of photoemission becomes more important as a
charging or discharging mechanism., Photoemission is the process
by which incident photons of sufficient energy will cause the
emission of electrons from a space vehicle bathed in sunlight.
The total electron flow from the space vehicle depends on the
intensity of the radiation, the area presented by the space
vehicle to the sun, the surface material of the space vehlcle,
and the potential of the space vehicle.

Since most of the electrons emitted from the space
vehicle surface due to the photoelectric effect will be low
energy, it is expected that the space vehicle equilibrium
potential for this process alone will be limited to a few volts
positive. ’

3.1.3 Field Emission

Field emission is the name of the process by which
electrons are drawn out of metal surfaces by a large electro-
static field. Under the action of electrostatic fields of
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106 —107 volts/cm and greater, electrons may be drawn out of

metal surfaces by the field alone. Fields of this order of
magnitude may be reached with fine points and corners for a
potential difference as low as 1,000 to 10,000 volts. Since
the discharge current rises exponentially with potential
difference above this critical value, the largest negative
potential of the space vehicle in space i1s expected to be
limited to close to this critical value,

3.2 Experimental

The Explorer VIII Satellite, launched in 1960, with
a perigee of U420 kilometers and an apogee of 2300 kilometers
contained instruments to measure electron density and temper-
ature, positive ion concentration and mass, and the inter-
action between the vehicle and the ionized atmosphere. The
results obtalned from the single-grid electron trap carried by
this satellite were analyzed and the satellite equilibrium
potential was calculated., It was shown that there is general
agreement between the predilcted value of equilibrium potential
of a few volts and the measured value,.

An experiment was carried on the Gemini IV space-
craft to measure the Gemini spacecraft electrostatic potential
via the measurement of electric field strength during earth
orbital ccast. The data from this voltage experiment indicated
that very high positive spacecraft potentials (2 x 106) existed
for extended periods of time. These results were counter to
previous experimental results as well as to the current
theoretical understanding of electrostatic charging of satellites
orbiting in the ionosphere. It was postulated that the
apparent spacecraft potential was due to some cause other than
true spacecraft potential, such as the effects of positive
ion or electron collection by the sensor. Post flight testing
of the experiment instrument indicated the instrument to be
sensitive to radilo frequency energy and fluxes of charged plasma
particles incident to the sensing face of the instrument.

The same experiment was carried on the Gemini V
spacecraft modified to exclude electric flelds from the sensor
while allowlng the sensor to detect unbalanced spacecraft
currents which may have been collected by the sensor carried
on the Gemini IV spacecraft. The readings of the sensor
telemetered to the earth from the Gemini V spacecraft were very
similar to the data obtained from the Geminl IV spacecraft. In
view of these results, the data from Gemini IV cannot be inter-~
preted in terms of spacecraft potential but must be interpreted
in terms of unbalanced spacecraft currents.
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4,0 Lunar Surface Operations

The effects of the various postulated electrostatic
charging and discharging mechanisms on lunar operations and
crew extra-vehicular actlvitles on the lunar surface cannot be
as accurately estimated as are the effects on the launch and
space coast operations because of the greater number of unknowns.
The more dominant electrostatic charging or discharging
mechanisms are expected to be the motion over the dry surface
of. the moon, the solar wind, and photoemission.

Knowledge of the electrical conductivity and the
dielectric constant of the materials composing the local lunar
surface and the Extra-Vehicular Mobility Unit is required in
order to determine the magnitude and polarity of any electro-
static charge accumulated by an extra vehicular astronaut moving
across the lunar surface. It is not expected that this process
will result in dangerous charge accumulations,

It is expected that the electrostatic discharging
qualities of the solar wind will be sufficient to dissipate any
large charge accumulations due to motion over the lunar surface
unless the lunar surface 1s shielded from the solar wind., If
the space vehicle and astronauts are on the dark side of the
moon, the solar wind could only be effective in dissipating
positive charges because the positive ions have mostly directed
energy while the electrons are mostly thermalized.

The photoelectric effect will also ald in dissipating
a negative charge on the space vehicle or astronauts who are
located on the sunlit portion of the lunar surface.

5.0 Conclusions

, It would be expected that first stage separation would
be the most critical portion of the launch phase with respect
to the possible deleterious effects resulting from electrostatic
charge accumulations on the skin of the space vehicle. However
results of experiments on a Saturn I Launch Vehicle and on a
Scout vehicle suggest that arcing between launch vehicle stages
during separation will not be a problem,

The plasma of the lonosphere will act as an efficilent
discharge mechanism as the space vehicle rises into the ionosphere
during the launch maneuver and is expected to limit the electro-
static charge accumulation on the space vehicle to non-hazardous
amounts. It is known that steady state potentials of space
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vehicles coasting in earth orbit in the ionosphere will be a
few volts negative. If a space vehicle should acquilre a large
electrostatic charge by an independent process such as rocket
engine operation, the ionosphere will act to discharge the
space vehicle rapidly.

For space vehicles coasting in outer space, it is
expected that the equilibrium potential of the space vehicle
will range from a few volts positive to a few volts negative
depending upon which effect predominates, photoemission or
the solar wind. The solar wind will act in a manner similar
to the ionosphere but at a reduced rate in discharging a space
vehicle acquiring a large electrostatic charge by an independent
process.

The effects of the solar winds, photoemission, and
contact friction due to motion on the lunar surface during
lunar surface operations are not expected to cause dangerous
electrostatic charge accumulations on the LEM or the extra-
vehicular astronauts.

In summary, although 1t is recognized tThat more
experimental data would be desirable to verify some of the
above assumptions and conclusions, space vehicle electrostatic
charging and possible resulting effects are not expected to
cause hazardous situations for the space vehicle or the
astronauts during any of the Apollo mission phases.
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VOLTAGE BREAKDOWN IN ELECTRICAL AND ELECTRONIC EQUIPMENTS

1.0 General

Voltage breakdown in the form of glow, corona, flash-
over, streamer discharge, or arc discharge has resulted in or
has been suspected of causing the failure of space electronic
equipment as well as causing electromagnetic interference. The
probability of voltage breakdown is increased by operation of
electronic equipment in the critical gas or air pressure region
or operation of electronic equipment in a plasma. In addition,
breakdown can occur in a vacuum by means of the multipactor
effect. These mechanisms will be discussed in the following
paragraphs.

2.0 Critical Gas or Air Pressure

The probability of voltage breakdown is enhanced by
operating the equipment 1in reduced gas pressures corresponding
to atmospheric pressures found at altitudes from 65,000 to
310,000 feet. For example, within this critical pressure
region, the air dielectric will break down with less than 300
volts across exposed flat plates separated by an appropriate
distance.

Operation of electronic equipment in the critical
pressure region not intended for operation in those environ-
ments can occur as a result of (a) partial loss of vacuum
during vacuum testing, (b) decompression of pressurized vessels,
(c) repressurization after decompression, (d) inadvertent
equipment activation during the launch phase as the space vehicle
passes through the thinning atmosphere, (e) outgassing of
materials producing localized critical pressures under vacuum
conditions, and (f) gases trapped in enclosures inadequately
vented to the ambient environment.

Following are a few examples of voltage breakdown
problems occurring in space vehicle equipments.

(a) It is highly probable that the failure of the tele-
vision subsystem of Ranger VI was caused by voltage
breakdown after inadvertent turn-on of the television
subsystem during the launch phase.



BELLCOMM, INC.

AFPENDIX G -2 -

(b)

(c)

(d)

(e)

(f)

During the thermal-vacuum testing of one of the
Mariner spacecraft when all electricdl subsystems
were operating, an inadvertent increase in the
pressure 1n the test chamber subjected the Mariner
spacecraft to operation in the critical pressure
region with disasterous results to much of the
electronic equipment.

Two failures occurred in the camera subsystems of
the Nimbus spacecraft when the camera subsystems
were accldentally activated when the pressure in
the environmental chamber was within the critical
zone, Also uncovered during the thermal-vacuum
tests on the Nimbus spacecraft were voltage break-
downs between various conductors within partially
sealed connectors,

Problems with the photomultiplier of the spectrum-
heliograph carried by 0S0O-2 in earth orbit were
attributed to high voltage breakdown.

Glow discharges in the transponder used with the
rendezvous radar subsystem of the Gemini spacecraft
observed during thermal-vacuum testing was traced
to partial pressures produced in the poorly
ventilated enclosure of the high voltage circuiftry
by outgassing of a silicon grease,

During thermal-vacuum testing of various Apollo Lunar
Excursion Module equipments, voltage breakdowns
occurred in the VHF transceiver and in the Unified
S-Band transponder.

In addition to voltage breakdown in electrical and

electronic equipments, voltage breakdown of space vehicle
antenna subsystems is a possible problem area. The field
strength required for antenna breakdown is considerably less
for operation in a plasma or in the presence of a very thin
ambipolar diffusion layer (space charge present) than for
operation in non-ionized atmospheres.
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3.0 Plasma

It has been shown in a laboratory that arc discharges
between two electrodes can occur at voltages as low as 30
volts dc in the presence of a plasma. A scintillation dis-
charge is often sufficient to trigger such an arc discharge.

A scintillation discharge is produced in the following
manner. When a thin dielectric film, such as an oxide film,
is present on a conductor the voltage difference between the
plasma and the conductor 1s impressed across the thin film
resulting in large voltage gradients for modest voltage
differences (30 volts). These gradients are sufficient to
break down the thin film.

During a series of Agena flights, an occasional 28
volt battery short circuit occurred at the time of booster
separation. It was postulated, although never proven, that
the exhaust from retrorocket operation entered the aft section
of the Agena vehicle and the 28 volt battery was shorted out
by an arc discharge between two connector pins in the presence
of a plasma triggered by a scintillation discharge. After the
hole where the exhaust plasma could have entered the aft
section of the Agena vehicle was plugged, the problem of 28
volt battery shorting never reappeared.

There are times during a space mission when the space
vehicle antennas are in a conducting medium as would be
encountered in the ionosphere or in the plasma surrounding the
vehicle during re-entry into the atmosphere and sometimes
during launch. The field strength necessary to cause voltage
breakdown of an antenna in a conducting medium 1s considerably
less than that required to cause voltage breakdown of an
antenna in an air dielectric. Voltage breakdown at an antenna
is evidenced by a sharp increase in reflected power and a
reduction of power radiated from the antenna.

4,0 Multipactor Breakdown

Multipactor breakdown is a radio frequency resonant
discharge dependent upon electrode material and spacing, gas
pressure, radio frequency voltage and frequency. This breakdown
is caused by electrons being accelerated between two electrodes
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connected to a radio frequency source and the multiplication
of free electrons between the electrons by secondary emission.
The exciting voltage must be at a frequency corresponding to
the electrode spacing such that a polarity reversal will occur
on the electrodes at the moment of electron impact with each
electrode, The electrode material must be such that more than
one electron will be released from the electrode for each
electron impacting the electrode when accelerated by a
sufficlently large radio frequency voltage between the electrodes,
In addition, the mean free path of the electrons must be
sufficiently long to allow the accelerated electrons to impact
the electrode alternately in phase with the radio frequency
voltage.

5.0 Summary

The major cause of voltage breakdown failure of
electrical and electronic equipments experienced in space
vehicles to date has been the operation of these equipments in
the critical air or gas pressure region. Critical gas
pressures in the operating environment of these equipments
could be caused by decompression of the space vehicle and
subsequent repressurization, outgassing of materials 1in a
vacuum, and inadequate venting of equipment enclosures.

Although faillures in electrical and electronic
equipments can result from multipactor breakdown which should
not be overlooked it 1is a phenomenon requiring specialized
conditions and is not likely to be a problem.
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SATURN APOLLO ELECTROMAGNETIC COMPATIBILITY DESIGN CRITERIA

ICD 13M60004

A copy of the Interface Control Document (ICD)
13M60004 entitled, "Saturn Electromagnetic Compatibility Design
Criteria", approved by the co-chairmen of the Instrumentation
and Communication Panel in August, 1965 is attached to this
appendix. ICD 13M60004 covers the electromagnetic interface
between the Apollo spacecraft and the Saturn launch vehicle.

It recognizes the Electromagnetic Compatibility Subpanel of the
Instrumentation and Communication Panel as the agency responsible
for the examination and subsequent resolution of any suspected
incompatibilities of the interface between the spacecraft and

the launch vehilcle.

The major portion of this ICD is devoted to defining
wiring design criteria including requirements on separation,
shielding, routing, and bundling based on the classification
of circults to be interconnected. It invokes the conducted and
radiated interference requirements of the military electromagnetic
interference control specifications, MIL-I-26600 (as amended
by MSC~EMI-10A) and MIL-I-6181D on the individual equipments
of the spacecraft and the launch vehicle, respectively. In
addition to including those design requirements contained in the
military electrical bonding specification MIL-B~5087A, this
ICD includes other requirements to ensure proper electrical
bonding across the interface of the spacecraft and the launch
vehicle,
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2.0

this common approach will provide compatible electricsl bonding

DNTRODUCTION

Thls document establishes the criteria necescary fox the gonsration

of electromagnetic Interd
the space vehicle, will promote electroma

Integrated space vehicle cenfimuration,

This criteria provides the basls for a common approach to the

Uz;\.a

task of controlling interfacing clectromaractic interference,
common approach Will provide con
the Launcq vehicle will receive pfOﬁer and necessary provecticon

EMI wherever it is routed in the spacecr;it and vice-versa. In

dures ab 21l interfaces; each one of which affects the entli: -

0 X

+3
>
o
[N
0
joR
O
(\
o
4
)
i
o
fJ
3
fu
-
hal
b
[e}
[¢]
12
b
e
: P
{3
(9 A
G
e
( b
(:
i

a common na*louo*n* beticen centc?s.foz The conbrol of T -

LT A

(] LN
dz boundaries wit

LA ]
" B +3ve
oYU VoYWt was QoavaAve

R TR

elther cor

PP L T . O - -
CLlINUIOLAIOY L0 eacn R

erence requiru“cnts which, whcen immlenented in

ractic compatibility of the

This

dence that circuitry orisinating in

from
addition,

NEOCE-

A
ERets

FR TS S S 2
arg INUCnGCd o GIroviice

of

£ G . Loy O™ S - S A 2 KNG R . et
MANS 0O WaLO 8Xolny vae 4Ly AS aiigcuca 4‘.1)’10., N T.GCUJ»QT':;I} SO~ SULDTNATS

Interface Zontrol Docurment 3

BRSSP NN
o a N N



m

AT

AAT Y

D\/\JL-._: (B

3.1

7

o A
—{ !
3 4 :
...w : £ u\
r Q . : § en..u
[o] o .nnu“ .n.w 0 . [$] ‘Mu .«J" Wv 3 ®
o G 2 B N 2 50504 2
e b 3 g8 R = 0w 2
, 3 g i 29 9 o 500 g 2
8 . A S0 g
S o © ot “ e ¥ ¢ ot o o 5
5 9 § H A Hoog o o 2o
" O 53 e o M\,. o e 9 o i 3
L0 O & $ o & = - P R
o aQ 2 = R LR B P 95
e + 1 : < 5 o 5 g
.w,lu . A ~O () e w 5
42 (& b m.w “ 3 3 : 3
5] e + i I ) o 3
PR 3 < o N
B 43 : 4 3 ..m - i
ST ke © g 2§
.su r (& oo o 3 7 e
a .J N a [ 9 »”
S o 9 &t 1 1 K 2 5
d O nu 0 | f,b mnwl ) ﬁ ” ﬁ»l.n & e
e ) o b 2 rs 3 « ' E
i s -Wu o ] [ 0 54 (8] n.w
(3] o 4 . g ol e O ‘ 3 '
9 e 3 3 7 5 3 . | 3
K] i) -ﬂ.. a o 5 : 3 [ | O
¥ 3 : a M 4 s ] - [
: (A -3 (3} [ 2] o . o -
v 8 4 o ] 508 £ :
.u C. 4 r-f £4 SR i1 5 B3
5 o £ D4 3 5 e
S I S =1 o 5 809 ) S 43
Q o o5 ooy 43 R 2
3 i 0 S o] ) : ; 33
] o+ 0w - 3] o GJ 91 i} 3 ©n
43 o 3] 2 o ;! Fa ted o : o
5 RS £ YR e 5 » 3
g 1] - " ty o ) 3
’ Q t i O o < b i
3 oq W S £ <1 D4 “
MW J 5 | nang 3 .C A far f1
g ‘ ] 0 - 3
L s ol 9 oy 1 S e ; 5
AN T S iR ; 5og o i i
o 3 cl @ I - O ) i
3 o ] 9 ¢ v © e : BB 3 ;
a-¢ f. > £ o...u = (@S] ) @ B! € Q -y i? 5
z .(.« B . 5 2 5 89 e C [¢] | (a] I3 " J
I « 9 S © ) ¢ N YRS , 3 3
] L f e of An g S i Erg a
N - R =Y B | ool 3 e B 4 2 B
A 8 & 1S a0 N B - T I L
T2 A ol e PR ! N I TS 5
o i - L poof TS R SR 23
; . o o L5 i 'S 0 I ol o =
9 o 2 0 2 w1 1 ¥ i o 3 o) 4
= e % 3} £~ 19 ! < e ‘A < ¢ ¥ o
>} b o) POSEEY : 3 s 0D i - 5 e
B (o} — o =Soh =9 a2 :
e [ o 8 % 2 SIS, i
I c o O v
o . .h. = £ O. o n«w 3 R
£ & <3 0 o B
4 (3] - -1 3 .,.d ! f
Om [3aY -3
32l . Z
AJ\/ » »*



5,0
5.1
5,1.1

5.1.2°

5.1.3

5.2

5.2.1

5.2.2

2.2.1

EC CRITCRTA

Tauipment
The lawnch vehicle equipment shall comply with the conducted and

radiated ‘requirements of MIL~-I-6181D. .
The spacecraft equipment shall comply with tic
1 \ '
radiated requirements of IL—I-OooCO/KSC—hJI-le.

£S

conducted and

The location and gain of each trancnitber antcmma tosibher ﬁith
the trancmitter antenna raticrn (established on the space vehicle).
shall Se made available to the LIS Subpanel of the I2C Pancl as they
becune a#ailable, togcéher with the transmittérs’ full operating

roroncters, power - moduéauio. - harmonic and s,~::04s contents, type

e - 1 ~ oy . a3 A
vrancmission, and wiscion tinms oserziion.
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5.3.2.1

5.3.2.2

and voltage 1inits (S"G Tab ¢ 1; to each circuit,

Bundling

Bhndling shall be defined as the combining of clrcuits which have

O
[&]
o
[o]
by
Hy
% .
.
o]
o
w
K

identical circuit cla”s fications for the purp
compatible grcup of circuits.

‘

Paranmcters qud Tor Cl“COiﬁ Class! Mention

=3

cauency/Rise or Fall

The frequency of the circuit shall be the prirzary froquency Cordo

ent present in the circuit under considerstien, llowever, a ciroili

. - -

surposes onall be

he i

. LR, yan o
loop impe v Tz, the sun of

o,
O
e
o
2.
Hy

100150004

lazsified by the wise or fnll Lirs

S,

(VRS

2 2 A b PR, ) KA . . = W)
oy cireuld clossilicoticon purncces Jonle

1) shall be the maximua voltagze abt the source Qutpﬁt, Powaver, whon a
circullt ic deemed suscentible Lo exteornal disturbones, the minimum
sencitivity of the lead shall be usced Jon “Inssification warzeces, robhe
than the voitage, Sensivivity shall be delined as the minimm arovnt of
voltage which when Induced Inbo the cirenisy, -4 rc:uiﬁ Iatho ool
tion ol the cireuit seration or quallsy,
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5.3.3 Wirding Procedure V
The wiring procedure of Paragraph 5. 3 3, 3 shall be implemented when

the basio requirenents of ?aragruphs 5.3 33 and 5 3.3.2 have been .
oatisfied.

5.3.3.1 .B~ sic Reouirement for Audio Frequency and Puloe Ci?Ctho

A cirﬁult return or AC neutral shall accompany each of the following
in every bundle in uhich the folloving are routed.

e

(a) Each audio frequency or- pulse signal

(b) Each by potrer 1ead ‘

(c). Each group of three phase AC ym connected power le,ds
(d) Each olngle vhase AC powcr lead if routed scparately from

group of three phase AC power xeads

5.3.3.2 ' Pesic Requirerment for Radié Froauency Circuits
| A retﬁrn for gach rédio frequénéy circuitvéhall always acéompany
each radio frequency sighal; Urder‘no cifcumstaﬁcés:sball any RF
transmission line be used that does not inhcrenuly provmde a reburn
and an RF shield (the RF shield and the sional ruturn may be the same
in the case of coaxial cable),

5;3.3.3 Wiring Procedure ) o ;

The following steps shall be followed in the implementaticn of the

wiring procedure, -

Interface Cortrol Document' R ¥., . Shest 9
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TABLE II - EDGE TO EDCT BUIDLE SEPARATION
REQUIREENTS

Pundle

Bundle | 1:>p | 1Lp<<ar | p s

Routed Separatica {In inches for paralled i
Parallel ) ‘ mms of D (FE-MT)
o

ML

HO 0 1.0 -0

[o——.

0 : 0 1.5 6.0

PO 0 2.0 1 8.0

|
i

RF : o | 2.5 0.0

0.5 ‘ 2.0

laO 14-.0

0
0
EO i :;‘ H O 3 _i.o " 6.0 :
EO ) : 0 0.5 SRR §
RF 0 1.0 L.G
PO REF 0 i 0.5 2.0
WOTE: I bundl ing has not been aceomplished throushout the launch
NOTE: If bundle coding has 1nob been aceomplished throushout the launch
vehilcle or spacecraft, the intgrlace wirce bundle of one cenber
- N F) / 3
running throush the obhor cenbeors vehicle, must be scparated from
other wire bundles by 6 inches and antenna fecds by 10 inches.
Interface Contrcl Document Sheet 12
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5.3 Detail Reguirements
Step I - Clas§ify all Circuits. The necessary pa ranotcrs required
to dotormine the classification of a ciroudt ara, in tho owrdor wvequired:
(1) frcque 1oy, rise or fall time; {2) loop impedaﬁcc;.and (3} voltage or
sensitivity. Rel ferring to Teble I, a circuit shall be classified by
termining circult pavemeters in the following order:

i

5.3.h.1 Freguency/Dise or Fall Time

The first parameter thot shall be determined for circuil classifica-

"

tion 1s frequency. I a circuit does not operate at il or at.a continual
simsoidal frequency, then the rise and/or fall times of the waveshape

must be considered., A circuis 18V pe whose rise or fall

=
fad
‘-J.
O
£
fox
9
©
[
Bind

Lhimes are less th

7.:
tj
O
L#1
(9]
£
£
—
o
i)
Q
4
I3 J
le]
H
(o]
[}
0]
[¢]
O
3
ja R
n

, shall be classified by
¢y. A circuit which has a

eater than 20 microsceonds,

ES = hidal
[v]e)] '/O B e

5.3.4.2 Loop T“prfﬂﬂce

m - Lrrmadd . v A e om A RPN R R =
The Joon dimpedance {sum ol source ond load irpedance:z 3 is the seocond

P Lo e o Tam S DA Ao e wrl - z LK LIRS | ™o B
paramever that chall be determined for cireult clogsificotion., Relferring
£ M. L BN LR 3 . s NP, NP B} 0 XN ) 2 oy
to Table I, loop dmpedance is not requlred for cireulbe with a risc or

.

AP R S B IS 2. L, s

£213 time less than or coual to L0 microseconds or circuits wilth fre-
[ S S U SR L S - s
gucneliecs Jowacer than 50 XC. The Zoor impedoncee, however, shall be

m L MRS
ol Document Sheet 13




5.305
5,3.5.1

5.3.5.1.1

5.3.5.152

. A e

DaseJdeden

Delreult as

"The final paramcter thﬁt shall be: dctermlhvd in order to aszimm a

edreuit classification L9 the maviuum voltage that appears on the source

the

output or the minimum scrsitivity of load, which@cver value is the

lowesbt.

Sten IT - Deternirne the Vive Troatnent

i

Recuired for Tach Circuit

Wire Tvee

i

for Audio Freouency and Pulse Clreuits

A viive type shall bb i:ncd to each audio frequency and pulse

specific d in Table 1. The pa*gJCECr required for assizning

the edance. The wire types called ot in Table L

£y

wire type is loop Imp

h

are gencral in nabture and do not relieve respons 3*71 b7

d631u“cr for specifying the allowable capoci

characteristics that deternine the eyact cons “u cticn ¢f 2 wire type Lo
necet the gen al requirements of wire types stated in Table 1 and defined

as follows

5
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o
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(&)
ot
o
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+

[&]
J
O
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. N . B 4 s
~ Y .- - S Ju o 't
sienal{s) wd wituin) Vd15ucc in

s condenee whbh tho tacmswositlon ,' ; - ST 4 TTT ae et a dmed
Gl ULAGnCl WLl Ve Wbl SLCoOn e ‘L,a.-w.»vAa,n.. PR G AR S A WS S VTS L B § L0464
o o sinele shiold
TNLCY § Singll silill.
Tt st A i at A~ Termae
1 N SUDLG Snlell 1AD
[, - .. M ey ! 7N PR U IO SRS S B )
Tooor era wivLo »osirnallsz) ord return) tidsted in
~ it . RN, FERN TN - 2 v e oo *orer 3 [
S U SO LUCHODCIANIOT TECUAYCnEnTe 03 able IXZ and conteined
.o -3 L | DU 3
salur o devsle shield.
Pt e ral C N e N L
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5'/‘0)31 l+

g

Tw1n1x
Two ccnductor twisted shielded line uull‘"lng radio frequency
(>>50 KG) ghlelding and having a dielectrie which produces a low '

congtant capacmtance between each conductor and the shield, and between

conductors,
Table ITT
Three Four - . 8ix Eight
Cauze  Two Conductor Conduchtor Conductor Conductor Conductor
b L Twlstg/ft. 3 2 1 1
#8 5 Twists/fh. L 3 2 1.5
#10 6 Twists/ft. L. 3 2.5 2
12 7 Twishs /it ' 5 L - 3 2
#ll;. 8 Twists/fb. b L 3 2.5
#1610 Tuists/ft. 7 5 L. 3
#1812 Tui. :v/ﬁo s 3 6 L,
#2016 Twists/ft. 12 8 8 6
22 & 18 Twists/ft. 16 10 9 8

Above

5.3.5.2

5.3.5.3

5.3.5.3.1

Jire Type for Radio Frequency Circuits

Interconnaction of radio frequency circuits, other than waveguide,
" shall be shiclded coaxial cable,.or balanced shielded RF cable with a
characteristic impedance equal to or less than 100 ohms.

Shield Grounding Recquirements

The requirements fer shleld grounding arec given in Tuble I. The

requlrumento arc listed as SPG {singlec poink grounding) and PG (mul-

tiple point grounding) and shall be irplemented as follows.

SPG (Sinrle Point Crov*'inﬁ)

- Shields which have the designation of SPG in Tehle I -hall be

grounded in onlf one place. This ground shall be made by dircct connecs
tion to the uignal rcturn at tuo point that the siznal return 1s
relerenced o the C3M or lounch vehlclc ground point (VGP).
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5.3.5.3.2 1PC (Multiple Point Crowndinz)

Shields which are designated as MPG in Toble I shall be grounded
to structure in as many vlaces as possible, The shields shall be
connected to structure at all disconnects.

5.3.5.4 . Wire Twmetlnﬂ Rcoulvemelts

A1l wiring requiring twisting as called out in. Table I shall
conform to the twisting‘requirements 1isted.ianablé III.
5.3.6 tep IIT - Wire Bundling

5.3.6,1 -Audio Frcouency Bundles

All circuits classified ML in St LU’I (5.3. A) may be routed together
in one bundle, and the bundle shall carry a bundle’ code of ML. AllL
circuits classified HO may be routed together-in‘oneubundle which shall
carry a bundle code of HO. o*n11arlj, all c1‘cv;;s classificd FO may be
routed togother in cne yundle which sn;l* C'Iﬂv 2 burdle code of LO) and
all circuits coded PO shall be routed together-in a bundle which shall
carry a bundle code of PO. Under no circumstances shall 2 circuil be
routed in a any bundle which docs not curry a bundle code that is the same
as the circuiv classification.

5.3.6.2 Radio Frecuency Circults

Circuils classified as RF in Step I shall be routed independantly
of all circults coded ML, HO, EO0, and PO. Care sholl beo cxereised in
bundling RF circuils to prevent circudl dervadotlon: ideally, each RF

+

circult should be routed 'ﬁ@iVli wlly frem all other 2P circuils,

H

5.3.7 Ston TV =~ Inctallation of Fundles
The bundles which have becn Tormed according to Stép Iz (5,3,6)
shall Be inccallied by the fbll::* 15 rules to provide the required
clcctf;chl Z50lation between <ifferent siétml levels:

Interface Control Document ‘Shcet 16
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5.5h.1

5.)+.2.J-

5.5
50501

a. The fundomental requiremeny shall be the physical lzolatien of one

bundle type from all other Lundles of a d*’”erenu bura’c cocde Lo

e

achieve electrical ivolaq¢ n betyeen uniilke bundles,

b, Each bundle type of one code chall be wurarated I rcm other bundles

with an edce to edge separaticn (in-inches) as spe cificd in Table

-

¢. UVhen installntion requirements necessitate bundles of diffecrent

classifications to croes, the crossover shall be nade at right

5
1]
’—J
e}
e
)
5
o,
©
[e]
o
o
!

Wire Shiclding ”“rou"q the Tnterinca

Shields other than coax shzll not carry imbtenticnal current.,

(] 3

Ly AT S cu Py S ERT P - - b 4 Y
Shieclds, 1T required vo be single »oint grounded, shall pass throu

the inverface on sgparscte cemnector »inas,

.,

In the event that shields must be Yranged!
pins, only Zour shields of a glven type clrcull classiiica

jon may be

i 3 et e A (O . L. [ ’ O R
gengeds  Care mush be crerciced to Insure thot o shisld ganged ab one
LI L . -~ A ho} .

deg; 1s rnot ranged to A, B, and.

*0l1ds w1 e e
clds at anot..iy dlscennacet,

(@]
le)
l,.-\.
H
o
b
c
)
ru

MU Sommmranm S leade  oa ot L T TS SO0 e SR S LT
AT ANSUTC SINe o .1 STage ©L LS sRacT Voo L LS CL IR

AV TRIRE R Lhe oy amoe ol Te suon A Tande NN, A A ~E AT s T A

(01620 TNVIS 1 uO Lire aldanu O Veey ile MATL W vile DS —edle M3 on
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Simeslion

T A, SR X I T N Ve K3 . Y -
cnallorn Lhane Iunchlieons shall o hars moetal o bare metal or an ﬁccuovh

Interface Control Documend Sheet 17

' ) J—)A ~6 C’V\J:’,

ald i.cn ceparation shall befm sintained bebween




5.5.2.1

5050202

5.5.2.3

5.5.2.4

include alodine, irridite, or equivalen

The location, area, and mebhod of preparing bonds shall be coor-

dinated through the cognizont interconter ponel an sho1l appear on the
appropriate interface documcntoiion t.nd drawings for cach side of the

A A

“irterface. A minimum of one bond joint shall oc cobablished over enbire

faving surface arca of ecch stage to starse Junction.
(o [& (¥

Bondirs Point Tdentificalion

A1l Apollo SC/IV mce “-D."llCcﬂl mating) ICD's chall indicate by a
bonding identification (\{37) on ee.cb ICD drawing the major Joiats, or

.;tructu al mabing “ao.kuts 2% which a bonded Joint is established,

- -
ata
(SRS

p B YaYed o oy 3 PR [
be less than 003 ohms as wooswred with ~ &b

rdlliohmeter or couivelent TC meter.

{
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