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ABSTRACT

A study of the Microwave Power Deam Ilonosphere effects and
critical interfaces between the Microwave Power Transmission System
{(MPTS) and the Satellite was conducted by Raytheon as part of the
NASA/MSFC continuing studies on the feasibility of power transmission
from geosynchronous o'rbit. Theoretical predictions of ionospheric modi-
fications produced by the direct interaction of the MPTS on the earths'
upper atmosphere are used to determine their ilnﬁact on the performance
of the Microwave Power Beam and Pilot Beamm System as well as on other
RF systems effected by the ionosphere. A technology program to guanti-

tatively define these interactions is developed.

Critical interface aréas between the MPTS and the satellite
which could have a major impact on cost and performance of the power
system are identified and analyzed., The areas selected include;
use of either a 20 kV versus 40 kV Amplitron, thermal blockage effects of
Ampli?fon heat radiation by the .satellite structure, effect of dielectric
carry-through structure on power beam, and efiect of material sublimation

on performance of the Amplitron in Geosynchronous Orbit,



FOREWORD

This volume is the final report on Raytheon's portion of the
"'Space-Based Solar Power Conversion and Delivery Systems Study",
Phase IIT, on Microwave Power Transmission. The study was performed
for the NASA Marshall Space Fiight Center under prime contract NAS 8.
31308 to ECON, Incorporated of Princeton, New Jersey., Raytheon carried
out their portion of the study under Subcontract ECON-0003. The Micro-
wave Ppwer Transmission Study was carried out under the overall cogni-
zance of C. A. Wendell,

The Microwave Power Beam Ionospheric Effects portion of the
.study was directed by A. H., Katz. Participating in the ionospheric
analysis were L, Holway and G. Meltz, '

The critical interface portion .of the study was directed by

J. J. Rossi with the power distribution analysis done by J. Haley.

" Special acknowledgement and thanks go to Mr, Walter Whitacre
of NASA for his guidance and critical .contributions, and to Mr, Owen Maynard
of Raytheon for sharing his experience to assure the study complemented but

did not duplicate prior work.

ii



2.2.4
2.2.5
2.3

2.3.1
2.3.2

2.3.2.1
2,.3.2.2
2,3,2.3

TABLE OF CONTENTS

ABSTRACT
FOREWORD

TABLE OF CONTENTS
LIST OF FIGURES
LIST OF TABLES

INTRODUCTION

Power Beam Ionospheric Effect

Analysis of Critical Interfaces Between the Satellite
and the MPTS

POWER BEAM IONOSPHERIC EFFECTS

Introduction

General

Technical Objectives

Technical Approach

Summary of Key Results and Recommeéndations
Ionospheric Phenomena

General

F-Region Heating

D-Region Heating

Basic Processes

Interactions of Lower-Frequency Propagation with
the D-Region

Recommended Theoretical Studies
Recommmended Experimental Studies
MPTS Ionospheric Interactions
Introductory Remarks

Tonospheric Effects for Selected Radio Wave
Propagation Examples

Examples to be Described
Effects of Disturbed Ionosphere on 16 kHz Transmissions

Effects of lonospheric Irregularities

iii

Page

ii
(1ii
vii

ix

-1

2-1
2-1
2-3
2-4
2.7
©2-10
2-10
2-14
2-28
2.28

2-39
2-45
2-47
2~49
2-49

2-53
2-53
2-53
2-55



2.3.3
2.3.4
2.4
2.4.1
2.4,2
2.4.3
2.4.4
2.4.4,1
2.4,4.2
2.4.4.3
2.4.5
2.4.5.1
2.4,5.2

2.4.5.3

2.4.6

3.1
3.1.1
3.1.2
3.1.3
3.1.4
3.1.5
3.2
3.2.1
3.2.2-
3.2.3

3.2,3.1
3.2.3.2
3.2.4

TABLE OF CONTENTS
(CONTINUED)

Other Users

Power Beam and Phase Control System
Technology and Demonstration Program
Program Plan ;
Requirements for Ionospheric Modification Facility
Options for Ionospheric Modification Facility
Ground Based Heating Facility

Specifications

Ground Based Heating Facility at 20 and 60 MHz
Ground Based Heater Facility at 2,45 GHz
Orbital Experiments

Objectives

100 Meter Linear Array at GEO

1 km Linear Array at GEO

Rough Order of Magnitude (ROM) Cost for MPTS
Ionospheric Effects Technology and Demonstration

ANALYSIS OF CRITICAL INTERFACES BETWEEN
THE SATELLITE AND THE MPTS
Introduction

High Voltage Power Distribution System
Thermal Blockage Effects

Dielectric Carry-Through Structure
Material Sublimation Effect _
Results of the Study

High-Low Voltage MPTS Study
Introduction

40 kV Amplitron

Power Distribution Systems

Subarray Distribution
Power Distribution Cost Summary

X-Ray Genération in Amplitrons

ivw

Page
2-59
2-59
2-64
2-64
2-64
2-71
2-73
2-73
2-T76
2= 81
2-82
2-82
Z2-84
2-88

3-10
3-12
3-19
3-19



3.2.5
3.3
3.3.1
3.3.2
3.3.3
3.3.4
3.3.5
3.4
3.4.1
3.4.2
3.4.3
3.4,3,1

3.4.3,2
3.4.4

3.5
3.5.1
3.5.2
3.6
3.6.1
3.6.2
3.6.2.1
3.6.2.2
3.6.2.3

4,0

4.1
4,2
4.3
4,4
4,5

TABLE OF CONTENTS
(CONTINUED)

Summary

Thermal Analysis - Structural Blockage
Introduction

Mast

Flex Joint

Close-In Structural Blockage

Summary

Effect of Dielectric Carry-Through Structure
Introduction

Phase Change

Heating Due to Carry-Through Structure

Estimate of Microwave Heating Due to Carry-
Through Structure ’

Heat Load on Antenna Due to Carry-Through Structure

Effects of Reflected RF Power on RF Systems Due to
Carry-Through Structure

Material Sublimation Effect on Amplitron
Introduction

Analysis

Summary and Recommended Development Plan
Conclusions of Present Study

Development Plan

Dielectric Carry-Through Structure
Development Thermal Blockage

Power Distribution System
COST MODEL INPUT DATA

Variable System Power

Antenna Illumination Taper

40 XV -Vs- 20 kV Power Distribution
Power Distribution

Efficiencies

FPage
3-23
3-27
3-27
3-31
3-35
3-35
3-36
3-38
3-38
3-41
3-49

3-49
3-51

3-55
3-56
3-56
3-57
3.63
3-63
3-64
3-64
3-67"
3-67

41
4-1
4-2
4-4

4.4



TABLE OF CONTENTS
(CONTINUED)

REFERENCES

APPENDIX A: . Microwave Power Transmisgsion
System (MPTS) Characteristics

APPENDIX B: The Effect of High Power Microwaves
on Ion Chemistry '

Page



LIST OF FIGURES

Figure Page
2.1 Equivalent HF and Microwave Ohmic Heating 2-13
2.2 Relationship of the Earth's Magnetic Field and the

Power Beam at a Northeast Site 2-17
2.3 A Near-Grazing Angle Between the Power Beam

and the Geomagnetic Field 2-18
2.4 . Time Behavior of the Electron Temperature at

the Northeast Site 2-20
2.5 Fractional Change in Nighttime Temperature and

Electron Density 2-21
2.6 Steady-State Temperature of the Nighttime

Ionosphere as a Function of Altitude 2-23
2.7 Contours Showing the Fractional Increase in

Temperature of the Electrons 2-25
2.8 Electron Temperatures at the Northeast Site

During Daytime 2-26
2.9 Decrease in Electron Density at the Northeast Site 2-27
2,10 Plot of the Rate of Change of Electron Temperature 2-31
2,11 Electron Temperature as a Function of Incident

Power Flux 2-32
2.12 Electron Temperature as a Function of Altitude for

Power Fluxes _ 2-33
2.13 Electron Density as a Function of Time 2-36
2,14 Absorption Coefficient for the Power Passing Through

Heated Portion of D-Region 2-37
2.15 Electron Density Contours in the Vicinity of a Vertical

Power Beam 2-40
2.16a Geometry of Propagation Path Reflecting from a Plane 2-42
2.16b Elliptic Fresnel Zone 2-42
2.17 F-Layer and D-Layer Interaction Region 2-52
2,18 Effects of Magnetic Storm on 16 kHz Propagation 2-54
2.19 Examples of Scintillations 2-57
2.20 Ionospheric Effects on HF Backscatter 2-58
2.21 Probability of Biological and Ionospheric Power

Density Constraint 2-70

vii



Figure
2,22

2,23
3.1
3.2
3.3
3.4

3.9

3.10
3.11
3.12
3.13
3,14
3.15
3.16
3.17
3,18
3.19
3,20
3.21
3.22
B.1

LIST OF FIGURES
(CONTINUED)

Experimental Configuration for 100 Meter Array
in Space and the Ground Based Heater

Exploded View of Ionosphere Interaction Region
Satellite Configuration

Amplitron Cost/Weight-Vs- Power Parametric Study
Illustration of Series Operation of Amplitrons

Low Voltage Distribution Crowbar & Switchgear
Distribution

Subarray Cabling Configuration
Center Area Subarray

Center Section Amplitron Layout Using
Square Configuration

Block Diagram Power Distribution System
for Amplitron

Amplitron Configuration

Amplitron Thermal Blockage Configuration
Conducting Mast Configuration

Mast Cross Section

Mast Blockage

Dielectric Carry~Through Structure Overall Geometry
Rotation Effects of Antenna

Antenna View Along Boresight at 8§ = 0°

1]
-
mO

Antenna View Along Boresight at 6
Reflection Coefficient from Slab of Dielectric Material
Blow Up of 20 Meter Structural Element

Amplitron Configuration

Sublimation Rate as a Function of Temperature

Tasks/Schedule

Electron Density Depletion as a Function of Altitude
for Various Power Fluxes

Electron Density Depletion as a Function of Altitude
for Three Power Fluxes

Fractional Electron Density Decreases as a Function
of Electron Temperature

viii

Page

2-85
2-86
3-3
3-9
3-13

3-14
3-15
3-17

3.20
3.28
3-30
3-32
3-33
3-34
3-39.
3-42
3.44
3-45
3-52
3-53
3-59
3-61
3-65



Table

2.4
2.5
2.6
2.7
2.8
2.9
2.,10a
2,10b
2.11

2.18
3.1
3.2
3.3
3.4

LIST OF TABLES

Environmental Effects - Propagation Results
of Previous Study

Parameters for F-Region Heating

Scale Time to (Minutes)

Dimensions of Fresnel Ellipse

Summary of Ionospheric Effects

Other Users: Navigation Systems

Other Users: Communication Systems

Other Users: DoD Radars

MPTS lonospheric Effects Program - Summaxzry
MPTS Ionospheric Effects Pragram '
MPTS Ionospheric Effects Program (Continued)
Power Beam Parameters as a Function of DC
Power from Rectenna (PG)

Options for Simulating MPTS Induced Ionospheric
Modifications

Simulated Ionospheric Effects of Power Beam as a
Function of Power Output

Specifications for HF Heater at 20 MHz for F-Layer
Experiments

Specification for HF Heater at 20 MHz for D-Layer
Experiment

Specification for 60 MHz Heater for F-Layer
Experiment

ROM Costs for MPTS Ionospheric Effects
Téchnology and Demonstration Program

ROM Costs for Ionospheric Modification Facility
Interface Study Summary and Conclusions
Comparison of 40 kV -Vs~ 20 kV Amplitron
Subarray Wire Size Calculations for 20 KV System

Comparison High «Vs- Low Voltage Distribution
System for Amplitrons

ix

Page

2«2
2-16
2-35

Z-44
2-51
2-60
2-61
2-62
2-65
2-66
2-67

2-68

2-80

2-90
2-91
3-5

3-11
3-16

3-21



Table

3.5

LIST OF TABLES
(CONTINUED)

Summary Comparison High ~Vs- Low Voltage
Distribution System for Amplitrons

X-Ray Radiation in Amplitrons: Intensity Generated
X-Ray Radiation in Amplitrons: Effect of Attenuation

Affect of Carry-Through Structure Shadowing of
Antenna on Main Beam Amplitude

Results of Previous Cdmputer Thermal Analysis
of Amplitrons

Summary of Sublimation of Copper Anode

Percentage Increase in Electron Density Following
200 Seconds of Heating

Page

3-22
3-24
3-25

3-47

3-58
3-62



i.0 INTRODUCTION

This volume describes Raytheons' contribution to the Space Based Solar
Power Conversion and Delivery Systems Study. The study consists of two dis-
tinct areas although both are related to the MPTS. The areas of study are:

1. Power Beam Ionospheric Effects
2. Anmalysis of Critical Interfaces between the Satellite and the MPTS

In addition, the impact of these studies on the cost model utilized by

ECON was evaluated and the results can be found in Section 4. 0 of this volume.

1.1 POWER BEAM IONOSPHERIC EFFECT

-The first area involves a study of the effects of the power beam on the
earth's upper atmosphere, specifically, the ionosphere. Previous studies have
indicated that the effects of the MPTS on the ionosphere are likely to have enough
impact to warrant an experimental verification program before a commitment to
a full scale prototype SSPS could be made. As such, Raytheon was requested to
initiate an in-depth study which would:

1. Identify the ionospheric modifications caused by the power beam

2. Determine the resultant performance limitations these effects
would have on both the MPTS (Pilot Beam) and other RF systems

which are affected by ionospheric phenomenology.

3. Establish a technology p;'ogram which by the mid 1980's would
provide the necessary data on which to base a decision on
whether and how to proceed with the full scale prototype

vis-a-vis ionospheric effects.

Section 2.0 of this volume describes the Power Beam Ionospheric Effects.
Further, Section 2,1 provides a description of the objectives, method of approach,

key results, and an overview of the recommended technology program.



1.2 ANALYSIS OF CRITICAL INTERFACES BETWEEN THE
SATELLITE AND THE MPTS

The second study area consisted of the investigation of four critical inter-
face areas which had indicated having the most irnpact on the cost and performance

of the MPTS, The four areas investigated are:

1, The potential cost and performance advantages of using a 40 kV distri-
bution system for the Amplitron in lieu of the 20 kV system which is the current

evident baseline configuration.

2. Detailed evaluation of the thermal blockage from the rear of the
Amplitron by the satellite mast, flex joint and antenna subarray structure to
determine if the thermal blockage exceeds 5%, the current baseline design speci-

fication.

3. Effect of the dielectric material connecting the solar panels on the
satellite on the microwave power transmissions to determine if significant per-
turba:tions in the either the power beam, sidelobe or phase control system will

occur.

4. To determine if sublimation products local to the Amplitrons would

have any effect on the performance of the Amplitrons.

Section 3.0 of this volume describes the investigations of the critical
interfaces between the MPTS and the satellite where Section 3. 1 provides a

digcussion of the key results and an overview of the recommended technology

* program,



2.0 POWER BEAM IONOSPHERIC EFFECTS

2.1 INTRODUCTION

2.1.1 GENERAL

A series of studies have and are being conducted to identify and analyze
critical areas which are related to the economic aspects and the risk involved in
the design, construction and operation of the SSPS. One of the most sensitive of
these areas is the envirommental impact, This includes the environmental effects
of the launch vehicles, the interaction between the microwave transmissions from
GEO to the earth and the earths' atmosphere, and the distribution of RF energy at
and near the earths' surface. Raytheon, in a previous NASA study‘lfr identified and
analyzed the effects of the microwave transmissions through the earths' atmos-
phere which included the effects on the ionosphere, the effects of the ambient and
disturbed ionosphere on the microwave beam, and the effects of the lower atmos-
Phere on the microwave transmissions. Table 2.1 lists the areas addressed by
that study and also provides a brief synopsis of the results. In that study, it was
recognized that one of the most critical aspects was the potential effects the
microwave transmissions would have on the ionosphere. It was recommended that

a further study, specifically related to the ionospheric effects be undertaken.

As a result, the current study described in this report was conducted.
It was also recognized that the study of atmospheric processes is such a broad and
complicated discipline that the present effort should be concentrated on what was
believed to be the most critical issues so as to be most productive. Therefore,
areas such as the following were not addressed by the study: a) chemistry of the
upper atmosphere; b) neutral gas heating and related phenomena; c) optical
emission pheno'mena; d) excitation of neutral winds and of atmosphere gravity
waves; and e) generation of harmonic radiation, or in general, of RFI. It is
recognized that further effort must be directed toward each of these areas and
in fact as will be shown, a significant technology program will be required to
more fully assess the ionospheric impact alone, The study on ionospheric effects
paid particular attention to the possible impact the resultant ionospheric changes -

would have on systems which are known to be affected by the identified ionospheric



phenomenology. The results of this study show that the ionospheric effects are
potentially of great significance and could seriously constrain development of the
SSPS Program unless a technology program is implemented to quantify the impact
and establish acceptable limits of the ionospheric changes brought about by the
microwave transmissions from the SSPS. Ag such, a multi-year development
program has been defined with the objective being to quantify the risks associated
with the ionosphere and allow tradeoffs to be made with respect to the economic

benefit associated with high power densities versus the results of adverse iono-

spheric effects.

TABLE 2.1 ENVIRONMENTAL EFFECTS - PROPAGATION
RESULTS OF PREVIOUS STUDY

I. For the atmosphere at frequencies below 3 GHz:

a. Absorption and scattering effects are small except for wet hail,

h. Refraction changes and gradients cause negligible displacement or
dispersion of the high power beam and do not degrade significantly
a ground based pilot beam phase front as seen at the transmitting
antenna. (NOTE: Current study indicates statement still valid,
however, risk is sufficiently significant to warrant experimental
verification. }

II. For the ionosphere at frequencies above 1 GHz:

a. Refraction changes and gradients cause negligible displacement or
dispersion of the high power beam, and do not degrade significantly
a ground based pilot beam: phase front as seen at the transmitting
.antenna.

b. Absorption and scattering effects are negligible.

c. Faraday rotation has only a small effect for a linearly polarized
receiving antenna.

d. Changes in electron density caused by power densities of 20 mW/cm
and above at 2. 45 GHz need to be investigated for possible effects on
other ionosphere users,

e. Possibility of harmonic radiation from the ionosphere (radio frequency

interference effects) should be investigated.



2,1,2 TECHNICAL OBJECTIVES

The effects of the Microwave Power Transmission System (MPTS) power
beam on the ionosphere are of importance because of the possible interactions
between the induced ionospheric disturbances and phase control system as well
as the power beam itself. Of similar importance is the impact on ''other users"
by the ionosperic modifications caused by the power beam. Systems affected by
ionospheric modifications, exclusive of the MPTS itself, will be defined as ''other
users', These include navigation systems such as Omega and HF communication

systems, for example.
The specific subtasks of this study are to:

l. Assess the MPTS ionospheric potential changes and resultant
effects on other users as well as the microwave power beam

and its phase control system;

2. Outline a technology and demonstration program designed to
establish quantitative information on these effects to guide
the selection of limiting values for power density and thus
approach a near optimum SPS System with controlled impact

on the ionosphere and its other users.
Three questions were posed which this study has addressed:

l. Are ionospheric modifications significant and, if so, what is
the critical range of power densities {(i.e., power level of
SSPS system) that must be examined during an experimental

program?

2. Are the potential effects on '"other users" significant enough
to cause high risk during operation of SSPS systems and

warrant an experimental program to quantitatively assess

the risks?



3. Do we need an experimental verification program to minimize risk
of SSPS with respect to the ionosphere and, if so, what are the

requirements for this experimental program?

Section 2,1 of this report will describe the technical approach and provide
a summary of the key results of this study. Sections 2.2 and 2.3 describe in
detail Raytileon's assessment of the ionospheric modifications and effects on other
users, respectively. Finally, Section 2.4 establishes the requirements of a
technology and demonstration program as well as briefly describes the imple-

mentation of this program and its Rough Order of Magnitude (ROM) costs.

2,1.3 TECHNICAL APPROACH

The first task of this study was to provide an assessment of the ionospheric
effects caused by the MPTS. DBased on theoretical models of chmic heating, the
magnitude of the ionospheric effects in both the F-layer and D-layer have been
calculated at 20, 80 and 320 mW/sz power densities for both a southwest and
northeast U, 5. sgite. These are representative of the densities to be associated
with 5, 10 and 20 GW output S5PS respectively. Results of this analysis indicate
the occurrence of large electron temperature increases {several thousands of
degrees}) and electron density decreases (10 to 40%) in the F-layer (the F-layer
is the height range where the peak ionospheric electron densities are observed).
',I’wo sites were evaluated because the orientation of the earth's magnetic field
. and elevation angle from the ground station to the array in space depends on site

location, and it was found that F-layer effects will vary with site location, In
addition to the F-layer effects, simulations indicated that D-layer effects (where
maximumn absorption of radio waves occurs) showed large temperature increases
accompanied by increases in the electron density. At frequencies below 20 MHz,
this results in an increased absorption of radio waves which pass through the
disturbed region. The D-region effects are not site dependent because the motion
of the electrons is not restricted to magnetic field lines, as is the case in the '

F-region.



Theoretical predictions have not yet advanced to the point of providing a
complete picture of the effects on the ionosphere, Because of the complex nature
of the power beam interactions with the ionosphere, an experimental program will
be required to more fully assess the ionospheric effects. To determine the impact
of the ionospheric modifications on other users, it was necessary in this study to
assume that the induced perturbations would be similar to ionospheric perturbations
that occur naturally. Knowledge of how the naturally occurring ionospheric pertur-
bations affect these users exists in the literature and can be used to estimate the
impact of the MPTS on similar users. Two issues will have to be resolved by any

proposed technology program before this assumption can be validated:

1. Are the power beam ionospheric effects more or less intense
than the naturally occurring phenomena and do they increase

the occurrence statistics of these phenomena ?

2. Are the power beam effects limited to the region that the power
beam intersects the ionosphere or will the effects occur over

larger geographical regions?

The first issue is important because ionospheric effects, such as geomagnetic
storms or periods of intense scintillations, do occur which significantly degrade
performance of many systems., They occur infrequently enough so that the per-
centage of time that significant degradation occurs is small. However, continuous
heating by a power beam could produce these effects a large percentage of the

time,

The second issue needs to be addressed because natural phenomena occur
over large and dispersed geographical regions, while the power beam: effects,
where they occur, would be over particular regions. A further point is that
although one power beam might not cause significant perturbations in terms of
the region disturbed, the total system involves the use of over 100 power beams
which significantly increase the regions disturbed and thereby increase the proba-

bility of adverse interactions with other users.,
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A preliminary assessment of these issues was made by comparing the
ionization depletion in the F-layer predicted by theoretical models of ohmic heat-
ing with disturbances caused by naturally occurring magnetic storms, - The
magnitude of the power beam disturbance compares in magnitude with the natural
phenomena caused by magnetic storms. It is not yet known how the geographical
distribution of the MPTS disturbance compares with the naturally occurring
disturbance. However, the comparison does show that the effects of the MPTS
are not insignificant when compared to naturally occurring phenomena and that
this natural phenomena is known to cause serious disturbances to users which

interact with the ionosphere.

The next task was to assess the potential effects of the ionospheric modi-
fications on other users. The number of systems which potentially are affected
by the ionosphere is too large to be fully explored here. The approach taken was
to select specific examples which span the RF domain in generic systems such as
navigation,” communication and DOD radars. Clearly only the systems currently
in use or envisioned to be in use over the next ten years can be included. Systems
that might be utilized when the SSPS is operational can only be speculated upon.

The }';urpose of the approach used was:
1) to indicate the extent of the interaction with other users;

2) to establish requirements of a technology program which
includes evaluation of the effects of the ionospheric modi-

fications on other users;

3} to establish a framework within which the design of future
systems can accommodate the ionospheric effects of the

power beam.

Based on the above studies, it was determined that an experimental pro-
gram would be required to fully define the ionospheric effects of the MPTS,

Requirements were established based on 'several criteria:



Power output with associated power densities required to establish

an economically viable s'ystem;

Maximum power output and power densities allowed by envirommental
considerations, including ionospheric effects as well as limited

consideration of biological effects.

It was determined that the likely range of system power output was from 4 to 7GW,,

which corresponds to peak power densities from 14 to 43mW/crn2' and associated

sidelobe power densities = 0, 06 to 0. 17mW/cnnz.

2.1.4 SUMMARY OF KEY RESULTS AND RECOMMENDATIONS

1.

Tonospheric modifications by the power beam are not insignificant
and enough uncertainty exists in current models and predictions to

warrant an experimental verification program.

A large number of systems (''other users') could be adversely
affected by the ionospheric modifications and the impact of the

MPTS on these systems has to be quantitatively specified.

The power density threshold where ionospheric modifications
become significant is as low as 15mW/c:mZ, which corresponds
to a 4GW MPTS. Current theoretical studies indicate increased’
risk at power densities above approximately 50 .'th/mn2 {depends
on site location), which corresponds to a 7GW system, and the
likelihood of a viable SSPS system above 7GW is small (also

supported by increased biological risks).

Economic studies by ECON have indicated that there is a decreasing

economy of scale below 4 GW output power (See Volume V of this study).

Based on Items 3 and 4 above, the likely range of operation is from
4 to 7GW and a technology program has been developed which will
quantitatively assess the ionospheric impact of a 4 to 7TGW SSPS5,

2~7



Based on the above results, a three-pronged technology program is

recommended:

1,

Theoretical Studies

A,

Establish a two~dimensional steady state theoretical model
of the ionosphere under the influence of microwave power

transmissions, Include in the model the .effects of horizontal

motions.

Include the effects of plasma instabilities caused by ionospheric

modifications by the power beam.

Continue evaluation of potential ground based heating experi-
ments at 2. 45 GHz, particularly to determine the viability of
small scale experiments to validate extrapolation of heating
experiments performed at lower frequencies 20 - 60 MHz to
2.45 GHz.

Experimental Program: Ground Basged Heater

A,

Establish a ground based heating facility which simulates the
MPTS heating due to power densities over a geographical region
similar to that of an operational MPTS. A ground based heater

at a frequency of 20MHz is recommended.

Establish diagnostics to fully evaluate effects of heating on other

users., Include operation of other user systems where feasible.

Orbital Experimental Program for MPTS Phase Control

The approach to establishing the earliest MPTS test antenna configur-

ation at GEO (Geosynchronous Earth Orbit) is as follows:

Configure prototypical MPTS antenna elements to be tested at GEO

such that a minimum beam width will result in spot size in the ionosphere and on

the ground which approaches the size of the operational system.

The spot size is

inversely proportional to the array dimension so that a 100m array will give a



spot size about ten times that of 2 1000m array. First order effects of the ground
based pilot beam phase front disturbances by the ionosphere should then be measur-
able in terms of power density distribution on the ground with a 100 meter power
transmitting array at GEO and ground based command system requirements to
compensate for these disturbances should be able to be determined. A 100 meter
linear power transmitting phased array at GEO should be sufficient to provide
meaningful data on one axis for a minimum of power at GEO, Ionospheric disturb-
ances, due to natural causes, of the power beam would be measux,'able in terms of
power density distribution changes at the ground; however, the disturbances due to
power beam heating of the ionosphere would not be present, Simulation of the
power beam heating from the ground would properly influence the pilot beam and
its effects on the power beam; however, the power beam itself would not be
properly influenced unless the simulated heating were over a region approximately
ten times that of the operational configuration. The orbital experimental program
for MPTS phase control technology development and demonstration is therefore

currently recommended as follows:

A, Establish a small scale system at GEO. For the mid 1980's a
linear array 100 meters in length is recommended for the
microwave transmission subsystem. During the early 1990's
it may be prudent to place 2 lkn linear array at GEO before
full commitment to the prototype.

B, ZEstablish a ground based pilot beam whose transmission path
traverses the ionosphere region being modified by the ground

based heater.

C. ZEstablish a ground based monitoring system which measures
the received power density distribution of the power beam from

the linear array at GEO.
This experiment will determine the following:

1} Feasibility of retrodirective phase control of a phased
array in space using a ground based pilot beam as the
primary means of keeping the power beam focused and

pointed on target;



2) effect of ionosphere, both ambient and ground based as

modified by heater, on pilot beam system;

3) effiect of ambient ionosphere on location of power beam

and power spreading.

2,2 IONOSPHERIC PHENOMENA

2.2.1 GENERAL

Since an S-band microwave transmitter has a frequency that exceeds the
maximum plasma frequency in the ionosphere by more than two orders of magni-
tude, the amount of power that can be absorbed from a beam transmitting micro-
wave power from a geostationary satellite to the ground is a negligible fraction of
the total transmitted power. However, this energy is absorbed directly by the
iree electrons in the ionosphere, and, as th;a calculation to be presented here will
show, the temperature of these electrons can be raised to levels whi;:h are thou-
sands of degrees hotter than the temperaturés which exist in the undisturbed

ionosphere.

In order to see this clearly, we write down the following formula for the
wave number of microwave radiation passing through a region of the ionosphere

in which the electron density is n.
k = ____LLUJ + j(.‘L E) (1)

[o4

where the index of refraction isg
=1 - (62/26 m) (-2- (la)
Te) w?.

and the absorption coefficient is

2
il

(eZ/ZGOmc) "f?v_ (1b)
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These formulas assume that the (angular) microwave frequency ® is much
larger than either the plasma frequency, w_ = (nezfmeo)llz, or V, the

effective collision frequency for electrons with heavy particles.

Equation {1a ) shows that the change in refractivity is largest where the
plasma density is greatest, and this occurs at the peak of the F- region near
300km altitude. Omn the other hand, Equation {1b) shows that the maximum
absorption occurs at the altitude where the product nv is largest. Since v
decreases exponentially with altitude, this occurs at a much lower altitude,
During the daytime, when substantial ionization exists in the D region (0-90%m)

the peak absorption occurs near 70 km.

The microwave power beam has too high a frequency for attenuation to be
significant. For example, the power flux, which is attenuated at the rate e~ fx
where B = 2a, is reduced at the insignificant rate of 5 X 10'6 dB/km. The D-
region absorption can be increased by more than an order of magnitude in the
region where the electrons are heated, due to an increase in both v and n as
we show below, but even then the absorption will still be insignificant for the
power beam. However, it is necessary to look more carefully at the possibility
of effects upon communication systems which interact with the D-region, such as

HF systems and VLF navigation systems such as Loran and Omega.

For the 2450 MHz microwaves, the change in the index of refraction
caused by an electron density of 5 X 105 at the F-region peak is only
H - 1 = -3,4X 10" which amounts to a phase change of 17 radians over a
path length of 100km,

The dissipation per unit volume in yvatts/m3 is

Z
Q==B<S>=2ct,ceo <E2>=_e_....\%3_<E
- m

25 (2)

where <S> is the Poynting flux in wa.tts/rnz and the brackets indicate that

the quantity is averaged over an RF cycle,
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According to Equation (2), the ohmic hea‘clng for different frequencies
and power densities will be proportional to S/f Because of this relationship
it is possible to duplicate the ohmic heating due to microwave transmissions from
a solar powered satellite with much lower power densities, provided a lower
frequency is used. In particular, a large body of experimental information has
been developed during HF ionospheric modification experixnentsl, carried on at

Platteville, Colorado and at Aerecibo.

Figure 2.1 shows typical powers obtained from a 5 MHz transmitter pro-
ducing 2 MW of power with an antenna gain of 17 dB. Such a transmitter produces
a power density of 88y W/m at 300 kmn which dissipates as much heat as a power
density of 2.2 mW/mz at 2450 MHz. In the D-region, the HF transmitter pro-
duces a higher power flux of 2200 uW/mz which is equivalent to 53 :an/c:rn2 in

the power beam.

The HF beam is not correctly described by Equation { 1 ) when the plasma
frequency or the collision frequency is comparable to the HF frequency, and it
suffers additional refraction, focussing and deviative absorption. In particular,
near the reflection height for the HF beam, Airy "swelling" effects take place
which amplify the beam power. One can picture this occurring as the result of
the group velocity of the wave decreasing in the vicinity of the reflection point,

The effect is to increase the effective iaower density by more than an order of
magnitude, so that the HF ohmic heating in a narrow height interval {on the order
of 1-2 ki) becomes equivalent to the heating at 2450 MHz which is caused by
power fluxes in the range of 20- 100 mW/c:mz. In the HF modification experiments,
these power fluxes were sufficient to trigger instabilities, to cause chanced air-
glow at 6300 A and to produce field aligned structures which scatter radiation in
the VHF and UHF bands. Although some of these instabilities, such as the para-
metric decay instability, 3-4 will not be excited as effectively by the microwave
radiation as by the HF radiation, it seems reasonable to expect that 20 rr.ﬂ.?‘.?'/cm2
of 2450 Hz radiation may produce effects comparable to those observed during the
ionospheric modification experiments. It is also appropriate to remind the reader

that the history of the ionospheric modification experiments showed many un-
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anticipated effects observed during the experiments that were not predicted by
theoretical analyses. In large part, these effects were difficult to predict
because, in contrast to the ohmic-heating calculations which we are about to
describe, these plasma instabilities involved nonlinear interactions which-é_.re

able to affect the plasma in many and varied ways.

- The most important differences between the HF modifications experiment
and the microwave transmissions are the effects near-the reflection point in the
HF experiment. In the F-region, power fluxes equivalent to the microwave,
transmissions exist over.a narrow altitude range below the reflection point. In
this narrow range, the intensity oscillates, having several maxima, each of which
are separated by distances less than 1 k. Another important difference is that
the HF interaction region has a much greater horizontal extent, since the beam
width in the F-—reg-ion has a diameter of about 100 km, compared with a power

beam diameter of 10 km or less.

2,2.2 F-REGION HEATING

The ohmic heating in the F-region changes both electron temperature and
electron density. Although only the electron density directly affects the index of
refraction, at high frequencies where Equation (1) is valid, the electron tempera-
ture is also important because it forces the expansion of the electronic fluid and
also because it provides an indication of the amount of energy which is available

to drive instabilities.

The most important feature of plasma motion .a.bove 120 km is that the
plasma is forced to flow along the earth's magnetic field, and so the fluid motion
can be treated as one-dimensional. However, an electro-dynamic drift with
velocity (f‘_f X g)/BZ exists at these altitudes which causes electrons and ions on
each line of force to drift perpendicular to the earth's field. The drift varies
with time of day, altitude, sunspot cycle and geographical location but has an
average value near 50m/sec which causes the plasma to drift across a 10 ki

diameter power beam in about 200 seconds.
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- The electron temperature has been calculated by a computer program which
numerica.liy sclves the'coup}.ed differential equations (1 -3 ) given in a paper by
Meltz and LeLevierS. In thé model described in that paper, space charge effects
cause the electrons and ions to move together so that they satisfy a single contin-
uity and momentum equation, although separate equations are required for the
temperatures Te and Ti' Electrons gain energy directly from the power beam at
the rate given by Equation (2 ) and, in the F-region, the most important cooling
mechanism is thermal conduction by the electrons along the magnetic field.
Although some heat is transferred to ions and neutral particles at all altitudes,
the amount of heat deposited by the power beam is so large that most of it must
be conducted down to lower altitudes near 200 km where collisions with neutral

particles are frequent enough to cool the electrons., The thermal conductivity
5/2
e

heat which can diffuse downward increases. At night, a larger temperature

increases as T so that, as the electronic temperature rises, the amount of
increase will be caused by the power beam because there are fewer electrons to

transport heat away from the dissipation region.

If the magnetic field makes an angle & with the power beam, a field line
which passes through the center of the beam will be heated over a length D/sin o
"where D is the beam diameter, so the temperature increase will be largest when

the beam is nearly parallel to the. field line.

.For our examples, we assume that the satellite is on the equator, at a
height h = rO/x above the center of the earth (where g is the earth's radius}
and the power beam is transmitted in the mevridian plane. Therefore, at a

latitude 0 , the beam will make an angle ¢ with the horizontal, where

¥ = 90° - 8 - arctan x sin 8 (3a)
1-xcost

so that, when ¢D is the dip angle of the magnetic field

a = |¢D - illl (3b)
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Our calculations were made for both a Northeast site where ¢y = 72°

and 6 = 42,48 corresponding to conditions near Bedford, Massachusetts, and
for.a Southwest site where ¢ = 60° and 6 = 32° corresponding to conditions
near White Saﬁds, New Mexico. The resulting angles were o = 31. 5° at the

Northeast site as illustrated by Figure 2.2, and o = 7. 6° at the Southwest site,

illustrated by the near-grazing angle shown in Figure 2. 3.

The calculations have been carried out for S =20, 80 and 320 mW/cmz
for systems-which have beam diameters of 10, 7.1 and 5 km respectively. These
numbers have been associated with systems producing 5, 10 and 20 GW of total
power and it is assumed that the higher power systems have larger antennas whick
allows smaller beam diameters to be achieved, The parameters used in the
example-are summarized in Table 2.2. Since the heat dissipation is proportional
to nv, where v is the total collision frequency for electrons colliding with

neutrals and iong, it is useful to give the normalized dissipation Q/nv in joules,

TABLE 2.2 Parameters for F-Region Heating

Power .
Density Length of Field
2 Q/nv Beam Line Heated by
L.ocation MmW/cm™) (joules) . Diameter (km) Beam (km)
Northeast 20 8.98 X 10724 10 19,2
' 80 3,59 X 10723 7.1 13.5
320 1,44 X 107%% 5 9.6
24
Southeast 20 8.98 X 10 10 75.6
80 13.59 x 10723 7.1 53.5
-22
320 1.44 X 10 5 37.8
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In order to describe the computer results, we will be able to orient our- -
selves most effectively if we begin by describing the time behavior of the electron
temperature at the peak of the F-region when the beam is suddenly turned on. In
these calculations, we have used atmospheric and ionospheric properties consis-
tent with a night-time profile over Colorado, but we will use the beam orientation
and magnetic field for the Northeast site. The temperatures, which are shown in
Figure 2.4 for the three different power levels, increase from their undisturbed
night-time temperature of 1200° K and approach a steady temperature after 20 - 30
seconds of heating. These steady temperatures are considerably higher than the
increases of about 35 percent which occur in the HF modification experiments.
The reason for this is that, even in the ZOmW/c:m2 case, the power beam heats
each field line over a distance of 19 km while the HF experiment produces a com-
parable magnitude of heat dissipation only over a narrow height range near the
reflection height. However, we note that the high temperatures produced by the
power beam will only occur in a slab about 10 km thick and parallel to the meridian

plane containing the axis of the power beam.

The effect of continuing the heating over 3000 seconds is shown in
Figure 2.5. The electron temperature increases rapidly and reaches a steady-
state value about twice it-s undisturbed value in about 30 seconds. However, the
electron density decreases much more slowly and requires about 2000 seconds
before it reaches a steady-state value about 45 percent below the ambient.
Physically, the reason the plasma expands so slowly is that it takes time for the
heavy ions to physically move large distances as the thermal expansion pushes the
plasma into the upper atmosphere. However, the heat is transmitted by the
electrons and the thermal diffusion time is very fast. Even though the electron
density is changing for 2000 seconds, the temperature can remain nearly constant
because both the gain in heat from the beam and thermazl conduction are propox -
tional to the plasma density. Thus the absolute magnitude of the density does not
change the temperature, although the manner in which the plasma is distributed

as a function of altitude does,
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In interpreting these long-term resulis, it is necessary to remember the
electrodynamic drift has a magnitude on the order of 50m/sec. The best way to
picture the effect is to imagine each line of magnetic flux moving perpendicular to
itself, so that any given flux line will move through a 10 km beam diameter in
about 200 seconds. Thus, the electron density will decrease for about 200 seconds
reaching a level about eight percent below.ambient and then increase toward ambient
in a comparable time, because it will take the same time for ions to drift back into
the '"hole' as it took them to expand. Although we have not carried out this calcul-
ation, the temperature should decay back toward ambient in a time comparable to
30 seconds. These time scales will determine the physical dimensions of the

disturbance under steady drifts,

The curves in Figure 2. 6 show the electron temperature as a function of
altitude for the fluxes and locations described in Table 2, 1. Each curve gives the
temperature for electrons along a single flux line, which were initially at the
specified altitudes when the power beam was turned on. These curves give the
temperature at t = 200 seconds which corresponds to the length of time the
‘plasma remains in the beam; at this time the temperature has almost reached the
steady state but the electron density would continue changing if the flux line could

remain within the beam.

The heat is deposited near 300 km and most of it is conducted downward to
altitudes near 200 km where the neutral particles are sufficiently numerous to
cool the plasma. The energy loss processes used in the calculation include the
excitation of rotational degrees of freedom in the diatomic gas and excitation of
fine-structure transiti:ons in atomic oxygen. The calculation does not include
energy losses due to excitation of vibrational levels in N2 which becomes pro-
gressively more important for T, > 2000°K, At the highest power fluxes, the
vibrational losses may become noticeable, although the relatively low concentra-
tion of diatomic molecules in the F-region diminishes the importance of these

losses, as discussed by Meltz and LeLevie;t's.
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The boundary conditions for the differential equations have been discussed
earliers, but we generally try to move the boundary altitudes far enough away
from the dissipation region so that the precise boundary conditions are not
important. For example, the electron temperature in Figure 2, 6 was assumed
to remain at the ambient value at the bottom boundary at 170 km. This boundary
condition is only approximate; yet it causes little error in the electron temper-
atures above 200 kkn because most of the thermal energy is absorbed by the neutral
gas before it can be transported down to 170 km. The temperature rise in the
neutral gas is insignificant because its concentration is so much greater than the

electron concentration.

Contours of the fractional increase in electron temperature in the meridian
plane containing the axis of the power beam are shown in Figure 2, 7. The largest
increases are about 50 percent for the 20 mW/c:nc'J.2 power beam, and occur in the
immediate vicinity of the beam near the peak electron density. However, an
iﬁcrease of 25 percent occurs at points hundreds of kilometers above the beam.
These high temperatures would only exist in a2 plane slab about }0 km thick and

parallel to the meridian plane.

The electron temperature as a function of altitude during daytime operation
of the solar-powered satellite is shown in Figure 2.8. A comparison with
Figure 2.6 shows that the ambient daytime temperature is conside-ra.bly higher,
in part due to the productions of photoelectrons, However, the tempe rature
increase caused by the microwave heating is considerably smaller because the
increased electron density and higher temperatures increase the thermal con-
ductivity and effectively reduce the thermal resistance between the dissipation

region and the lower ionosphere,

The fractional decrease in electron density caused by 200 seconds of
microwave irradiation at the peak of the F-layer is shown in Figure 2.9, for

both daytime and night-time irradiation at the Northeast site.
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with n, the sum of NZ and O2 densities in cm-3. Here we give the equations
in the form appropriate for 2450 MHz. At higher frequencies, the ohmic heating
decreases as llfz. The precise form for arbitrary frequency has been described

in References 6-8, with the most detailed exposition in Reference 7.

The U, represent various eneréy loss processes. Although U2 and U4
are included in our numerical results, they are relatively unimportant to our
results, Uz, which involves the electron energy lost to exciting fine-structure
transitions in atomic oxygen, becomes significant above 90 km where the relative
concentration of atomic oxygen is large. U4 is the elastic loss which is small
compared to inelastic losses, Then U 1’ the logs rate due to rotational excitation

in the neutral gas, is

- =10 [
U, = 3.15X10 n, 8T _/V T, (6)

where we used Dalgarno's fo:t‘r:rmlal1 expressed in ocur units. Here
6Te = Te - 'I'N is the change in electron temperature from its ambient
value, which equals the neutral temperature.

For low-power fluxes, where the ambient electron temperature is
changed by less than 50 percent, U3 can also be ignored. However, it becomes
important for large electron temperatures and for lack of a more accurate

formula, we find that Dalgarno's tabulated loss ra,tes11 can be fitted to the

equation.

o =21 4 4
Uy = 1L25X10 n, (Te - TN) . (7)

With this form U
exceeding 1800° K,

3 will be greater than U1 for electron temperatures

For weak fields, say afnout one mW/cmz, the electron temperature
increase will be less than 10°K with U3 much smaller than U1 . However,
U3 increases rapidly with temperature and becomes very important for power

densities exceeding IOmW/cmz. In fact, the critical power SC was defined ™ as



a power level above which the loss terms due to U and U2 ;s by themselves,
are not sufficient to keep the temperature stable, w1thout including the losses
due to U, and U,. For 2450 MHz at 60 km, the critical power is 15mW/crn .
Figure2l0 plots the rate of change of tempera,ture as a function of temperature
for several values of S/SC. The rapid drop in this curve at large temperatures
is due to U,. Without the term U3 , the curve for S =1.25 Sé would remain -
positive for all T_, and Equation (4) would require the temperature to continu-

ally increase.

The electron temperature, after 1t has reached a steady state in the
presence of the power beam, has the magmtude shown in Figure 2,11, as a
function of the power flux., The temperature increases shown in this fzgure a:re'
several thousand degrees Kelvin for the fluxes typical of the power beam, but
they are restricted to the volume indicated by the beam. The temperatures at
100 and 110 kim are reduced by U2 , the energy loss to fine structure transitions
in atomic oxygen, because the relative concentration of atomic oxygen becomes
larger with altitude. The critical power density, S‘c is also increased due to the
atomic oxygen concentration. The plot was not extended beyond _SOmW/g:Inz to
avoid going to temperatures higher than the data points to which the curve for

. U3 had been fitted,

The altitude dependence of the electron temperature is shown in.
Figure 2,12 for several power fluxes. The atomic oxygen concentration tends

to reduce the temperatures above about 90 kn.

The electron density in the D-—'regiori is a function of many complicated
chemical reactions which are not well understood, but we can expect the density
to be drastically changed by the large jump in electron temperature. A first

approximation to the eleciron density might be given by a2 recombination equation

%%_ '—.qv- (I.(Te>n2 . (8)
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where q is a source term due to photoionization. If n, is the equilibrium
density and T0 is the equilibrium temperature in the absence of the power

beam
q = a(TO)nZ ) (9)

The electron temperature increases from To to its steady-state
temperature Te on a millisecond time scale, so that on the time scale of
Equation { 8) it can be considered to jump instantaneously from TO to 'I“3 .
{In the HF case, S and therefore Te are gradually changing as a function of
time, and Equation { 8 ) must be solved numerically.) In the present case,

Equation (8 ) has an analytic solution which is

-t/t
o (To) l1-Ae ©

© o (Te) 1+ A e-t/to o)

where

R HORICN R o

fa(Ty) - [(T.)

A = ) (12)

o (T,) + e (T,)

Equation { 10 ) shows that the equilibrium electron density is

a(T
neq = no _L)_) ( 13 )
a (Te)
and that equilibrium is reached over a time t, inversely proportional to

the electron density.



The dissociative recombination coefficient was taken to bhe

o = 5% 10°° (180/Te) (14)

which is consistent with published recombination rates involving water-
cluster ions, 12 and would lead to an increase in electron density occurring
over times on the order of 10 minutes, These times are consistent with the
absorption history observed during HF heating, 13 where the ionospheric
absorption increased for about 10 minutes after the heating radiation was

applied and‘dec:ays over the same period of time when the heater ig turned off,

Table 2.3 shows typical times, to , based on Equations (11) and (14),

which gives the minutes required to reach steady state.

TABLE 2.3 Scale Time to (Minutes)

n S 2 2
o 10 mW/am 20 mW/ecm
1000 3.4 6.2
100 34 62

The electron density at 60, 70 and 80 km is plotted as a function of time
in Figure 2. 13 for 20 1'13.\if\f/cnc12 in the power beam, using Equation (14) for the
recombination coefiicient. Few water cluster ions are found above 80 km and
near this altitude o should change from Eguation (14) to the NO" coefficient
o = 5X 107 (300/Te)1'2 :

The absorption coefficient in dB/km is shown in Figure 2. 14 as a function
of altitude for a 10 MHz ordinary wave passing through the ambient ionosphere,
through an ionosphere which has been heated by the 20 '.r:n‘\i\i’/crn2 beams for one
second which is long enough for a steady-state temperature to be reached, and

through an ionosphere which has been heated for 20 minutes.
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An interesting aspect of Figure 2. 14 is that heating the ionosphere below
70 km reduces the absorption coefficient instead of increasing it, The reason

for this is that the absorption coefficient is propoxrtional to

Vv
eff (15)

2 2
1
w + veff

where w' = w %t cos O w, where g is"the angular electron cyclotron frequency,
8 is the angle between the propagation direction and the magnetic field, and *
sign is + for the ordinary wave and - for the extraordinary wave. In the high
frequency approximation, Equation (15) becomes \)_eff/t.u2 which increases in
proportion to Te as Te increases. However, if w' is much less than Vefe?
then Equation (15) is proportional to 1/\)e i which is inversely proportional to

the electron temperature so that the absorption decreases. Since w' is smallest
for the extraordinary wave, heating the ionosphere is likely to decrease the
absorption of extraordinary waves which propagate below 70 km. As a matter of-
fact, Utlauti3, in the ionospheric heating experiment, has observed that an
extraordinary probe signal has relatively less increased attenuation during the
heating of the D-region than does the ordinary wave; although this re sult has not
been explained to date, it is consistent with the term in-Equation (15). However,
calculations which would confirm this hypothesis7 have not been définitive inas-
much as they require an accurate knowledge of the ionospheric profile at the
precise time of the experimental measurement and measurement of the attenuation

of the o and x modes, preferably at several different frequencies.

The changes in electron density which occur after 20 minutes of irradiation
are responsible for the large increase in absorption that is shown for the dot-dash
curve in Figure 2. 14 in comparison with the dashed curve which is drawn for
times shortly after the beam is turned on, so that 01.11y the electron temperature
has had time to adjust. The electron density changes were calculated on the

basis of the recombination coefficient for water cluster ions given in Equation (14).



This recombination model is oversimplified and, in particular, should be
modified above 80 kin where a recombination coefficient appropriate to diss

dissociative recombination of NO+ ions would be more appropriate.

In the D-region, horizontal winds of varying velocity will cause fluid
elements to drift across the beam with speeds on the order of 50 M/sec. These
winds will move fluid across the beam in about 200 seconds, which is long com-
pared with the relaxation time of the temperature, but short compared to the
time required for the recombination processes determining the electron density
to come to a steady-state. Therefore, the electron density disturbance will pro-
duce a wake extending outside the beam, although the temperature disturbance

will be confined to the volume of the power beam.

The gradients in electron density in the D-region will tend to cause
"blooming'" of the beam, in the sense that a laser beam causes blooming in the
atmosphere and also to cause the beam to be refracted into the direction of the
wind. However, this will be a weak effect due to the high frequency of the micro-
waves compared to the plasma frequency. For the same reason, this effect will
also be weak in the F-region but its tendency will be reversed because the
microwave beam acts to decrease the electron density and therefore to cause
' self-focusing instead of '"blooming'' and to cause the beam to be refracted down-

wind, instead of upwind.‘

2.2,3.2 Interactions of Lower-Frequency Propagation with the D-Region

The.changes in electron density will cause the electron density contours
to bulge downward as shown in Figure 2. 15, These contours neglect wind drift
which would reduce the electron density in the upwind direction and cause a
small ''wake' in the downwind direction. The contours correspond to electron

densities which will reflect frequencies ranging from 63 to 900 kHz.
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The absorption coefficients in Figure 2. 14 make it clear that signals
propagating through the disturbed region will suiffer severe attenuation. The
bearn dimensions are small enough so that little signal energy will propagate
directly through a single beam; however, this problem -will become more severe

if large systems with many beams are ultimately designed.

The effect of the disturbance will depend on the size of the Fresnel zone
relative to D, the diameter of the power beam and of the disturbance. If A
the Fresnel zone is small compared to D, the reflection from the contours will
be a geometrical reflection from the reflecting contour, so that most propagation
paths will be unaffected although certain locations may be shadowed and others
may receive multipath signals. On the other hand, if the Fresnel zone is much
larger than the disturbance, no path will be shadowed although there may be a

small amount of fading in the received signal.

The geometry for a Fresnel zone in which energy is reflected from a
horizontal plane is shown in Figure 2.16a, The reflection occurs from a point
O on the surface such that TOR is the shortest distance for a path reflected

from the medium where
TOR = 2h/sin 8 . (16)

Consider a point A which is located at (x, y) on the reflecting plane
where x is the distance to be measured along the intersection of the reflecting

plane and the plane TOR , while y is measured perpendicular to TOR. Then

TAR = h? & y% + (hcot® +x)° + JhZ +y% + (h cot 8 - x)
~ _2hb + < (xz‘sin'?’ 8 + yz sin 9) , {17}
sin O h

where terms of order x3 and y3 are neglected.
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FIGURE 2,16-b Ellipse corresponding to the Fresnel zone
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Therefore, the Fresnel zone is bounded by the locus

%% sin 8 + yz . __Ab (18)

2 sin 6

which describes an ellipse with 2 semi-major axis a , which lies in the plane

TOR as shown in Figure 2, 16b, Here
1/2 .
= (-—3’-‘-"——) / sin © (19)

2 gin 9

and the semi-minor axis.is

1/2
b = ___._13}___> (20)
2 sin 8



The results are shown in Table 2.4 as a function of frequency and elevation

angle 8 , where the reflection height is taken to be 70 km.

TABLE 2.4 Dimensions of Fresnel Ellipse

Angle Frequency (MHz) a {km) b (lam)
90° 5 1,5 1.5
90° 1 3.2 3.2
90° 0.5 4.6 4,6
90° 0.1 10.2 10,2
45° 5 2.4 1.7
45° 1 5.5 3.9
45° 0.5 7.7 5.5
45° 0.1 17.2 12,2

5° 5 56,3 4.9
5° 1 126 11.0
5° 0.5 178 15.5
5° 0.1 398 34,7

Roughly speaking, the Fresnel zone can be considered to exceed the size
of the disturbed region for frequencies below 1 MHz. Since the reflection
frequency for the highest contour shown in Figure 2. 15 is 900 kHz, the frequencies

which are reflected in the D-region cannot be treated by geometrical optics alone.



2.2.4 RECOMMENDED THEORETICAL STUDIES

The great bulk of theoretical work on the HF ionospheric-modification
program was devoted to understanding the plasma instabilities which were
generated by HF heating, To date, only a small amount of effort has been devoted
to understanding the instabilities which might be produced by the high-power
microwave transmissions (although Appendix B of Reference 14 was devoted to a
study of the field-aligned structure which might be caused by the self-focusing
. cr:,. LD
instability ).

The development of the plasma instability theory for the HF ionospheric
modification experiments provides a great deal of background knowledge which will
be useful in studying the high-power microwave phenomena. However, the HF
experiments uncovered many effects which were not anticipated in the theory and
the same situation may be encountered when a solar power station produces an un-
precedented combination of high power and high frequency microwaves. In these
circumstances, one requires a careful analysis of the possible effects that may

occur under these conditions.

In one respect, the microwave interaction is simpler to study since there
is no reflection height and the effects, such as the parametric decay instability,
" which depend on the radiowave frequency being close to the plasma frequency will
be less important. However, the heating calculations given in this paper indicate
that a great deal of thermal energy is available to drive instabilities in the plasma.
Some instabilities, such as the drift-resistive instability which is driven by large
plasma gradients, ‘should be re-examined under the more intense disturbances
which may now occur, Other instabilities, such as field-aligned diffusion modes
and self-focusing instabilities, and effects such as enhanced airglow within the

heated volume in the F-region need to be considered.

The high microwave frequency makes it more difficult to affect the power
beam than it is to affect the propagation characteristics of lower frequency radi-
ation propagating through a modified ionosphere. Amn analysis of the self-focusing

instability indicated that field-aligned .instabilities would grow only if the wave-



length was on the order of 500 meters or larger, and such long wavelengths would
not affect control of the power beams. However, even though no serious effects
have been identified, it is instructive to recall that the field-aligned structures
created by the HF modification experiment scattered radio waves with frequencies
as high as UHF and VHF, when the propagation direction had the proper orienta-
tion relative to the magnetic field. This suggests that great care must. be taken
before concluding that scintillations will not be produced that afiect satellite

commmunications.

In addition to analyzing possible effects due to instabilities, several
improvements could be mentioned that might be made in analyzing the fluid dynamics
of ohmic heating. Although it was possible to estimate the effects of wind drifts in
the D-region and electrodynamic di‘ifts in the F-region, these drifts were not
specifically included in the analysis given in this report. The electron energy loss
due to vibrational excitation of NZ’ which proved to-be vitally important in the D-
region calculations, was not included in the F-region, partly because of the scarcity
of N2
became important above 2000° C. The high temperature obtained with the 320

at these altitudes and partly because it was a high temperature effect which

320 mW/(::m2 power beam might be modified by this effect. Since the microwave
disturbance is not only hotter, but also is more limited in lateral extent than the
HF experiment, it may be important to reconsider the methods by which particles
can leak to adjacent lines of force. The heating is going to cause local changes

in the conductivity in the E-region which may modify, at least locally, the dynamo
currents near 120 km altitude. The effects of chemical recombination and photo-
production were ignored in the F-region although these effects will clearly modify
electron density perturbations during the daytime. The aeronomy of the D-region
is complex but a more accurate model of the chemistry is needed to determine the

ate

electron density changes accurately,

Because of their possible importance to the MPTS, the tasks described
above, along with the additional analysis required to relate these Ishysical results
to the propagation of communication signals through the disturbed ionosphere and
to the control of the power beam transmission should be carried out early in the

development plan for a microwave power transmission system.

als

" Appendix B contains a preliminary investigation of the effects of
Microwaves on ion chemistry.
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2.2.5 RECOMMENDED EXPERIMENTAL STUDIES

The experience with HF heating of the i.onosphere1 suggests that it would
be extremely overoptimistic to assume that our theoretical underxrtaking of iono-
spheric plasma instabilities is so complete that there will be no surprises when
the operation of the MPTS is begun, Therefore, it is recommended that a series
of experimental approaches be designed, beginning with the least expensive, which
will give us a high degree of confidence in our understanding of the microwave-

ionospheric interactions before a solar satellite is actnally deployed,

" Fortunately, one experiment has alréady been carried out, in a sense,
namely the experimental work carried out in the HF ionospheric modification

experiments. b 13 The relevance of the experiments is due to the fact that ohmic
heating scales as the power flux divided by fz', although the critical fields for the

onset of plasma instabilities do not always have the same scaling factor.

The olhmic heating in the HF experiments differs from the microwave

heating in several ways:

1, The HF frequency is close to the plasma resonance frequency which
makes an analysis of the instabilities difficult and introduces refractive effects,

deviative absorption and plasma turbulence near the reflection height.

2. The Platteville HF experiment heats over an area 100 lon in diameter

while the microwave beam is less than 10 km in diameter.

3., The Platteville heater delivers a flux which, after scaling, is com-
parable to an MPTS only near the reflection height, where the Airy swelling .
factor is important. 2 Thus a vertical height range of only 2 - 3 kim is heated
while the MPTS more typically heats a given flux line over an altitude range of,
say, 20 km.

A more realistic experiment can be designed by going to a frequency above
the plasma resonance at fmax’ say 20 MHz, With a large enough antenna, the
radio waves could be focused in the F-region over an area comparable to the
power beam area and with power fluxes which scale to the 20 mW/cmz level con-~
templated for the microwave transmissions. Some analysis is underway else~

16, 17 to evaluate the possibility of obtaining useful information from the
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Aerecibo facility in Puerto Rico. If one MW were transmitted at 20 MHz from an

antenna aperture of 400 meters, a power density of 1.27 X 10 3mW/c:m2 could be
obtained for a 10 km beam at an altltude of 300 kmm. This power density would
scale to 19 mW/cm at 2450 MHz=.



2.3 MPTS IONOSPHERIC INTERACTIONS

2.3.1 INTRODUCTORY REMARKS

This section addresses the impact of the ionospheric changes brought abouw
by the power beam on other users as well as on the power beam and phase control
system. The basic assumption underlying this study is that the ionospheric per-

‘turbations brought about by the heating are no different than those which occur
naturally, For example, ionospheric irregularities ocecur in equatorial and polar
regions which produce amplitude variations known as scintillations. Irregularitie
of this type could occur as a result of plasma instabilities associated with the
MPTS. However, the power beam effects might be'different from naturally

occurring phenomena in the following two ways:

a. Power beam will increase occurrence of these effects in mid-
latitude regions {CONUS) where heretofore they did not occur

with as great a frequency as in the equatorial or polar regions,

b. Local effects of the power beam could be more severe than
naturally occurring phenofnena and thus provide a more severe
effect on signals which traverse the ionosphere in these local-

ized regions.

To study the impact on other users, we have investigated and identified
various systems and the extent'to which they might be affected. The systems are
classified as to applications; namely, navigation systems, communication system:
and DoD radars. They have been selected to'span the frequency range from 10kH
to 6000 MHz, The possible effects of the power beam on each system are dis-
cussed as well as our recommendations for further investigation (theoretical and
experimental), It was clearly irnpossibie under the current effort to make an
exhaustive study to identify and discuss more than a representative set of system:
However, we have identified those systems which we believe have a particularly
important role in the future and also span a large frequency range. Since the
jonospheric effects are strongly related to frequency of transmission, the results
of this study can be extrapolated to affects on systems not discussed which utilize

a specific frequency.



Clearly, as an experimental program is brought to fruition, classes of
users will be identified in further detail. Experimental measurements will, in
the future, be defined which will either use the actual system or experiments
which simulate effects on systems when geographical location of a specific system

(such as large DoD radars) make it impractical to run coordinated experiments.

Table 2-5 summarizes the ionospheric effects and some general classes of
systems that could be affected. Several effects are listed in Table 2-5 which were
outside the scope of the present study and for which we would recommend further
study; generation of traveling ionospheric disturbances, harmonic generation-of

RFI, and chemistry changes due to excessive heating from the power beam.

The effects described in Table 2-5, even if they occur in a region localized
with respect to the power beam, can potentiaily effect users at ranges upward or
2000 km from the interaction region. Another way of viewing this is that a user
is affected by the power beam in an area defined by the intersection of his local
horizon and the ionosphere. Figure 2-17 schematically illustrates this point by
showing the area of potential interaction for the F-layer and D-layer with respect

"to a user. Any power beam passing through- the potential area of interaction could
affect the operation of the user. For example, a user located in the middle of the
of the U, S. would be affected by every power beam that is contained in the U. S.
For one power beam the probability of interaction might be small; however, for
over 100 power beams, all located within the area of interaction, the potential
for user interaction will significantly increase, The size of this increase depends
on the orientation of the power beam with respect to the user and the size of the
geographical disturbance caused by the power beam. The area of interaction
shown is defined by the line-of-sight propagation from the user. However, for
VLEF systems like Omega, which proPagate via the earth ionosphere waveguide
over distances large compared to the interaction region, the effects of the power

beams will be observed over larger geographical areas ‘than indicated.

Before discussing specific systems in detail, some examples of how iono-
spheric disturbances, both natural and man-made, affect the systems will be
described. This will provide a graphical representation of the possible effects

that can occur.
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TABLE 2-5. SUMMARY OF IONOSPHERIC EFFECTS
PHENOMENOLOGY POSSIBLE EFFECT UNRESOLVED QUESTIONS SYSTEMS EFFECTED
ABSORPT ION e SIGNAL LOSS FOR ® GEOGRAPHICAL SIZE AND ® HF COMMUNICATIONS
HF COMMUNICATIONS © MAGNITUDE
(80 KM) ® OMEGA
. MODIFY VLF SIGNALS LOCATION QF EFFECT WITH | LORAN
USED FOR NAVIGATION RESPECT TO0 XMTR
LOCATIONS
TONOSPHERIC LIMIT FREQUENCY WINDOW GEOGRAPHICAL SIZE AND e PCWER BEAM
DEPLETION FOR HF COMMUNTICATIONS MAGNITUDE o HF COMMUNICATIONS
(HORIZONTAL DISPLACEMENT OF EFFECT OF CONTINUOUS
GRADIENTS) POWER EEAM HEATING
TONOSPHERIC SCATTERS ENERGY NON-LINEAR EFFECTS o PILOT BEAM
IRREGULARITIES PROPAGATING THROUGH

REGION

(SCINTILLATIONS &
ASPECT SENSITIVE
SCATTER)

- DOES IT OCCUR AT
2.45 GHZ

- FUNCITION OF POWER
DENSITY

LIFETIME AND GEOGRAPH-
ICAL DISTRIBUTION

TRAVELING WAVES

SCATTERS ENERGY

VARIATIONS IN RADAR
TARGET LOCATION

OVER WHAT DISTANCES
DO THEY TRAVEL

RFI HARMONIC
GENERAT ION

INCREASED INTERFER-
ENCE FOR OTHER USERS

DOES IT OCCUR?

e COMMUNICATIONS
(HF/SATELLITE)

o NAVIGATION (GPS)

e DOD RADARS
(SPACETRAK,
SURVEILLANCE)

CHEMISTRY
CHANGES
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2,3,2 IONOSPHERIC EFFECTS FOR SELECTED RADIO WAVE
PROPAGATION EXAMPLES

2.3.2,1 Examples to be Described

Three examples of ionospheric effects on radio -Wave propagation will be
described: (1} effects of magnetically disturbed ionosphere on 16 kHz trans-
missions, (2) effects of ionospheric irregularities on 254 MHz transionospheric
propagation, and (3) effects of Platteville heating on HF propagation. The first
example will illustrate the possible effects of changes in the F-layer as predicted
by ohmic heating. The last two examples will illustrate results of plasma in~

stabilities which could be induced by a microwave power beam.

2.3.2.2 Effects of Disturbed Ionosphere on 16 kHz Transmissions

In Section 2.2, 2, the effects of ohmic heating on the F-layer are described.
F-layer electron densities decrease by from 5 to 40% depending on the magnitude
of the horizontal motion of electrons in the F-layer. This decrease is comparable
in size to the effects of magnetic storms, which produce a.40 to 20% decrease in
mid-latitude F-layer electron densities for weak storms and a 30 to 40% decrease
for strong magnetic storms. Although the magnitude of the MPTS induced iono-
spheric m'odifications is comparable to the natural occurring phenomena, the geo-
graphical distribution of the power beam induced modification has not yet been
predicted. This prediction would require further improvements to the theoretical
model to include horizontal motions across the earth's magnetic field. This modi-
fication is recommended for continued theoretical studies to further understanding

of the effects of the MPTS on the ionosphere,.

However, it is well known that magnetic storms produce ionospheric dis-
turbances which seriously disrupt HF communications as well as VLF propagation.
Figure 2. 18 shows the effects of a magnetic storm on 16 kHz propagation for a
1500 kin path. (19) The two cycles of phase advance at 16 kHz correspond to a
37.5km change in phase path which will result in a significant range error for

systems such as Omega, which operates at 10, 2 kHz,
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This illustrates the potential effect that power beam heating could have on
Omega navigation systems. Of course, the geographical size of the man-made
disturbance, as well as the cumulative effects of over 100 power beams of which
several might affect a specific propagation path, still has to be considered.
Finally, the analysis presented here is by analogy (i.e., comparing power beam
effects with naturally occurring phenomena) and will require experimental veri-
fication before the quantitative effects of the MPTS on other users can be estab-

lished.

2.3.2.3 Effects of lonospheric Irregularities

Ionospheric irregularities {also called spread-F) could be caused by plasma
instabilities generated from the effects of ohmic heating. For example, the self-
focusing plasma instability (see Appendix B i-n Reference 14) is predicted to produce
instabilities in the 70 ~ 100 meter wavelength range at power densities which vary
from 70 rnW/c:m2 (for 100 meter wavelength) to 200 rnW/cm2 (for 70 meter wave-
length). Irregularities of this wavelength are what produce scintillation (rapid

fading) of transionospheric signals in the UHF/VHF frequency range.
(13)

During the Platteville heating experiment ionospheric irregularities
were observed in the 100 meter wavelength regime. The results of the Platteville
heating are not directly related to microwave power beam effects because the
Platteville heating is done at a frequency near the plasma frequency of the iono-
sphere. This increases the effective heating by at least an order of magnitude.
Also, the heating from the Platteville heating experiment occurs over a limited
height range (approximately 1km) near the plasma frequency, whereas the power
beam provides a constant heat source over tens of kilometers. However, the
results did indicate the occurrence of irregularities at power densities equivalent
to 20 mW/cmZ at 2. 45 GHz=. Furthér, the occcurrence of these irregularities was

unexpected. (i. e, , not predicted) and it is risky at this stage of our understanding

to predict the occurrence or non-occurrence of irregularities as a result of power



beam heating at 2.45GHz, This factor is one of the main reasons that an experi-
mental program is required to determine if and to what extent ionospheric

irregularities are produced.

However, it appears likely that at power densities above 20 n::W/crn2 there
is a-possibility of causing irregularities, and at power densities above 50 to 70
rrﬂ’\l”/crr:n2 there is a strong likelihood of producing significant ionospheric perturb-
ations. Further, if these plasma instabilities occur and ionospheric irregularities
are generated with sufficient intensity, they could have a éignificant impact on the
performance of many systems that propagate through or under the ionosphere,
Because of the high potential for i)roducing deleterious effects, further study and
experimental verification is highly recommended to determine the magnitude of
the effects, assess the impact on other users, and determine the impact on the

power beam as well as the phase control system of the MPTS.

(21)

For example, Figure 2,19 shows an example of scintillations at 254 MHz=
at Natal, Bragzil from LES-6 satellite transmissions. Upwards of 20 - 30 dB fading
is observed as a result of ionospheric irregularities. This demonstrates the effects

on signals which propagate through an irregularity region,

" A further example of the effects of ionospheric irregularities was obtained
from the Platteville heating experiment, where Raytheon had the responsibility
for investigating HF backscatter from the heating region by building, operating
and analyzing HF backscatter from a ring array. The ring array is a circularly
phased array which maps out backscattered energy from the ionosphere as a
function of range and azimuth, Figure 2.20 illu..stra,tes the results of the Platteville
beater on HF backscatter. With the heater off, the return observed is from normal
ionospheric reflections and is confined in range and azimuth. Also, its Doppler
spectra is highly coherent. After the heater is turned on for only several seconds,
the effects of the modified ionosphere is exhibited as a multiple of returns in range

and azimuth concordant with a decrease in the Doppler purity of the returned
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signals. This illustrates the creation of ionospheric irregularities as a result of
the Platteville heating experiment. It also illustrates one type of diagnostic
measurement facility that will be required during an éxperimental verification
program. This facility will map out the region over which irregularities occur

as well as demonstrate the effects that the irregularities will have on HF systems..

2.3.3 OTHER USERS,

Tables 2-6, 2-7 and 2-8 list other user systems for navigation, communi-
cation and DoD radars, réspectively. Each table shows the principle system
characteristics, identifies p;)tential power beam ionospheric effects and makes
recommendations. It is important to remember that only a limited number of
examples have been selected, However, the systems have been selected to span
the RF domain from 10 kHz to 6 GHz and thus indicates potential impact on most
users. It is clear that if an experimental program for evaluating ionospheric
effects is undertaken, a critical element will be the design and implementation of
experiments which will quantitatively determine the risk that the MPTS ionospheric

effects pose {o other users,
The experimental program will have to answer the following questions:

1. Will the power beam effects be more intense and occur more
frequently when compared to naturally occurring ionospheric

distarbances?

2. Will the effects be limited to the power beam or will the

perturbations occur over larger geographical areas?

2.3.4 POWER BEAM AND PHASE CONTROL SYSTEM

A phase control system is required to keep the power beam focused on the
ground rectenna. A pilot beam system is being considered which transmits from

the ground (actually located in the middle of the rectenna) and, by comparing
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TABLE 2-6 OTHER USERS: NAVIGATION SYSTEMS

SYSTEM SYSTEM CHARACTERISTICS DOWER BEAM EFFECTS RECOMMENDAT TONS
OMEGA e 10.2 KHZ, CW ® IONOSPHERIC EFFECT MHEORETICAL CALCU-
COULD CAUSE SUDDEN LATIONS OF POWER
8 '
© & STATIONS, TDMA PHASE ANOMALIC BEAM EFFECTS AND
e SINGLE FREQUENCY . COMPARE WITH OB-
HYPERBOLIC SYSTEM PHASE gEOMALIE;% COULD| grrvED SPas.
(PHASE COMPARISONS) INCREASE L.OCATION .-
ERROR BY A FACTOR OF 5 ESTABLISH SEVERAL
, OMEGA I.INKS WHICH
{1 TO'5 MILES). PASS THROUGH
HEATED VOLUME.
LORAN C e 100 KHZ, PULSE © NONE ON GROUND WAVE LIKELY NOT TO BE

e GROUND WAVE (2000 KM)
- AND SKY WAVE (8000 KM)

& HYPERBOLIC SYSTEM

¢ FOR SKY WAVE USERS
POWER BEAM COULD -
DEGRADE PERFORMANCE
ALTHOUGH SKY WAVE USERS
FAR REMOVED FROM
DISTURBED REGIONS.

SIGNIFICANTLY
EFFECTED.

SINCE LORAN C
EQUIPMENT READILY
AVAILABLE, PARALLEL
EXPERIMENTS WITH
OMEGA SHOULD BE
CONSIDERED,

NAVSTAR GPS
(GLOBAL
POSITIONING
SATELLITE)

lst SATEL-
LITE IN MAY
1977

o THREE-D LOCATION USING
4 SATELLITES

e 1200 AND 1600 MHZ (TWO
FREQUENCIES ELIMINATE'
RANGE ERROR OF IONOSPHERE)

© USE OF IONOSPHERIC MODEL
FOR SINGLE FREQUENCY USER

e DESTGNED FOR LOW GAIN
OMNI-RECEIVE ANTENNA

® ELECTRON DENSITY CHANGES

WILL NOT EFFECT TWO-
FREQUENCY USERS.

@ ELECTRON DENSITY CHANGES

INCREASE ERROR BUDGET
FOR SINGLE-FREQUENCY
USERS.

e IRREGULARITIES COULD .
CAUSE SCINTILLATIONS
WHICH COULD PREVENT
SYNC ACQ BY UNSOPHISTI-
CATED USER.

POSITIONING SYSTEM
OF THE 1980s AND
ITS IMPORTANCE
MAKES IT MANDATORY
TO EXPERIMENTALLY
DETERMINE EFFECTS
OF HEATING.

MONITOR PERFORMANCE
OF GPS, PARTICULAR-
LY OVER EQUATORIAL
REGION.
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TABLE 2-7 OTHER USERS: COMMUNICATION SYSTEMS

SYSTEM

SYSTEM CHARACTERISTICS

POWER BEAM EFFECTS

RECOMMENDAT IONS

Hr

e 3-30 MHZ

e USES IONOSPHERE AS
REFLECTOR TO PROPAGATE
AT RANGES FROM
400-800 RM

PROPAGATION OUTAGES

® LOSS OF COMM I.INKS
o MANY USERS EFFECTED

- HAM
- MILITARY
- CIVILIAN

ESTABLISH SEVERAL HF

LINKS WHICH PASS THROUGH
AND NEAR HEATING REGIONS

DURING EXPERIMENT .

AFSATCOM

e ~ 260 MHZ
~ 340 MHZ

® SATELLITE-TO-AIRCRAFT
COMMUNICATION SYSTEM

FADING DUE .10
SCINTILLATIONS

ASPECT SCATTER
COULD CAUSE MULTI-
PATH DEGRADATION

SIMULATE WITH GROUND-
BASED COMMUNICATION
SYSTEMS.

FLY ATIRCRAFT WITH COMM.
SYSTEMS NEAR HEATING
REGION.

MEASURE SCINTILLATIONS
AT 400 MHZ CAUSED BY
HEATING.

INTELSAT/
MARISAT

1200 MHZ

" 1600 MHZ

6000 MHZ } MARISAT
4000 MHZ

FADING, IF SEVERE
COULD BE
SIGNIFICANT

MEASURE SCINTILLAT ION
DURING HEATING
EXPERIMENT .
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TABLE 2-8

OTHER USERS: DOD RADARS

SYSTEM SYSTEM CHARACTERISTICS POWER BEAM EFFECTS RECOMMENDAT ZONS
OTH 5-30 MHZ ® COVERAGE SECTOR MAINLY | ® DURING EXPERIMENT A
OCEANS, SO EFFECTS SMALL~-SCALE OTH RADAR
USES IONOSPHERE AS LIMITED TO SIDELOBES SHOULD BE BUILT AND
REFLECTOR TO ILLUMINATE OPERATED (RADAR IS
LARGE AREAS ® ASPECT-SENSITIVE SCATTER ALSO USED AS A DIAG—
SURVEILLANCE FOR CONUS FROM IRREGULARITIES AND| . NOSTIC TOOL FOR
- GROUND BACKSCATTER DOP- :
EVALUATION OF IONO-
PLER SPREADING IN SIDE- SPHERTC EFFECTS)
LOBES MASK TARGETS :
SURVEILLANCE  VHF-UHP o IF IN MAINLOBE CAUSE e GROUND BASED BACK- -~
AND DETECT SL AND SEVE " SCATTER OBSERVATIONS
SPACETRAK SPACETRAKBMS ) F§D1§§ TARGET DURING HEATING
RADARS EXPERIMENT

- RANGE ERRORS




measured phase at sections or subarrays of the transmitter array with a centrally
located reference phase, the power beam is kept in focus on the ground. The

(13)

possibility was investigated under previous studies that ionospheric pertur-
bations could impair performance of the pilot beam phase control system. Also
studied at this time was the possible effect that the ambient ionosphere, as well
as the modified ionosphere, would have on displacement or dispersion of the power

beam.

Further investigation under this effort tends to confirm the conclusions of

our previous MPTS study (for power densities below 100 mW/cmz) that:

1. Negligible displacement or dispersion of the high power beam by

ionospheric effects will occur.

2. The ground-based pilot phase front at the transmitting antenna

will not be significantly affected by ionospheric perturbations.

However, we believe that as the pilot beam and phase control system is a
critical element of the MPTS system, significant risk could still be incurred if
the above conclusions were not experimentally verified to some degree. Section
4.4 of this report describes in further detail the objectives and implementation of
the currently recommended phase control orbital experiments. In short, it is
recommended that in addition to further simulation of the pilot beam control
system, a 100m and possibly a 1km linear array be placed at GEO orbit and that
the phase control system using the ground based pilot beam be verified. The
ground based pilot beam would be located so that its path traverses the region

being modified by a facility which simulates the heating effects of the power beam.



2.4 TECHNCLOGY AND DEMONSTRATION PROGRAM

2.4.1 PROGRAM PLAN

The overall elements in the currently proposed MPTS ionospheric effects
technology program are described in Table 2-9. A detailed breakdown of each
major element is described in Tables 2-10a and 2-10b, The three basic elements
of the program are the theoretical studies, ionospheric modification facility
(including a:ssociated ground experiments), and the orbital experiments. This
section will specifically address the requirements for the'ionospheric modification
facility and the orbital experiments. The reason for this is that these items form
the major cost elements of the technology program and, in addition, recommen-
dations for continued theoretical studies and other user experiments (ground based

experiments) have been described in Sections 2,2,4 and 2, 3.3, respectively,

2.4.2 REQUIREMENTS FOR IONOSPHERIC MODIFICATION FACILITY

As discussed previously in this report, it is recommended that an iono-
spheric modificatio;l facility be established to simulate the effects of the MPTS
primarily on other users of the ionosphere. The requirements: for the ionospheric
modification facility are determined by specifying the likely operating range of the
microwave power system., Table 2-11 lists the power beam parameters as a func-
tion of DG power out from the rectenna. (Details of the microwave power system
specification can be found in Appendix A,) This table shows that a peak power
density (PD) in the ionosphere of 14 mW/cmz with a 3 dB spot size in the ionosphere
of 6 km-is the appropriate specification for a 4GW system. Also shown on this
table is the diameter of the ground based rectenna for receiving 95% of the trans-
mitted power, as well as the power density at the first sidelobe, assuming a 24 dB
down sidelobe level. An arrow in Table 2-11 shows the power output for what is

considered the baseline system.



TABLE 2.9 MPTS IONOSPHERIC EFFECTS PROGRAM - SUMMARY

99-¢

TASK J197’7 19781 1979 1980} 1981} 1982 1983| 1984) 1935
THEORETICAL STUDIES ' !
EXPERIMENTAL TEST PLAN DEVELOPMENT & %
|
PILOT BEAM AND CONTRdL SITMULATION ﬁ A
LABORATORY EXPERIMENTS % -
s
IONOSPHERIC MODIFICATION FACILITY A ﬁ

GROUND BASED EXPERIMENTS

ORBITAL DEVELOPMENT Y\ i
i
|
GROUND/AIRCRAFT BASED MAPPING NETWORK @ A
' i
1
ORBITAL EXPERIMENTS ﬁ 5




TABLE 2-10a MPTS IONOSPHERIC EFFECTS PROGRAM

TASK 1977119781 1979 1980} 1981} 1982] 1983 1984} 1985

THEORETICAL STUDIES

1.1 Establish Experimental Reguirements A A
1.2 Establish Labo‘ratory Experiments % Y-\
1.3 Other User Interaction L1 A
1.4 Continual Update of AllL Elements 4l

1.5 Support Experiments

EXPERIMENTAL TEST PLAN DEVELOPMENT

2.1 Design Experiment ‘k Y-\

99-¢

2,2 Tonospheric Modifications

2.2,1 Specifications for Heating Facility i

b >

2.2.2 EBstablish Diagnostic Measurements

2.3 User System Interaction

2.3.1 Establish Other User Requirements 'jh

2.3.2 Specifications for Other User Exp's

P

2.4 Orbital Requirements

BB

2,5 Experimental Test Plan

PILOT BEAM AND CONTROL SIMULATION A i

LABORATORY EXPERIMENTS

P




TABLE 2.10b MPTS IONOSPHERIC EFFECTS PROGRAM - Continued

TASK

1977

1978

18791980

1981) 1982) 1983

1984{ 1985

1986

IONOSPHERIC MODIFICATION FACILITY

5.1 Construct Facility

-3

A

5.2 Diagnostic Systems

5.3 Test

5.4 Construct User System Experiment’s

GROUND BASED EXPERIMENTS

ORBITAL DEVELOPMENT

L9~z

7.1 Design Orbital System

7.2 Construct System

>

7.3 Linear Array in Space

P

GROUND/AIRCRAFT BASED MAPPING NETWORK

8.1 Design

8.2 Construct and Test

>

ORBITAL EXPERIMENTS

—>»




- NOMINAL
MPTS SYSTEM

TABLE 2-11

POWER BEAM PARAMETERS AS A FUNCTION
OF DC POWER FROM RECTENNA (P

3 dB Spot Size, 95% Power
P Max P D Diameter P_. at Sidelobes
G 5 s D 2
(GW) W fem®) (km ) {km ) W /cm™)
4 14 6.0 10.9 0. 06
5 22 5.4 10.3 0. 09
5.268 24 5.2 10,0 0,10
6 31 4,9 8.9 0.12
7 43 4.5 8.2 0.17
8 56 4.2 7.7 0.22
9 70 4,0 Tn?? 0.28
10 87 3.8 6.9 0. 34




Figure 2.21 relating the probability of being constrained to operate at below
a specific power density to peak power density at the ground was constructed to
define the region of interest for MPTS power density. The figure has two curves:
one for ionospheric constraints and the second for biological/ecological con-
straints. Considerable judgement was involved in their formulation, however, the
following specifics apply. Below 15 to 20 mW/cmz power densities, the MPTS has’
a high prol:;ability of being dllowed to operate because studies indicated that
adverse ionospheric effects are not likely to occur until these power
densities are exceeded. As the power density increases the likelihood of adverse
ionospheric effects increases and the the likelihood of being allowed to operate
decreases, Because of the 1é.rge effects which are likely to occur at power den-
" gsities above 50 rnW/cmz and because of the increased likelihood of plasma
instabilities, it is unlikely that future systems will operate above these power
densities. In addition, because current theories are suspect above these power
densities, a rationale for oper:a.tional acceptability would be unfounded, The un-
certainty in further extrapolation decreases the likelihood that systems operating
above this power density will be built. Also from the biological considerations
point of view, it is unlikely that international agreement would be readily obtained
for sidelobes much in excess of 0.2 mW/cmz which corresponds to a mainlobe
density of approximately 50 mW/cmz. It would appear that systems below 4GW
would have essentially no risk with respect to either ionospheric or biological

constraints, However, cost analyses indicate that there is a decreasing
eco-nomy of scale below 4 GW of power output. Based on these considerations,
the likely range of operation is from 4 -7 GW. Even for this operating range,
it is shown that there is a significant program risk because of ionospheric
effects on other users, As such, we have recommended an experimental
program which will address power densities-of the appropriate 3 dB spot size

in accordance with Table 2.11 for systems between 4 and 7 GW.,
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2,4,3 OPTIONS FOR IONOSPHERIC MODIFICATION FACILITY

Table 2-12 lists th;e options for simulating the ionospheric effects of the
MPTS, It should be understood that the primary purpose of the ionospheric modi-
fication facility is to evaluate the impact of the MPTS power beam on other users.
It is then assumed to be available for inclusion in integrated tests with orbital
test equipment associated with MPTS evaluation. Two classes of systems were
considered: a heating facility from space and a heating facility from the ground.
Clearly, a heating facility from space at GEO which provides the proper power
densities and spot size over a long time period requires a full scale system, the
first of which is assumed to be the prototype, to be built in the 1995 time frame.
The ionospheric effects considerations should be specified much before prototype
commitment probably in the middle 1980's and therefore an early alternate approach
is required. A possibility that has been considered is to build a heating facility at
LEO; however, the large and rapid horizontal motion of this heating facility would
not allow steady state heating.conditions to be approached because the time allowed
by the satellite motion to heat a specific area in the ionosphere is too short. It is

therefore not recommended for further study.

The remaining alternative for the near term is to provide a ground based
heating facility. Four options were considered of which the first two uses existing
facilities or upgrades existing facilities and are under investigation by Prof. Gordon
of Rice University, Under the present effort we have specified the required heat-
ing facility at 20 - 60 MHz and 2.45 GHz. The advantage of the 20 - 60 MHz system,
as will be shown, is. that it requires modest power aperture products but assumes
that the results can be scaled from 20 =60 MHz to 2. 45 GHz. The inclusion of a
60 MHz system is to allow some insight as to whether the results can be scaled in
irequency over this limited frequency range, which would provide a level of con-
fidence-in scaling results to 2. 45 GHz. This may be supplemented with a minimal
2. 45 GHz test to specifically verify the extrapoclation. The alternative is to pro-
vide a ground based heating facility at 2. 45 GHz which simulates the effects of an

operational facility but requires a very large power aperture product.
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. TABLE 2-12 OPTIONS FOR SIMULATING MPTS INDUCED IONOSPHERIC MODIFICATIONS

APPROACH

ADVANTAGES

DISADVANTAGES

COMMENT

Heat From Space

A, GEO Simulates operational Requires full scale Recommended for
system system operational configur-’
Earliest test in 1990's | 2tOR
B. LEO Possibly lower cost Horizontal motion does Not recommended

not allow steady condi-
tions to be approached

Heat f rom Ground

A, Use Existing -
Facilities

Immed iate' results

Can only simulate
D-Region effects in a
limited manner

’

Under investigation by
Prof. Gordon of Rice
University

B. Upérra.de Existing
Facilities

Early results

To be determined

Under investigation by
Prof, Gordon of Rice

Univers ity

C. Conceived New
Facilities at
20 - 60 MH~

Simulates power beam
heating wusing rela-
tively modest trans-
mit powers

Assumes frequency
scaling is valid

Heats from ground up

Subject of this study

D, Conceived New
Facilities at
2.450 GHz

Simulate effects at
MPTS operating
frequency

Requires large power
aperture product

Subject of this study'




2.4,4 GROUND BASED HEATING FACILITY

2.4.4,1 SBpecifications

The amount of ohmic heating produced by radio waves is inversely propor-
tional to the square of the frequency of transmissions. Thus, for a given power
density at a specified frequency the value of PD )\,2 (PD is peak power density,

A is wavelength of transmission) is proportional to the ohmic heating and if this
product remains a constant while increasing )\2, a proportional decrease in power
density would result in the san:ie ohmic heating., For tjne ,olz;erational frequency of
2.45 GHz and a ground based simulation facility at 20 MHz, the required PD to
simulate effects of the power beam as a function of DC power output from the
rectenna is listed in Table 2.-13- Also shown is the value of PD )\2° This clearly
illustrates the advantages of building a ground based heating facility at 20 MHz.,
Ome could further envision going-to frequencies below 20 MHz, but remembering
that there is a significant difference if heating is done near the plasma frequency
of the ionosphere {as for the Platteville experi.ments), it is necessary (if there is
any hope of scaling results to 2. 45 GHz) to be at a frequency above the nominal

plasma frequencies that are likely to occur.

Specifications for the ground based heater include the diameter of the
heating array on the ground (DH} and the power input required by the ground

based heater. The diameter of the ground based heater is determined by:

DH = 0. 886 X AH X '—-S——-

where AI—I is the wavelength of transmissions, RH is the slant range to the
‘heated region, DS is the 3 dB spot size to be heated at range RH. In the F-

layer RH is 350 km, while for the D-region R__1is 80 km. The equation for

H

DH assumes uniform weighting and shows, depending on the region in the iono-

sphere to be heated, different diameters of the ground based heating facility will

be required.



TABLE 2-13 P

D

REQUIRED AT 2.45 GHz, 20 MHz AND 60 MHz

TO SIMULATE IONOSPHERIC EFFECTS OF POWER

BEAM AS A FUNCTION OF POWER OUTPUT, P

G

2 _
PD at 2.45 GHZ PD at 60 MHZ PD at 20 MHZ PD AT =K

2 A 2

(GW) MW/cm™) (mW/am™) (W /cm™) (W)
f _3 _3

4 14 8.37x 10 0.93x 10 2.1
-3 -3

5 22 13,14 x 10 1.46 % 10 3.3

5.258 24 14,31 x 107> 1.59 x 1072 3.6

-3 -3

6 31 18.54 x 10 2.06x 10 4.6
-3 -3

7 43 25. 74 x 10 2.8 x 10 6.4




The required power input is determined by:

where PD is the maximum power densu:y- at the heated region, AH is the area
of the array on the ground (AH /4) and 7 is the efficiency of the trans-
mltter subsystem specified at 60% for the purposes of this study. As shown above,

PD )\ is a constant K and, using the definition of AH’ the equation for P

T
becomess: -
K DS2
Input Power: PT = 2,70 ~—~——— (watts)
2
A

where the efficiency of the heater (rf/dc) is 60%. The values of K as a function
of power output of the MPTS is shown in Table 2-13 and the 3 dB spot size as a

function of power output is shown in Table 2-11,

The equation for PT agsumes that the distance to the heated volume is
far enough so that the heated volume is in the far field of the transmissions. The
near field/far field criteria is that the distance Ry; be greater than ZDHZ/)\H
If ZDHZI)\ is greater than RH » the equation for PT is replaced by

H
P, =P_ x A where AS is the area of the ionosphere to be heated. Since

T D S’
by . . 2
in the near field regime the energy propagates in a cylinder with no 4/ R~ spread-
ing, the area of the heater array on the ground, A_, is equal to AH (i.e., the
diameter of the array on the ground, D_ , is equal to the diameter of the 3 dB

spot to be heated, DS Y.



2.4.4.2 Ground Based Heating Facility at 20.and 60 MHz

Since ohmic heating implies that PD )\z is a constant, we can clearly see
the benefit of establishing a heating facility at 20 MHz. The wavelength at 20 MHz
is 122, 5 times the wavelength at 2: 45 GHz, which translates into a decrease in
required power density of 1.5 x 104. Table 2-14 shows the specification for a
ground based heater at 20 MHz for F-layer experiments. The near field/far field
criteria for F-layer effects is that the diameter of the array be-less- than 1224m
(this assumes that the height of the F-layer is greater than 200 km), which is not
exceeded even for the 7 GW system. Two values of the required power input are
shown in Table 2-14, The first column does not include self-induced D-layer effects
of the HF heater, while the second column compensates for increased D-layer
absorption due to the effects of the 20 MHz heater at D-layer heights. This factor
would not apply at the operational frequencies because absorption, even for a

modified D-layer at microwave frequencies, (2.45 GHz), is negligible.

In the operational system the width of the heating tube is essentially inde-
pendent of slant range through the ionosphere because of the small variation in
slant range (i.e., 36,650 km for F-layer heating and 36, 920 for D-layer heating}.
However, for heating from a ground based facility the variation in the slant range
to the D-layer (80 km) and the F-layer (350 km) is significant. Table 2-15 provides
the specification for the HF heater at 20 MHz for D-layer experiments. The trans-
mitter power is half that required for the F-layer experiment, because we do not
have to include increased absorption in the D-layer due to transmissions. In
fact, that is one of the D—‘layer effects we want to observe. The aperturé of the
heater is reduced for the D«layer experiments because to prox}ide a fixed spot
size at a shorter slant range reéuires a smaller ai:erture_° By appropri‘ate use of
the ground based phased array, a heater facility designed fJorlF-la:yer experiments

can be used for D-layer experiments as well as for other regions in the ionosphere.



TABLE 2-14 SPECIFICATIONS FOR HF HEATER AT
20 MHz FOR F-LAYER EXPERIMENTS

Diamet-er of @

P G HF Heater, DH P T P T
cw) | . . {m) . (MW) (MW)
4 7176 0.91 1,80
5 | . | 8_61 1.04 2.08
5.258 895 1,16 2,31
6 949 1,34 2,68
7 ‘ 1034 @ 1.57 3,13

® ©

Power input exclusive of increased absorption in D-Layer due

to HF heater.

Power input including increased absorption in D-Layer due to

HF he ater

Far field criteria is valid for ¥-Layer if

Py

< 1224 m.,




TABLE 2-15 SPECIFICATION FOR HF HEATER AT
20 MHz FOR D-LAYER EXPERIMENT

Dyy P
(GW) {(m) (MW)
4 177 0.91
5 197 1. 04
5,258 205 1.16
6 217 1.34
7 236 1.57




The HF facility proposed has approximately the same transmitted power
as the Platteville heater (2 MW average power), but the Platteville array had a
(13) (and a spot size of approximately 85 km at 7.5 MHz),
whereas the array proposed for the 20 MHz facility is 1000-meters. The HF
facility at Arecibo(ls) has a 305 meter array but only a 200 kW power output.

diameter of 110 meters

The effective power output from Arecibo is only 3 dB below Platteville but heats
an area approxi:mately‘ 1/4 the size of the Platteville heater (i.e., a spot size in
the ionosphere approximately 42 km in diameter), The above information is
included to show that the power aperture product that we propose for the 20 MHz
facility is not unreasonable, It also suggests that modification of the existing ‘
facilities is not unreasonable or that an entirely new facility could be built using

existing technology.

Finally, the specifications for a ground based heatsr at 60 MHz is provided
in Table 2-16, The added absorption in the D-layer due to the 60 MHz trans -
missions is much smaller than for the 20 MHz system because D-layer absorption
is inversely proportional to frequency squared. The advantage of building such a
system (even for one power level) is that it can be used to increase our confidence

in the frequency scaling law used to extrapolate results to 2.45 GHz.



TABLE 2-16 SPECIFICATION FOR 60 MHz HEATER
FOR F-LAYER EXPERIMENT

P D PT@ P ®
’ (GW} (m) (MW) (MWY
4 310 8,2 8.8
5 345 10, 4 11,2
5,258 358 10. 5 14,3
6 " 380 | 11,9 12.8
7 413 14,0 15,0

@ Power input exclusive of increased absorption
in D-Layer due to heater,

@ Power input including increased absorption
in D-Layer due to heater.



2.4.4.3 Ground Based Heater Facility at 2,45 GHz

The required input power (assuming 60% efficienéy) for a ground based
heater facility at 2. 45 GHz which will simulate the effects of a 5.25 GW system
at F-layer heights is calculated to be 8,9 GW (far field system) and 7. 85 GW for
a near field system. The far field system requires an aperture of 10 meters in
diameter while the near field system requires an array aperture 5 km in diameter.

Clearly either system requires excessive power.

An alternative is to build a scaled down system at 2.45 GHz. -If only a
0.5 km spot size is required, the transmitted power required is 78,5 MW with an
array diameter of 0.5 kin. This facility caunnot fully simulate the effects of the
power beam because of its reduced spot size. However, under appropriate
conditions (ionospheric horizontal drift velocities small enough to allow steady-
state conditions to be reached) the operation of this facility could be used to vali-
date extrapolation of results 6btained from the 20 MHz heating facility. Itmay
also be sufficient to obtain the operational effects on the MPTS pilot beam, Before
a recommendation of this option can be formulated, further study is required to
determine if the cost and scientific results of establishing a heating facility at
2. 45 GHz is warranted. Particularly the possibilities of using existing facilities
at Arecibo should be further explored. In addition, the possibility exists that a
new facility could be built and used in conjunction with other intended applications

of large scale microwave power transmissions.



2.4.5 ORBITAL EXPERIMENTS

2.4.5.1 Objectives - As parts of the Progressive MPTS Development

Milestones with Objectives Relating to Ionospheric Interaction.

The objectives of these orbital experiments are to:’

1.

Conduct early tests of the MPTS prototypical hardware In the GEO
environment at operational voltages, voltage gradient, current
densities and thermal densities. Continue tests through the 1i-year

solar cycle.

Test the retrodirective (Pilot Beam) Phase Control System in the
natural and simulated operational environments and determine
requirements for ground based command systems to compensate

for pointing drift and defocussing.

Determine the ambient ionospheric effects on the phase control

system.

Determine the simulated induced ionospheric effects on the phase

control system.
Determine the effect of the ambient ionosphere on the power beam,

Determine the effects of the ionosphere as modified by the ground

based heater on the sensitive regions of the power beam,

To accomplish these objectives, an orbital experimental program consisting of

two pre-prototype major steps is currently recommended: (1) The first step is

to place a 100 meter linear array at GEO powered by prototypical ri generators

currently assumed to be amplitrons with an input power requirement of approxi-

mately 450 kW. This test article is recommended to be in orbit in the early to

middle 1980s. well in advance of the solar cycle peak in 1992. (2) The second



step is to place a 1 kin linear array at GEO. This array is to be at least one
waveguide wide and 1 km long with an input power requirement of about 2 MW
This is in addition to full scale subarray testing at about the same power level.
The 1 kun linear array test article should be available, if required, for experi-

ments about 1986,

The commitment to the prototype should be possible based on early test
resulis from the 100m test article. However, it would be prudent to include the
1 km test article in the program as a reasonable progressive step in terms of
power and dimension toward the full scale prototype. Furthermore, as a continu-
ation of the progressive MPTS development program, the prototype itself should

be configured and tested in three major steps:

1, A 1 km linear array at least one subarray wide at GEO built on the
prototype structure. This would utilize 50 to 500 MW of input power.
It may be available in the early 1990's (assume 1992).

2. Building on and coherent with the above, a 1 km linear array at
right angles to the one above. This totally would utilize 100 to
1000 MW and be available about one year after the above (assume

1993}.

3. Building on the above, progressively fill in the gradrants to utilize
the full input power of 6,5 to 12.0 GW to a single antenna. It may be
available by the mid 1990%s (assume 1995),

As this report is mainly concerned with ionospheric effects and developing
a technology prograim which addresses ionospheric effects, the remaining dis-

cussion of the orbital experiments will pertain to information gained with respect



to the ionosphere. Of course the reader will bear in mind that there are other
possibly more pressing reasons for the orbital experiments such as testing the

hardware in space to implement the first objective above.

2.4.5.2 100 Meter Linear Array at GEQ

Figure 2,22 schematically shows the 100 meter array at GEQ, Also show

is the area in the ionosphere being heated by the ground based heater facility and
the path of the pilot beam from the ground through the ionospheric region modified
by the ground based heater to the 100 meter array. This figure and Figure 2.23
(which is an exploded view of the ionospheric intefaction region) illustrates that
the pilot beam is only effected by a limited portion of the ionosphere. For exampl
well within the 3 dB width of the heater, the primary segmr ent of the pilot beam in
the ionosphere, propagated to (subtended by) the 100 mster array at GEO is
approximately 1 meter. Similarly for the 4 ki array at GEO, the segment in the
ionosphere would be approximately 10 meters. It is likely that significant, how-
ever small, phase perturbations would be produced in the pilot beam phase front
over this regipn of the ionosphere. However, if the ambient or induced environ-
ment in the ionosphere produces significant defocusing or movement of the power
beam, the pilot beam system could not automatically cause the power beam to re-
focus or re-point to the rectenna in the presence of these sig,;nificant ionospheric
effects. That is the pilot beam does not propagate the ionospheric perturbations
across a significant portion of the power beam directly to the array at GEO
because the pilot beam propagates primarily through a very limited region in

the ionosphere as seen by the array at GEO. If the ambient ionosphere perturbes
the power beam or modifications of power beam by ground based heater effects
are significant, a ground based mapping network and ground based command
control system in addition to the pilot beam control system would be required

for compensation and it could be effective for long period perturbations compared

to the ground to GEO transmit time.
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The objective of the 100 meter orbital experiment (in the light of the

limitations discussed above) would be to:

io

Verify performance of the pilot beam control system in the absence
of significant ionospheric interactions in removing the effects -of

orbital motions of the array at GEO.

Determine if the ionosphere will perturb the pilot beam phase front
éignificantly and hence the retrodirective control system, NOTE:-
Although we do not believe that this is likely, the risk to successful
operation of the system is too great to be accepted without experi-
mental verification. It would also be prudent to include the compen-

sating ground command system in the prototype at least.

Determine if the ambient ionosphere effects the power beam signi-

ficantly. NOTE: .Even though the power beam diameter is ten times

" the projected -operational beamwidth, .insight as to possible effects of
. the ionosphere on the power beam could lead to modifications of the

phase control system which would greatly enhance the probability of

successful operation of the prototype. Specifically the requirements
for a ground based monitoring and control system should be established,
In fact a combined retrodirective pilot beam and ground based mohi;-
toring and command s'ystem might be required. The pilot beam would
remove effects of orbital perturbations and the ground based monitor-

ing and command system would remove ionospheric effects.



2.4,5.3 1km Linear Array at GEO

The major drawback for consideration of jonospheric interactions of the
100 meter array is the large beamwidth of the 100 meter power beam with respect
to the beamwidth of the operational system, For this reason (again from an iono-
spheric viewpoint and realizing that a 1 km linear array would be a logical step in
simulating the prototype) it is currently recommended that the next orbital experi-
ment be a 1 km linear array. This in addition to prov1d1ng a realistic test of the
hardware in its operational environs would provide a power beam of the proper
dimensions in one axis. The pilot bearmn now has an effective beamwidth in the
ionosphere of approximately 10 meters which propagates directly to the 1 km

" array.
The objective of the 1 km array in GEO would be to evaluate the:

., Effectiveness of the pilot beam in focusing the power beam in the
presence of ambient ionospheric effects as well as in the presence

of ionospheric modifications from ground based ohmic heating.

2. Perturbation on the power beam due to the ambient ionosphere as
well as due to ionospheric modification from ground based ohmic

heating.

3, Ewaluate the pilot beam phase control system and upgrade the
phase control system to include a ground based monitoring and

command control system if required.

After prototype commitment the several steps in build up of the full scale
prototype system will be evaluated to progressively confirm the concepts and
their implementation as well as to finally certify operational readiness of the
SSPS system. In this prototype stage, it will be possible to, very early, compare
the long term data base of ionospheric effects of ground based heater with iono-

spheric effects of MPTS, It is believed that by following this step-by-step pro-



cedure the adverse effects of the ionosphere will not be a significant factor in

the overall success of the MPTS and hence the SSPS system.

ROUGH ORDER OF MAGNITUDE (ROM) COST FOR MPTS
IONQOSPHERIC EFFECTS TECHNOLOGY AND DEMONSTRATION

2.4. 6

The following will provide a ROM cost for the technology program from
1977 through 1986, As such, the estimate does not include the build-up of the
prototype array in space nor does it include O & M costs and technical support

beyond 1986. The cost elements will follow the program steps outlined in

Table 2-9,
Table 2-17 lists the ROM costs for the MPTS Ionosphere Eiffects

Technology and Demonstration Program; and, Table 2-18 lists the ROM costs
for the Ground Based Jonospheric Modification Facility (both a 20 and 60 MHz

system as shown).



TABLE 2-17 ROM COSTS FOR MPTS IONOSPHERIC EFFECTS
TECHNOLOGY AND DEMONSTRATION PROGRAM

ROM COSTS, $M

Theoretical Studies . 3.6 % 25%
Experimental Test Plan | 1,3 = 25%
Pilot Beam Control Simulation 0.8 = 50%
Laboratory Experiments 0.4 = 50%
Tonospheric Modification Facility 80.0 = 60%

20 MHz " 34,0 %= 60%

60 MHz 126.0 £ 60%
Ground Based Experiments ’ 8.0 & 60%

Orbital Development )
100 M Antenna Payload 47.0 = 25%

Subarray Antenna Payload 436.0 = 25%
1000 M Antenna Payload . 47.0
Ground Based Mapping Network 7.0 = 60%

Qrbital Experiments

100 M Antenna Payload 29.0 = 30%

Subarray Antenna Payload 227.0 = 60%

1000 M Antenna Payload 193,0 = 30%
Sum Excluding 7 and 9

20 MHz Facility $ 55.M % 50%

60 MHz Facility (Contingency) $147,.M £ 50%



60 MHzV

$ 5.0M

21,0
8.5
1.0

15,0
1.5

3.1

25,0

90.8

10.0

100, 8

25.0

TABLE 2-}18 ROM COSTS FOR IONOSPHERIC MODIFICATION FACILITY
5 (B) IONOSPHERIC MODIFICATION FACILITY 20 MH=z
GROUND HEATER

Antenna $LOM

Cables 3.1

Building 1,4

Transmitters 4.2

Power Dividers 1,7

Computer System 1.0

Power Grid 5.0

Sub Station 0.8

Sub Station (5 Year Carrying) 1.6

Energy 4.5

24,3

Management 3.0

27. 3

G& A + Fee 7.0
$34.0M

126.0M
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3.0 ANALYSIS OF CRITICAL INTERFACES BETWEEN THE
SATELLITE AND THE MPTS

3.1 INTRODUCTION

The following critical interface problems which may affect the ultimate

design of the microwave power transmitting system have been studied:

1. The effect of usage of a power transmission system operating
at 40 kV on the overall weight and cost of the microwave

power transmission system.,

2., The effect of the overall structure of the satellite; i.e., the
mast, the flex joint and the subarray structure on the
amplitron thermal blockage or passive radiation of waste
heat,

3. The effect of the dielectric carry-through structure on the

microwave antenna.

4. The effect of material sublimation on the operation of the

open cavities of the Amplitron.

Based on the results of this study, recommendations for specific
approaches, further study or experimentation, and redesign of critical items
are made. Section 3.1 describes the general nature of each of the critical inter-
faces and provides a summary of the key results. Section 3.2 through 3.5 des-
cribes in detail each of the critical interfaces listed above. Finally the
recommended program plan based on the results of this study is presented in

Section 3.6.

3.1.1 HIGH-VOLTAGE POWER DISTRIBUTION SYSTEM

From a system point of view, the transmission of power from the
solar panels to the antenna would be more efficient in terms of the cabling weight,
size and costs if the Amplitron were to operate at a high-voltage level. Cable

sizes are based on the required current to be carried, and for a constant power



system, this varies inversely with the operating voltage. Further savings with -
a high-voltage system may be achieved due to the reduction in the number of
crowbar units required to protect against arcing, and the reduced number of
switch gear units to distribute é. lower required total current flow inherent in a

high-voltage system.

: In order to quantify these potential savings, a 40kV power distribution
system was studied (Section 3.2). The approach to this study was to investigate
both a system with Amplitrons operating at 40 kV and a system with Amplitrons
operating at 20 KV but connected in series. The effect of the two different 40 kV
systems on the cost and weight of the microwave power distribution system is

presented,

3.1.2 THERMAL BLOCKAGE EFFECTS
(14)

angle structural blockage of the heat radiation to space from the rear of the

A previous study assumed that there was a 5% uniform solid
Amplitrons with the blockage structures at a temperature of 120° C instead of the
deep space temperature of -269° C. That study did not include the specific effects
of the satellite mast, flex joint, and antenna subarray structure, In the current
study an estimate of the effect of blockage by the various structures on the back

of the MPTS antenna has been made.and is described in Section 3. 3.

The importance of this level of detail is that if the actual thermal
blockage found, exceeds the assumed 5% figure, the installation and structural
approaches will have to be modified or the overall antenna will have to increase
in gize in direct proportion to the increase in size of each Amplitron waste heat

radiatozr.

3.1.3 DIELECTRIC CARRY-THROUGH STRUCTURE

In the baseline design of the satellite there is a structure on either
side of the MPTS antenna which is made of a dielectric material connecting the
two solar panels. This structure is identified as the 'dielectric carry-through'
structure and its location is sketched in Figure 3.1. The MPTS antenna beam

propagates through this structure twice every 24 hours (once every 24 hours per
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each set of dielectric carry-through structure). It is necessary to determine
what effects these structures will have on the microwave propagation or vice

versa. The effects which have been analized (Section 3.4) are:

(a) The phase changes resulting from transmitting through
a dielectric material will result in main beam power
loss and higher sidelobes due to out-of-phase addition

of the radiating elements on the antenna.

(b) The reflections from the carry-through structure will

result in 2 heat flux on the antenna.

(c} Coupling absorption of the microwave energy may cause

unwanted heating of the carry-through structure,

(d) Reflected RF energy may cause problems with sensitive

RF circuitry.

Tt should be pointed out here that the radiated waste heat
(= 3.3 kW/cmz) may overheat not only the local structure but the dielectric carry-
through structure. Preliminary caleulations indicate a maximum temperature
of 169° C for the dielectric carry-through structure arising from the waste ‘

heat radiation.

3.1.4 MATERIAL SUBLIMATION EFFECT

This analysis (Section 3.5) has been performed in order to determine
whether the sublimation products of the various materials which comprise the
microwave power transmission system will cause the pressure immediately
surrounding the Amplitron to cause the device to malfunction. Specifically will
the sublimation process, increase the pressure surrounding the Amplitron from

30-13 5 TORR

which is the pressure at which the Amplitron will not operate ?

TORR (ambient pressure at Geosynchronous Orbit) to 10-4 or 107

3.1.5 RESULTS OF THE STUDY

The results of the present study are outlined in Table 3-1 in
summary form. The description of the problems outlined above which were
investigated in the present study along with the study results and conclusions

are presented. As shown, the results are:
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TABLE 3-1, INTERFACE STUDY SUMMARY & CONCLUSIONS

Subject Problem Description Results of Study Recommendations

High/Low Microwave power trang- 40 KV Amplitron not Isclation problems associated
Voltage mission system operation | recommended, with 20 XV Amplitrons in
System at 40 kV, comparison with 20 KV Amplitrons in series require further

20 kV baseline. . .
series a possible con~
figuration.

Thermal Thermal blockage of Thermal blockage Design Amplitron with its
Considerations| Amplitrons by mast, flex | exceeds 5% figure prev~ |waste heat radiation system

joint, antenna structure. iously assumed, requir- |to achieve low waste heat
ing resizing of Amplitron |dissipation per unit area. Re-
and antenna or system re-|design overall antenna to
configuration to reduce minimize thermal blockage.
blockage.

Dielectric Effect of Dielectric Phase change effect on Antenna beam pattern test
Carry~ structure on: far field beam pattern is |measurements with dielectric
gthro%gh Beam forming minimal, near field obstructions.

ructure Thermal R¥ thermal coupling neg- | Material tests to determine

Phase control ligible due to low electri- { electrical properties of

cal conductivity of carry- |material.
through material. Carry-through structure re-
Reflected energy may design or elimination.
represent a major pro- .
blem for phase control Phase control system design.
design, Waste heat
radiation may overheat
dielectric structure.

Sublimation Pressure increase at None if aluminum wave- Design Amplitron to ensure
Problem Amplitron cathode due guide is used., particle venting to free space,

to trapped sublimation
products.

Organic compounds in
immediate vicinity of
Amplitron not advised,




A 40 XV Amplitron at 5 kW output power represents a
cost and weight penalty over the 20 kV, 5 kW tube.

A 40 ¥V dec power distribution system operating with two
20 kV, 5 kW Amplitrons in series represents a weight
and cost saving., However, there is a subarray isolation

problem which must be analyzed further.

The system requires further design effort to eliminate the
need to enlarge the antenna due to a thermal blockage of
Amplitrons located a.djacent to the 108m bay structure and

directly in the center of the antenna.

The carry-through structure does not appear, from pre-
liminary calculations, to be a problem both in terms of
transmission losses, and structural heating., However,
because of the complex nature of this problem, further
experimental efforts are recommended particularly with
respect to the phase control circuitry. This requirement,
of course, depends on the final design configuration. It

is recognized that a design configuration could be selected
which will not include structures which interfere with the
MPTS.

Sublimation of materials adjacent to the Amplitron does
not appear to have any significant effect on the successful

operation of the Amplitron.



3.2 HIGH/LOW VOLTAGE MPTS STUDY

3.2.1 INTRODUCTION
This task deals with an extension of portions of work performed
originally in the Microwave Power Transmission System Study(l4). In particular,

the present study evaluates the specifics of a high voltage distribution system
(40 k¥V) versus a low voltage distribution system (20 kV)., Other effects of high

voltage operation, such as safety and x-ray generation are also considered.
The task is limited to conside? only the following:
a. Amplitron as the DC/RF converter
b. Microwave array impact only

c. High versus Low voltage limited to comparison of 20 kV

and 40 kV systems

To operaj':e an Amplitron at 40 kV results in major penalties in
size and cost. To avoid this and to maintain a high voltage system, large groups
of Amplitrons can be operated in series. Although this results in a reduction in
the number of crowbar units and in the amount of conductor required, it adds
complexity. High voltage insulation between subarrays is required. Not only is
this isolation a mechanical problem, it also presents difficulties in control and
power monitoring systems that will exist throughout the array. In addition and

perhaps of more serious consequence is the safety impact on servicing operations.

The basic theory of Amplitron operation is a conversion of kinetic
energy to RF energy. This is unlike a linear beam tube which converts potential
energy to RF. The result is a lower electron velocity in the Amplitron and the
resulting generation of lower energy x-rays., The average beam velocity in

electron volts in an Amplitron is 20% of the cathode voltage.



3.2.2

40 kXV AMPLITRON

(14)

The previous MPTS study established the optimum design para-

meters for the Amplitron DC to RF converter. These basic parameters are as

follows:

RF power added - 5 kW

REF drive - 1,25 kKW

RF output - 6.25 kW

RF gain * - 7 dB
DC/RF efficiency - 85%

Voltage - 20 kV
Current - 0.3 amperes

For the present study involving a comparison of a 20 kV distribution

system and a 40 kV distribution system, we also have to consider the feasibility

of an Amplitron operating at 40 kV DC cathode potential, Operating an Amplitron

at this potential is not recommended by Raytheon for the following reasons:

A.

Maintaining the power added at 5 kW per Amplitron results in

a tube current of 150 mA. At 40 kV, leakage current increases
relative to true beam current and at the reduced beam current
of 150 mA it can be an appreciable portion of the total current.
This leakage current represents wasted power and results in

reduced efficiency.

Increasing the power per tube would be a possible solution to
the high leakage current, However, it has been shown that
higher output power involves sacrifices in both grams/watt
and dollars/wa.ti;. A graph indicating this tradeoff is given
by Figure 3.2,
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If we assume that it is desirable to maintain a cénstant ratic of
leakage current to beam current, and that the leakage current is proportional
to voltage, then the higher voltage Amplitron would oPe; rate at 40 kV and
0.6 amperes, and result in a 20 kilowatt RF power added device. From the

data of Table 3-2, we obtain the following:

RF Power . Weight ) ~Amplitron Cost
5kW - 20kV 0.32 gm /W 0.018 $/W

20kW - 40 kV 0.6 gm/W . 0.023 $/W
% increase 87.5% N 35.3%

These estimated increases in both the Amplitron weight and cost
make the use of a higher voltage Amplitron undesirable. If a higher voltage
operating system is otherwise necessary, an aiterné,ti\-re technique, such as
operating Amplitrons in series, should be used. Table 3-2 is a tabulation of

characteristics of both the 20 KV and 40 kV Amplitron.

3.2.3 POWER DISTRIBUTION SYSTEMS

In the power distribution system for the microwave array there are

three specific requirements that must be considered.. These are as.follows:

‘A, Operating Voltage: It has been established that operating a
CFA at high voltage is not optimum. Thus, to use a high

voltage distribution system we must operate tubes in series.

B, Crowbar: The crowbar protective unit must present a momen-
tary diversion of energy between the load and power source,
In a séries tube arrangement, the“crowbarfun-it has to be
located in series with the power feed from the prime power

source, but not at an intermediate voltage point. -

C. Reliability: In the proposed system for high voltage distribution
we are faced with opera:ting a large number of Amplitrons in a
series parallel combination., By its nature of interrupting high
voltages, a crowbar unit is basically current limited, By
operating the CFA's in series, the number of tubes per crowbar

unit can be doubled.
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TABLE 3-2 COMPARISON OF 40 KV -VS- 20 KV AMPLITRON

CHARACTERISTIC 20 KV 40 KV
Voltage 20 kV 40 kV
Current 0.3 amp 0.6 amp
Power Added 5 kW 20 kW

Weight 0.32 grams/watt 0.6 grams/watt

Cost 0.018 $/watt . 0.023 $/watt
COMMENTS

° To main efficiency, it is necessary to increase power per tube

from 5 kW to 20 kW.when voltage increases from 20 kV to 40 kV.

) Hiéher power per tube entails high cost and weight penalties.




Figure 3.3 is an illustration of the operation of CFA's in series.
Two or more subarrays are grouped together with one crowbar unit, This

group is then connected in series with a second similar group.

3.2.3.1 Subarray Distribution

The number of Amplitrons required and the power per subarray is
independent of whether a 40 XKV or 20 kV power distribution system is used.
Thus, within any given subarray the distribution is the same for both high and

low voltage distributions.

The MPTS report(14) developed the guantity anci approximate loca-
tions of crowbar and switchgear units in the array., Figure 3.4 of this report
repeats the general data of Figure 5-16 (Volume II) of the MPTS report. The
total array ié. subdivided into 5 areas (selected to be of approximately equal
power per area). The antenna for this configuration has a 10 dB Gaussian taper
with a five step.approximation to the Gaussian curve. Over the surface of the
antenna, the number of crowbar units associated with each subarray varies from
two crowbars per subarray to one crowbar per four subarrays at the perimeter

of the microwave antennae,

Detail wiring interface between the crowbar unit and the Amplitrons
was not examined as part of the MPTS report. In this report, a subarray]érow-

bar located in Area 4 plus a center unit have been exammed

Cablmg from the subarrays in the fourth power area to the Amplltron
tubes is represented physically by Figure 3.5. As is observed in this figure, the
specific configuration outlined operates 18 Amplitrons in parallel from each feedezx
This same quantity of 18 Amplitrons on one feeder is used throughout the array.
This feeder is estimated to run for a total length of 22 meters, and carries a

normal current of 5.4 amperes.

Wire size for this feeder can be obtained by the calculations in
Table 3-3., These indicate that a wire size of #20 aluminum wire is satisfactory.
To be slightly more conservative, a wire size of #19 wire will be used, An
average wire temperature of 150° C was assumed for this cable., Figures 3.6
and 3,7 represent the dense Amplitron packaging that occurs at the center of

array and indicates the effect of distribution wiring shadowing the Amplitrons,
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TABLE 3-3 SUBARRAY WIRE SIZE CALCULATIONS FOR
20 kV SYSTEM

Power loss = .01% = (.0001 x 5.4 x 20 x 10°) = 10.8 watts
Voltage drop .= 0.8 _ 5.0 volts
=AM .

_ ¢
R = P -5~

- ’, 3 0
p = 2,828 pohms/cm” at 20°C

;sume operating temp = iSOOC
Py, = 2.828 X 1078 [1 + .0049 (150°C - 2o°c)]
-~ 2.828 x 107° [1.637] - 4.63 x 107°

A o _PL _ 14.63)x 22 x 100 . 093 cmx 1078

. R 5.0
A = ,005 cm2

ar round wire

radius = \/'025 = ,03989 cm

Diamcter = 2 x .03989 x 1"
2.54 cm

AL

.0314

1

31.4 mills

his corresponds to a #20 wire (dA = 31.96 mills)
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3.2,3.2 Power Distribution Cost Summary

By using rough layouts of the subarrays, crowbar and switchgear
locations, estimated cable sizes and lengths for all distribution feeders have
been obtained. These parameters have been combined with other elements of.
the system to obtain overall parameters. Figure 3.8 is a simplified block dia-
gram indicating the main elements of the distribution system. An estimate of
the critical parameters of these elements are given in Table 3-4. A total

summary of weight and cost are outlined by Table 3-5.

3.2.4 X-RAY GENERATION IN AMPLITRONS

People experienced in high voltage vacuum tubes as a source of
x-rays, generally consider as a rule of thumb that x-rays do not exist below
20 kV. Actually, theré is no such sharp dividing line. X-rays generated by
low voltage devices, however, are soff x-rays, which are easily attenuated fo
extremely low levels. Experience has then indicated that below 20 kV any x-rays
generated are so highly attenuated by surrounding media that exposure is not a

problem.,

Amplitrons used in the microwave array operate at 20 kV. Thus,
x-rays would not be considered a significant problem at this voltage. However,
because of the special nature of this application, a more detailed examination

has been made.

In discussing x-ray generation in RF tubes, it is significant that a
distinction be made between crossed field devices like-the Amplitron and linear
beam devices like the klystron. In a linear beam device, the DC to RF conver-
sion is a conversion of potential energy to RF energy. Electrons in a linear beam
device are accelerated to 100% of cathode voltage before entering the RF inter-
action area. Ina crossed field amplifier, due to the action of the perpendicular
magnetic field, the electrons rotate in nearly equipotential circles.around the
cathode with a relatively slow drift to the anode. In an Amplitron, the average .
electron velocity is twenty percent of the applied voltage. The insert below is
a memo from Mr. G. MacMaster of the Engineering Department of Raytheon's

Microwave and Power Tube Division reviewing these facts,
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TABLE 3-4

COMPARISON HIGH -VS- LOW VOLTAGE

DISTRIBUTION SYSTEM FOR AMPLITRONS

Primary Feeders

Wire Size
Total Length
Total Wgt
Cost

Switch Gear Unit

Number
Total Wgt
Unit Cost

Lateral Feeders

-Wire Size
Total Length
Total Wgt
Cost

Crowbar Units

Number
Total Wgt
Unit Cost

Subarray Feeders

Wire Size
Total Length

Total Wgt

Cost
Auxiliary Power

Number

Total Wgt

Cost

Low

Bundles #4/0 wire
228 x 103 meters
66 x 103 kg

4.4 $/kqg

32
55.2 x 103

178 x 103

Approx. #3 AL
252.7 x 106 meters
18.3 x 103

4,4 $/kg

1769
300 x 103 kg
$ 28 x 103

#19 AL

3.42 x 10% meters
6100 kg

4.4 $/kg

1769
88.4 x 103 kg
29.5 x 103 kg

High

Bundles #4/0 wire
161.4 x 103

46.7 x 103 kg

4.4 $/kg

32
40.0 x 103
126.0 x 103

Approx. #3
179.8 x 10°
12.9 x 103
4.4 $/kg

885
195 x 103 kg
36 x 103

419 AL

3.42 x 10° meters
6100 kg

4.4 $/kg

1769 3
88.4 x 10° kg
29.5 x 103 kg



- TABLE 3-5.

Distribution System

Primary Feeders
Switch Gear Units
Lateral Feeders
Crowbar Units
Subarray. Feeders

Auxiliary Power

TOTAL

SUMMARY COMPARISON HIGH .-VS- LOW
VOLTAGE DISTRIBUTION SYSTEM FOR
AMPLITRONS

Wgts (x 10° kg)

Low High
66 46,7
55.2 40.0
18,3 12.9
300 195
6.1 6.1
88,4 88.4
534 389

Cost {x 10° $)

Low High
290.4 205.5

 5696,0  4032.0
80.5 56,7
49532. 0 31860. 0
25.0 25.0

'52185.0 52185,0

107808.9 88364,2



"The x-ray radiation from most Amplitrons is so low
that no lead shielding is required. ;

The low x-ray radiation from the Amplitron stems
primary from the energy conversion system in which
the average velocity of the electrons does not exceed
about tweniy percent of the input voltage. Hence, in
a tube which operates at an anode voltage of forty
kilovolts, the average kinetic energy of the electrons
does not exceed eight kilovolts, a level of voltage at
which only very soft x-rays can be generated.

The energy conversion system is in sharp contrast
to that in the klystron and conventional traveling
wave tubes where all the electrons are first acceler-
ated to the full anode potential so that any electrons
which are not collimated in the beam will cause
emission of x-rays when they strike the sides of the
drift tubes or cavities. Furthermore, a large per-
centage of the electrons reach the collector with
energies sufficiently large to excite hard x-rays,
gsome of them reaching the collector at energies
greater than the anode voltage of the tube.

Generally speaking, anode voltages for Amplitrons
are about half of those for klystrons and traveling
wave tubes of equivalent power level. This provides
an additional advantage in favor of the Amplitron
from the standpoint of x-ray radiation, "

In an Amplitron operating at 20 kV, "che average electron potential
is only 4 kV. Table 3.6 shows an approximate calculation of the x-ray generated
by 4 kV electrons at an average current of 300 milliamperes striking a coppexr
anode., X-ray generation is 0.64 milliroentgens per hour, The large attenuation
obtained from these soft x-rays is indicated by Table 3-7, When 4 kV x-rays

pass through 0.25 cm of copper, they are attenuated by greater than 10722,

3.2.5 SUMMARY

The study of high voltage versus low voltage power distribution has
indicated both a weight and cost advantage to the higher voltage system. However,
because it i necessary to operate groups of Amplitrons in series to maintain the
tube cost and weight optimum, several other problems appear, The details of

how this voltage isolation can be accomplished between major portions of the

3-23



TABLE 3-6. ¥X-RAY -RADIATION IN AMPLITRONS:
INTENSITY GENERATED °

® Empirical formula for inténsity efitted by an X-ray tube is:(A)

I = (1.1 x 10°%) zi .‘g_ :
where:

I = Roentgens per minute
d = Distance incheé
V = Kilovolts
i = Current inmilliampere
Z "= Atomic no. of target

e Foradistance = 1 foot and for 4 KeV electron-s
I = 0.64 milliroentgens per hour possible fron

Amplitron with no shielding.

(A) vanNeme, Modern Physics, Prentice-Hall, 1962, p. 161



TABLE 3.7, X-RAY RADIATION IN AMPLITRONS:
EFFECT OF ATTENUATION

] Although CFA is not shielded, there is no ‘direct path for
x-rays generated at anode to exit tube without passing

. through materials.

e Assume that all x-rays must pass through a min. of 0.25

cm of copper.

™ Attenuation can be calculatec

T = Ip ¢ HRIM
Io = Initial intensity
Hm = Total mass absorption coefficient
dm = Mass thickness = pd
P = Mass d_ensity of absorber
® For copper at 4 keV Mm ~ 40
1. = o x 1.76 % 1072°



array, and the effect upon control signals, servicing procedures and handling
equipment have not been explored. A final selection of a system considering
the isolation problems presented should be held in abevance until the igolation

issue has been addressed in detail,

Power distribution within subarrays has been examined. Amplitrons
in a group of 18 in parallel are fed from the crowbar unit with No. 19 aluminum
wire. This wire size is based on an average temperature of 1500 C and a power

loss of .01%,

In an Amplitron, the conversion of DC to RF energy occurs as a
result of a decrease in the kinetic energy of the electrons. The average electron
kinetic energy is 20% of the applied beam potential., The resulting low electron
velocity results in a relatively low amount of x-ray generation and, in addition,
the x-rays that are generated are soft x-rays'and easily attenuated. No problem

from x-rays generated by the Amplitrons are anticipated.



3.3 THERMAIL ANALYSIS - STRUCTURAL BLOCKAGE

3.3.1 INTRODUCTION

In order to radiate the ]:arge quantity of mi'crowave power required
from the MPTS antenna, a large average power density must be applied to limit
antenna size, weight and cost. Furthermore, the power distribution must be
tapered to limit sidelobe power density to be within potentially acceptable
ecological limits at the ground, This results in a particularly high power density
requirement over the central region of the antenna which is limited by the in-
efficiency of the RF generators and the ability to dissipate the associated waste
heat generated over large areas in the same central region or pay the unreliability,
complexity, weight and cost penalties of transporting the waste heat many meters
to the power density regions remote from the central region. The baseline antenna
is divided into ten regions of constant power density which are stepped to approxi-
mate the required distribution associated with a 10 dB Gaussian taper or other
similar distributions to limit the sidelobe power densities to approximately
0.1 mW/cmz. The central region of the baseline éransmitting antenna therefore has
high efficiency Amplitrons packed such that each associated waste heat radiatoxr
almost touches its neighbor in order to get the required maximum power density.
Therefore, any increase in the size of the Amplitron due to an inefficiency in
radiating waste heat serves to decrease the allowable thermal power density,
decreasing the allowable RF power density thereby decreasing the allowable

transmitted RF power or increasing the total antenna area.

The design of the Amplitron shown in Figure 3.9 was based on the

following considerations:
{(a) the maximum operating temperature of the cathode = 65 0°C

(b) the maximum anode temperature = 350° C in order to limit

the magnet temperature
{c) solar heatiinput ~ 1395 watt/mz

(d) waste heat dissipation of the Amplitrons = 882 watts. This

represents an 85% efficiency factor for 5 kW added power.
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The Amplitron radiates waste heat into a solid angle which is not
juite 21 steradians. It was assumed for the previous MPTS study(14) that there
was approximately five percent of the radiating solid angle which contained
structure at 120° C and which 1i.m‘its the waste heat radiation in that sector. The
surpose of this task is to analyze the thermal obstructions of the Amplitron to

jetermine a more precise estimate of the blockage for the baseline configuration.

If the blockage exceeds the five percent figure which resulted in the
present Amplitron passive thermal radiator design, the configuration of the
Amplitron radiator will change to reflect the increased radiated heat input of the
sbstructions, In order to maintain the same equilibrium temperature profiles
previously determined, the radiation surface area of the Amplitrons will have to
increase. Any increase in size of the Amplitron has a direct impact on the
antenna size. This is so because the Gaussian weighting applied to the antenna
beam must be maintained, and-the present baseline configuration of the antenna
has Amplitrons packed to maximum density. Consequently, in order to maintain
the power distribution either the Amplitron radiators are increased in size, to
radiate more heat, and thereby increase the overall antenna size or another more

efficient method of cooling the Amplitrons must be found.

The relative effect of the structures which thermally block the
Amplitrons is shown in Figure 3, 10,

The mast,‘ because of its distant location, has approximately the

same blockage effect on Amplitrons located at any point on the antenna.

For the subarray support structure and electrical equipment, the
blockage is different for different Amplitron locations on a subarray. For these
conditions an Amplitron located at the center of a subarray and one located at

the edge near the screw jacks is considered.

The flex joint is at present only a conceptual design. Amn estimate
of its blockage effect will be made on this basis and on a requirement that it alone

not exceed the five percent blockage margin.
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The blockage contributions for the items shown schematically in
Figure 3,10 will be made in the following sections along \x;ith an example as to
the total blockage which an Amplitron located in the central antenna region will
undergo. -

Finally, conclusions will be d'rawﬁ as to any increase in antenna

size due to the blockage considered.

3.3.2 MAST

Figure 3,11 shows the mast structure as seen by the antenna. The
structure carries 24 conductors each 0.83m in diameter. These conductors
represent the primary longitudinal structural membexrs for the mast. Approxi-
mately every 20 meters along the mast there is a grid of one meter triangle
structural members each of which has three 6.6 cm cap members. A cross-

section of the mast is shown in Figure 3. 12.

Though the conductors appear to be aligned, as shown in this figure,
a majority of the individual conductors may be distinguished from a point on the
antenna surface. The total i)lockage contribution of the conductors is defined by
the number of conductors distinguished by a point on the antenna, the diameter of
a conductor, and its distance from the antenna surface. The solid angle repre-
sented by the mast, to an Amiplitron in the center region of the antenna is shown
by Figure 3.13. An average distance of 220 meters is assumed in order fo com-
pute the angles shown, This is the distance from the center line of the mast to
the Amplitron location. The angle @ is computed by taking the blockage due to
24 conductors to be:

a C_ {24} (. 83m)
220m
= 5,2°

The contribution to o from the Im triangle structural 6.6 cm wide caps is esti-

mated to be approximately 20%. This increases o to;

o = 6,28



FIGURE 3.11 CONDUCTING MAST CONFIGURATION (FIGURE SUPPLIED BY GRUMMAN)
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The angle B is defined by the mast length seen by the Amplitron,
Tor a 160° field of view, the entire mast length of 1017m is in view. The angle

B is then 141°. The solid angle obstruction is then computed to be;
141\ (6.24
= 2 — =
Qlrna.st (em) (180) ( 180)

. 0541 steradians

1

3.3.3 FLEX JOINT

The baseline configuration of the SSPS (Figure 3. 4.2 of reference 14)
shows the flex joint which allows the antenna to nod in elevation over a ra.née of
+4° to be located at a distance of approximately 80 meters from the Amplitron bed
on the antenna., The flex joint will be comprised of conductors of size sufficient
to carry current from both the solar array panels as well as the supporting
structure for these conductors. The largest blockage allowed for the flex joint
would be on the order of the 5% blockage total previously assumed for the base-

line design.

The Amplitrons radiate into a conical region of 160°, This repre-
sents a solid angle of Q= 1,653 T steradians. At a distance of 80 meters, the
flex joint could be approximately 46 meters in diameter as a maximum. The
blockage effect of the flex joint would increase if its diameter increased or if the
structure were to be closer than 80 meters from the Amplitrons, or a combination
of both effects., For example, a flex joint 20 meters in diameter at a distance of

40 meters would contribute a solid angle blockage of Q = ,06m steradians.

3.3.4 CLOSE-IN STRUCTURAL BILOCKAGE

The blockage contribution due to close-in structure is comprised of
electrical equipment requii'ed by the MPTS and the support structure for the
antenna and the antenna subarrays. The blockage for this condition is shown in
Figure 3.12, An optimal placement of electrical equipment required by the

antenna such as:


http:141\/6.24

(a)} switch gear units
(b) crowbar units
{c) phase front control

would be to locate -these equipments on the 108-meter bay support structure asg
high up as possible, which for the baseline configuration is 40 meters. The
resulting blockage of these equipment items are then approximately . 0041 stera-

dians for each of these items.

As shown in Figure 3. 12, Amplitrons located-at the edges of the
subarray will be blocked significantly by the screw jack and motor equipment
used to control the displacement of the subarrays in the vertical direction. The
blockage due to this equipment for the sizes assumed and shown in Figure 3.12

is . 0561 steradians.

There are four switch gear units, four crowbar units, and one phase
control unit per subarray or approximately 95 phase control units, for the central
region of the antenna. The phase control unit has an assumed cross section of

approximately . lmz from the side,

3.3.5 SUMMARY

As one equipment may shield other equipment items, the sum of the
individual blockage angles for each equipment is not simply summed together.

Possible blockage configurations are the following:

(a) Amplitron located directly in center of antenna adjacent to

a subarray screw jack/support structure.

(b) Amplitron located in center region of antenna not blocked

by subarray support structure.

In the first case, the analysis does not include the fact that the screw
jack/support structure will partially shield a portion of the flex joint and the mast;
therefore, the estimate is somewhat conservative. A total blockage summary for

this situation would be;
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Screw-jack and drive motors = ,056T

Mast ' = . 054 T
Flex joint . = .083
Phase control units = _ ,001mw
Crowbar unit = . 004 1
z = .198 7 steradians

In the situation described above, three of the crowbar units and
three of the switch gear units required for the center region of the antenna were
located within the region shielded by the screw jack/motor structure and thus not

included in the total.

For the second case, the blockage summary is as follows:

Three crowbayr units - ~ L0121
Three switch gear units ~  L.01Z2m
Mast ~ . 0541
Flex joint ~ .083 17
Phase conirol units ~ 001w

-

z ~ 162w

" The increase in antenna area required by these two situations is 7% and 5%,

respectively.,

In all likelihood, the figures given above will increase as the SSPS
design progresses and structural designs are further refined, What this study
points out, at this stage of development, is that if a passive heat radiation
system for the Amplitrons is chosen, the penalties due to blockage have a
direct effect on the antenna size, which in turn will be reflected in increased

cost and weight penalties for the overall SSPS baseline configuration.



A conclusion to be drawn is that a better thermal design of the over-
all configuration is required, a design which would allow the MPTS antenna to be

more insensitive to the heat dissipation scheme used for the Amplitron waste heat.

3.4 EFFECT OF DIELECTRIC CARRY-THROUGH STRUCTURE

3.4,1 INTRODUCTION

For structural'purposes, the two solar arrays of the baseline con-
figuration are connected by the dielectfic structure grid network shown in
Figure 3. 14; In order to minimize the interference due to the carry-through
structure on the microwave transmlsswn, the carry-through material is selected
on the basis of its poor conducting qualities; i.e., a good dielectric, as well as
its structural properties. The material chosen by Grumman is 's glaes epoxy'
whose electrical properties at a frequency and temperature of approximately
10 GHz {No measurements were available at 2.45 GHz, However, it is expected

that the 10 GHz data is representative of the electrical properties of 's glass epoxy'

at 2,45 GHz.) and 20° C are givenas follows:(23}
e. 2 = b, relative d.ielectri.c conetant
p = tand~ ,007 loss tangent
o~ 3.3, 107> conductivity, mhos/meter

The principal characteristic phenomena which may affect microwave
transmission are {a) phase changes, (b) scattering, and (c) absorption of energy

by the obstructmg carry-through structure.

The phase change and absorptlon in transmitting through a dielectric
may be analyzed by computing the proPagatlon constant for the medium., Propag-
ation of a plane wave through a dlssx.patwe medlu:m is given by a complex phase

constant, k, ha.vmg both a real and imaginary part

k = B - ja
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k = complex phase constant
B = phase constant in the medium
0 = attenuation constant in the medium

The attenuation and phase constants, 0 and B8, above are in furn
a function of the electrical properties of the material such as (a) permeability,
(b) dielectric constant, (c)} conductivity, Assuming that the permeability of the
.'s glass epoxy' is that of free space (i.e., that the material is non-magnetic), .

(24)

the complex phase constant becomes:

C2Tmm
k = B - jo = Sl € 1 -3
j o /e, (1-ip)

The phase constant and attenuation constant are then gi{ren by,

_2m
R eV AP IR
_ 2m
a = o €. g (p)

where the functions g(p} and f(p)} represent the real and imaginaty parts of the
square root of (1 - jp). The functions f{p) and g{p) are tabulated in reference

and for a loss tangent of . 007 are,

f(p)

g{p) = 0.00375

"

1.00001

The effect of the phase constant B will be to modify the phase of the
transmitted energy. And the effect of the attenuation constant @ will be to couple

the RF energy into heating of the carry-through structure material.

Another effect of the carry-through structure will be that it will act
as.an impedance mismatch to the antenna causing reflections at any air carry-

)

through structure interface,

These effects will be analyzed in the following three sections,



3,4.2 PHASE CHANGE

The geometry of the microwave transmitting antenna as it relates to
the carry-through structure is shown in Figure 3..15. This is an edge view of the
antenna looking along the azimuth axis. As the antenna is rotated in azimuth, the
effect of the dielectric carry-through structure is to present to the transmitted
wavelets regions in which the apparent transmitted path length, causing time
delay through the carry-through structure, varies. The phase change associated
with the time delay in transmitting through the carry-through structure is defined
by the phase constant B in the transmitting medium. The total phase change for
a ray is the sum of the phase changes which result in traversing each section of

carry-through material:

Ag = ZBi ,@,1
Bi = Ego \ler

=
}}

path length through sections of carry-through structure

The relative dielectric constant is computed for the assumption that
* within the structural members of the carry-through structure there is a homo-
geneous mix of free-space and 's glass' dielectric material. On this basis, an
effective dielectric constant may be computed by comparing the relative volume
of the dielectric materials, free space (fs) and 's glass epoxy’, within a trans-

mitting volume in the following way:

V,. .
dielectric + 1.0 fs

Vtoi:a.l Vtotal

3.5

o
it

v

H

volume

The effective dielectric constant in transmitting through a lateral
structure member if, €. = 1.000012389.
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Every 493 meters the carry-through structure has vertical ties,
composed of interlaced 20 meter triangles. In computing phase changes through
the carry-through structure, the number of carry-through structural members

must be carefully noted.

Figure 3,16 is a view of the transmitting antenna looking through the
carry-through structure at 6 = 0°. The effect of rotation of the antenna with
respect to the carry-through structure is shown in Figure 3.17. This view
represents approximately a 15° rotation and corresponds to the situation noted
in Figure 3.15. The area of shading of the antenna by the carry-through structure
is increased, because now the lateral structural members do not align but each

individually shields a portion of the antenna face.

The ten circular regions shown in both Figures 3.16 and 3.17,
represent regions of the antenna in which the transmitted power per unit area,
watts /&nz is constant. In order to shape the antenna beam to have low sidelobes,
the antenna has a 10 dB Gaussian taper applied. The taper is applied in ten steps
as shown, with the central region having a 21. 7kW/&nz power density and the

outermost ring having 1/10 this value,

The taper was determined to effect the phase change in transmitting
through the carry-through structure by weighing the increment of phase change
with respect to the power density where the associated obstruction is located.
For a given mass of dielectric carry-through material, location of this mass
such that it shadows region 10, would be (1/10) that of locating the same mass

such that it shadows region one.

The change in amplitude of the main lobe in the far field is then a
function of both the amount of shading on the antenna {(a function of its location on
the antenna face with respect to the different weighted regions) and the total phase
change seen by each transmission element (a function of the fotal amount of
associated carry-through material). An expression which describes these effects

is shown below.



FIGURE 3.16 ANTENNA VIEW ALONG BORESIGHT AT 8 =0°



v -¢

SECTION
A
B
C
b
E
¥
G
H
I
J
~ = : Ty 6.._.-—_=—“'-'_'—-—‘-—~.._ = 1_3;~‘ 4«———“5,._0 I.]'
cd i = F = H
\\_/ A |
— = == : =7 =
z = / 7
= 2 _ x Y4 - o E

— = 77 5

=T S —— C

= = i z B

= — k_‘ ¥ = ‘:‘\; _;’— ‘:’—’ = i A

FIGURE 3.17 ANTENNA VIEW ALONG BORESIGHT 6 = 15°

NODES

N GR OO R WY~



|

Ag

Aq&i

NOTE:

Z A, W, CosAGﬁi

n
d=1
0
J:

1
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A, W,
J ]

3

(8. - BO)A,@,

1

phase change as seen by region Ai of antenna as

compared to free space

area of antenna with constant phase shift
weight given various areas variation 1 to .1

subscript which refers to areas of consgtant phase change

subscript which refers to 10 steps of constant power

density regions of antenna

amplitude of main beam due to shadowing of carry-

through structure {volt/m)

amplitude of main beam with no shadowing {(volt/m)}

When there is no shadowing of the antenna {(and therefore no
transmission through the carry-through structure}, the phase
change B is equal to Bo and Aqﬁi = 0. In this situation the
ratio (E/Eo) = 1,0,



The weights W, used for the 10 regions of the antenna are listed below:

Region Weight
1 1.0
2 -9
3 .8
4 .7
5 .6
6 .5
7 .4
8 .3
9 .2
10 .1

The results of the performed calculation outlined above for the condition of the
antenna transmitting through the carry-through structure as shown in Figures
3.16 and 3.17 are tabulated in Table 3-8.

The loss due to the out-of-phase addition of the shadowed antenna
transmitting elements is greater for the 9 = 0° case reflecting the higher
combination of weighted shadowed area and transmission path length through the

carry-through structure.

The power sidelobe level for a 10 dB Gaussian tapered antenna is
-25 dB below the peak of the main lobe, If it is assumed that the primary effect
of the out-of-phase wavelet addition is to modify the first sidelobe of the antenna

beam, the new sidelobe level would rise to the values shown.

TABLE 3-8, AFFECT OF CARRY-THROUGH STRUCTURE
SHADOWING OF ANTENNA ON MAIN BEAM AMPLITUDE

- - Transmission Angle -
8 =0° 6 = 15°
(6 AM and 6 PM) ‘ (5 & 5 AM, 5 & 7 PM)
E/E, . 999779 . 9999305
1-(E/E_)? -33.546 dB -38.57 dB
New Sidelobe ~-24.707 dB -24,905 dB
Sidelobe for -25.0 dB -25.0 dB
(E/E ) =1
o
Associated Loss 0.35% 0.2%
from Main Beam




The effect then of the carry-through structure for the two transmitting geometries
considered is to modify the first sidelobes by approximately 7% and 2%, respect-
ively. As the first sidelobes contain approximately 5% of the power in the trans-
mitted beam, the effect of the out-of-phase beam addition is to lower the power in
the main beam by approximately .35% and . 1% for the two cases. It appears that
accepting these losses (. 35% maximum) at the local times shown would be reason-
able and the dielectric carry—through structure does not therefore appear to create

a significant problem with respect to the MPTS.

Furthermore, power loss due to out-of-phase addition because of
transmission through the carry-through structure is being continuously reduced
still further by the reference beam from the ground. Each subarray is continu-
ously having its phase front corrected through the phase control electronics which

is referenced by a pilot beam transmitted from Earth.

The transmission path for the phase reference through the carry-
through structure is essentially the same as that from the reverse path, con-
sequently the phase change problem of the carry-through structure is reduced to

a negligible effect.

There is a question as to how much the response time requirements
of the phase control system should be constrained to compensate for the passage
of the dielectric carry-through structure. This analysis indicates that there

should be no such constraint.

The analysis described shows that in the absence of a phase correct-
ing system for the carry-through structure, approximately a . 4% reduction in
delivered power would occur early in the morning and again late in the afternoon,
local time. It also indicates that power densities at the sidelobes would be
increased periodically, and the associated ecological issues therefore will require
further analysis and possibly demonstrations as the configuration and system

characteristics are matured.



3.4.3 HEATING DUE TO CARRY-THROUGH STRUCTURE

There are two RF heating effects caused by the presence of the di-

electric carry-through structure, these are:

(2) the carry-through structure may absorb the microwave

energy and thus heat up

(b} the reflected power from the carry-through structure
may cause the antenna to heat up with resulting undesired

thermal deflections

The coupling of microwave energy to heating of the carry-through
structure is a function both of its electrical conductivity and dielectric constant.
The absorbed heat is directly proportional to electric conductivity, which is quite

low, and inversely proportional to its dielectric constant. '

The heating of the antenna due to reflections from the carry-through
structure is proportional to the square root of the dielectric constant, as well as

the total reflection surface area.

Both these heating effects will be considered in the following sections.

S 3.4.3.1 Estimate of Microwave Heating Due to Carry-Through Structure

The ability of the carry-through material to absorb the impinging
microwave energy is directly proportional to its electrical conductivity, U, and
the square of the electric field strength within the dielectric carry-through material.
In turn, the electric field within the 's glass epoxy’' is inversely proportional to the
square root of its relative dielectric constant, Once this electric field strength is
determined, the heating rate of 's glass epoxy' may be computed. The maximum
power density is in the center region of the antenna and is 21.7 kWﬁnz. The field

strength corresponding to this power level is:

_ . . 3, watts - ohm
E, = J(377) - (21.7 10°) 2252

where 377 is the impedance of free space in ohms

E_ = 2.8337 - 10° yolts/meter
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The field strength in the 's glass epoxy' structural members is inversely
proportional to the dielectric constant of the medium and for constant

power becomes:

(£ /€,

1.5147 - 10° volts/meter

B

It

E

1

The loss tangent, given earlier for the ‘s glass' material of . 007

corresponds at 2.45 GHz to a conductivity of

¢ = 3.3- 1073 mho/m

Using this value, the maximum heating {assuming that the RF is 100% thermally
coupled) may be computed. This heating, in '\x.ra,t’cs/h'l3 is given by the expression
G'Ez, and computed to be 7.571 x 10° wattsﬁri3. The total mass of the carry-
through structure is calculated to be approximately 72, 575 kg. The total volume
of dielectric material assuming a specific gravity of 1.2 is ® 60 cubic meters,
The heat absorbed by the 's glass' material is then 4. 542‘6 X 105 watts or ~ 6.2
watts/kg. The total surface area of the carry~through structure may be estimated
on the basis that the thickest members of the structure are the connecting pieces
of the one meter triangles (which represents the basic building block of the

structure). The thickness of these members are .034 cm. A volume of 60 m3

would then have a surface area of approximately 1, 7647 x 105m . This is equiva-
lent to an irradiance level on the structure of less than 10 W/rn2 and is trivial

compared to the solar irradiance of 1353 w/mz.



This temperature is much lower than the 120° C equilibrium temperature condition
computed for the Solar Power Satellite due to solar heating and therefore not

considered to be a problem.

3.4.3.2 Heat Load on Antenna Due to Carry-Through Structure

The reflection coefficient from a dielectric slab is given by the

following formula from transmission line theory:

Zi. - ZO
P Zi + Zo
where
‘ Zi. = impedance load of carry-through structure
ZO = impedance of free space ~ 377 ohms

The impedance of the 's glass epoxy' material is a function of the

inverse square root of its relative dielectric constant;

ZL = (Zo/‘/—e_;)

Assuming a dielectric constant variation of 2 =5, the resulting reflection co-
efficient due to the impedance mismatch of the 's glass epoxy' is as shown in
Figure 3,18, As shown, the closer the dielectric material which is used to
construct the carry-through structure is matched to free space; i.e., E:r =1.0,
the less reflection there is. The range of dielectric constant for the 's glass epoxy’
assumed has been 2. < e, < 5, taking a value of 3.5, the normal reflection co-

efficient for this value of dielectric constant is p = .303.

The carry-through structure is made up of a series of one meter
triangles, the largest reflective surfaces are represented by the triangular caps
which are 6.6 cm wide (see Figure 3.19). The power incident on these structural
elements is at a varying incident angle which depends both on the makeup of the
structural members (the orientation of the structural caps with respect to the

incident power}, and the relative orientation with respect to the antenna, These
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considerations should reduce the reflection coefficient considerably.

In order to compute the total reflected power, the total area blockage
due to the structural caps must be determined. Parametrically, the total reflected

power on the antenna is a function of the following parameters:

. 2
PR = As Ws . P0 . F . p watts.
AS = total area shielded by carry-through structure
Ws = weight factor, range of 1,0to .1 for a 10 dB power
density tapered antenna
P, =  peak power density of antenna 21,7 k'W’/’meter..-2
pz = power reflection coefficient
F = factor which defines the ratio of total dielectric

material seen within a 20m x 20m structural member

The maximum blockage for the antenna occurs when the relative
orientation of the antenna and the carry-through structure is at approximately
8 = 15° as indicated in Figures 3.15 and 3.17. The weighted blockage area for
this situation (previously computed for the phase calculations) is:

A W = 71,735m?%
s W

This represents approximately 23% of the total weighted surface area of the
antenna, The product of As WS p2 P, is equalto 1.429 x 108. In order to
compute the cross-sectional area of a 20 meter square section of dielectric
structure, the layout of a section as shown in Figure 3. 19 is required. The
primary contribution is from the cap structure used to fabricate the one meter
triangle building block for the 20 meter structural members. In every 20 meter

square section, there is a reflection surface area of approximately 8. 448m2.
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This is computed based on structure in the 20 by 20 meter section. The ratio of
reflective surface area within a 20 meter square structural member is then
.02112, The total power reflected onto the antenna structure is then computed to
be:

P, = (71, 735m%) (21. 7 kW i 2) (. 02112) (.303 )% = 3.018 x 10° watts
This RY¥ load is effective over an antenna surface area of ~ 180, 0001’1‘12 and
represents an additional heat flux of 16 watts /mz, which must be dissipated by

the antenna structure.

The waveguide of the antenna is aluminum with an assumed emissivity
of .85. The temperature of the waveguide is approximately 40° C and the radiated
heat at this temperature, emissivity, condition is 469 Watts/meterz. The reflected
power represents 3.4% of this, the majority of which would be reradiated as RF.

The waveguide temperature rise would be less than 1° C.

The assumption that the reflected power would be reflected back onto
the antenna is a highly pessimistic one. In all likelihood, there will be a signifi-
cant amount of forward scattering as the impinging RF energy on the carry-through
structure will occur at other than 90° incidence. However, even if the power
density computed were to be too high by a factor of I({_JO or more, this reflected
energy could have a significant effect on sensitive electronics such as the phase

control circuitry.

3.4.4 EFFECTS OF REFLECTED RF POWER ON RF SYSTEMS
DUE TO CARRY-THROQUGH STRUCTURE

The RF power reflected from the dielectric carry~through structure
back to the RF radiating surface on the antenna has been estimated at 16 W/m"™.
The uncertainty in this estimate is very large particularly if it is interpreted as
the peak value that may interact with a particular RF sensitive set of electronics.
Even if it is high by tens of dB, it would still be large compared to the pilot beam
control signals at near the same frequency and the problem of isolation of the

reflected power from the control electronics would be great.



In depth analysis of pilot beam power, aperture and signal isolation
requirements must be conducted in future studies. Early in such studies,
reflected RF power from all potential sources should be established and tradeoffs
'should be evaluated to establish configuration and system constraints. The
judgement at this point is that configuration approaches using dielectric or other
structure in the field'of the MPTS power beam and control signals could be a

viable alternate.

3.5 MATERIAL SUBLIMATION EFFECT ON AMPLITRON

3.5.1 INTRODUCTION

The Amplitron when used in a high-pressure environment (i.e.,

14,7 PSI) has a glass enclosure surrounding; the cathode and anode, in which a
vacuum pressure of approximately 10-4 to 10"'5 TORR ig maintained, The low
vacuum of space eliminates the need for this glass enclosure as the pressures
are on the order of 10-13 TORR. A problem may arise, however, if a sufficient
number of particles collect in the vicinity of the cathode and thereby increase the
local pressure there to 10"4 - 10"5 TORR. The question to be resolved then is
what are the total sublimation products from the MPTS materials, and will they

affect the operation and life of the Amplitron?

The results of the study are that for the baseline configuration of
the MPTS, the pressure increase due to the collection of sublimation products in

the vicinity of the Amplitron is,

{a) primarily due to the materials in the cathode/anode

region of the Amplitron; and,

(b) if sufficient venting is provided for these sublimation
products in the design of the Amplitron, there is no
problem associated with any pressure increase due

to sublimation products.



3.5.2 ANALYSIS
)

The sublimation rate for a rn.a,‘ceria,l{25 is given by:

s = 1.85 10° f- \/g (cm/vT)

P = x;;apor pressure {TORR)

T = temperature (°K)

M = molecular weight

p = density (gm/cc)

As the pressure limitation of 10°% - 107® TORR for the Amplitron

is that measured at the cathode, this fact limits the materials which can be con-
sidered to be a problem to be those immediately adjacent to the cathode. Mater-

ials considered have been the following:

Copper
Platinum
Pyrolytic Graphite

Aluminmm

The platinum and copper represent the cathode and anode of the
Amplitron, respectively. Py:rolytic graphite is the material of which the
Amplitron heat radiator is made, and aluminum represents the antenna wave
guide.

Note the above equation represents a modified form of the state
equation for the gaseous or molecular products of the sublimating material. As
such, the pressure which is used in computing the sublimation rate is that which
corresponds to the temperature of the gas. The vapor pressure, temperature
equilibrium relationship for the materials which will be considered here have

been experimentally determined and are presented in the reference cited.



Figure 3.20 shows the present Amplitron design, Previous thermal
analyses(14) showed that with this design, the maximum temperatures of the

various materials was:

Pyrolytic Graphite ~ 635° C
Platinum ~ 635° C
Copper ~  349°C
Aluminum ~ 52° C

The temperatures were determined by specifying a maximum
temperature at the cathode of 650° C and anode, 35 0° C and solving heat balance
equations iteratively to reach a temperature equilibrium. The final temperatures
for the Amplitron are shown in Table 3-9, corresponding to the points noted in
Figure 3, 20.

TABLE 3-9. RESULTS OF PREVIOUS COMPUTER THERMAL
ANALYSIS OF AMPLITRON

Location Temperature (*C)

635.
591.
570.
349,
305.
282.
265.
52.
49.
48.
46.
39.
40.
41,
41,
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Using the experimental pressure temperature relationship defined in

reference (25), the sublimation rate of these materials was computed. (Carbon
was chosen as representative of pyrolytic graphite for which no vapor pres sure/
temperature relationship could be found.) These resulis are shown plotted in
Figure 3.21, Copper represents the material which is most likely to affect the
operation of the Amplitron. This is so for the following reasons. Of the sub-
limation rates of the materials shown plotted in Figure 3,21, at the temperatures
computed for the Amplitron; Copper at 349° C shows the highest rate by a factor
of at least 103 over the Aluminum waveguide, the platinum cathode, and the
pyrolytic graphite radiators. Fur.themore, the copper sublimation products

are in a region critical to the Amplitron operation. For these reasons, only the

sublimation products of the copper anode were considered in the study.

In order to compute a concentration of copper particles, the total
surface area of copper which could sublime at the computed rate was calculated
to be approximately 70 cmz. A weight equal to the molecular weight of copper
subliming provides 6. 023 % 102‘3 particles. If the sublimation rate for copper at
a temperature of 349° C is used, along with the total surface area of copper which

is subliming, the weight of copper sublimated may be computed.

This weight total using Avogadro's number results in a total number
of particles subliming. The concentration of copper particles is computed by
determining the volume in the cathode/anode region of the Amplitron. The results
of this calculation are shown in Table 3-10. The calculation has assumed the
sublimation rate for copper at 349° C to be constant for the period of time varying
from one year to thirty years. The pressure calculated is that assuming the worst
possible condition that all the copper sublimed remains trapped within a confined

volume adjacent to the cathode,

The likelihood of leakage of particles to space, in which the pressure
is approximately 10—13 TORR or lower, is high. On this basis, the Amplitron
design should be such as to ensure that this leakage occurs. The Amplitron then

would be unaffected by sublimation products.
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TABLE 3-10 SUMMARY OF SUBLIMATION OF COPPER
’ ANODE (T = 349°C)

No. of
Year Particles Concentration Pressure ~ TORR
1 .72 % 101%  5.44 x 10*% no/ec 7 x 107°
10 2.72 x 1012 5.44 x 1073 no/cc 6.3% 1072
20 5.505x%10°  1.01 x 10'% no/cc 1.01x 107>
30 1.651x10°  3.302x10 % no/cc 2.4 % 107°
Amplitron operating pressure limit given as 1072 - 107% TORR



3.6 SUMMARY & RECOMMENDED DEVELOPMENT PLAN

3.6.1 CONCLUSIONS OF PRESENT STUDY

The following conclusions may be drawn from the present study:

e A 40 kV Amplitronat 5 kW output power represents a cost
and weight penalty over the 20 kV, 5 kW tube.

¢ A 40 kV dc power distribution system operating with
two, 20 kV, 5 kW Amplitrons in series represents a weight
and cost saving. However, there is a subarray isolation

problem which must be analyzed further.

s The system requires further design effort to eliminate
the need to enlarge the antenna due to a thermal blockage
of Amplitrons located adjacent to the 108m bay structure

and directly in the center of the antenna.

@ The carry-through structure does not appear, from pre-
liminary calculations, to be a problem, both interms of
transmission losses, and structural heating. However,
because of the complex nature of this problem, further
experi:cnenfal efforts are recommended particularly with
respect to the phase control circuitry. This requirement,
of course, depends on the final design configuration., It ‘
is rec.ognized that a design configuration could be selected
which will not include structures which interfere with the
MPTS,

e Sublimation of materials adjacent to the Amplitron does
not appear to have significant effect on successful operation

of the Amplitron.

. The effect of the carry-through structure has been shown to be small
in terms of modification of the transmitted beam resulting only in .3 dB sidelobe

rise for the assumed conditions. However, both experiments and computer



simulations should be developed to certify the design concept before a satellite is
placed in orbit. To this end, a plan has been outlined and will be described in
the following sections to resolve this problem. Also, the phase control circuitry

should be analyzed to determine if the reflected RF background interferes with

the pilot beam signal from Earth.

Sublimation of material in space in terms of affecting the operation
of the Amplitron is not considered a problem and therefore no tasks have been

scheduled to pursue this subject.

The present configuration of the satellite presents a thermal blockage
problem for the Amplitrons. Consequently, a better method of dissipating the
Amplitron waste heat will have to be developed to obviate the need for increasing

the antenna or system configurations should be developed to reduce the blockage.

Further design work is required in order to have a 40 kV antenna
power transmission system. A 40kV, 5 kW Amplitron presents a weight and
cost penalty which may completely eliminate its .consideration, The system of
20 KV, 5 kW Amplitrons in series presents approximately a 25% weight and cost
saving for the power distribution system. However, the problems associated with

isolating the subarrays will have to be investigated in depth.

A schedule and task description recormmended to resolve these issues

is presented in the following sections.

3.6.2 DEVELOPMENT PLAN

3.6,2,1 Dielectric Carry-Through Structure

The tasks to be performed are noted in Figure 3.22 along with the
schedule for their performance., The primary emphasis for these tasks are to
ensure that if the satellite design consists of a dielectric carry~-through structure

that any transmission problems are resolved prior to system concept commitment.
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A logical procedure or sequence for the tasks are to; a} refine the
design of the carry-through structure as much as possible; b) develop a computer
‘program which may be used to extend knowledge in areas which may not be experi-

mentally modelled, as well as to assist in the understanding of the experimental
data: c) settle on a material for the carry-through structure; and, d) design
experiments to determine the electrical properties of the carry-through material,
and design an experiment in which a properly scaled antenna and carry-through

structure is tested.

The structure design effort should attempt to arrange the carry-
through structure such that higher power density regions of the antenna are less
shadowed., The material tests may be done at University Laboratories (e.g.,
Laboratory for Insulation Research at MIT, and will determine the electrical
conductivity, dielectric constant and loss tangent at 2.45 GHz for a range of

material suitable for the carry-through structure.

The RF blockage effect of the carry-through structure has not been
shown to be a significant problem. However, experimental tests and computer

simulations should confirm this,

An exact scaling of the carry-through structure to the experimental
test antenna is not possible on a practical basis. Furthermore, the preliminary
calculations presented here demonstrate that the effect of the RF blockage due to
carry-through structure does not warrant this type of test. What is envisioned is
that models of the carry-through structure will be made approximately represent-
ing the same volimetric blockage of the space antenna. These models could be
inserted in the near field of the 2.45 GHz transmitting antenna. The beam pattern
in the far field could then be measured and compared with the unobstructed antenna

patterns from this antenna,

The developed computer program would aid in understanding and
reducing the beam pattern measurements taken, and once confidence is established,

be used to extrapolate to conditions in which experimental data is not available.



The results of this aspect of the study will be to either accept the
concept carry-through structure design with or without modifications, or point

the way to alternate schemes.

The reflected RF signal computed is significantly higher than the
pilot beam signé.l' from the ground. Consequently, unless there is an adequate
frequency or polarity separation of the pilot beam signal from the reflected RF
as well as adequate filtering on the phasec control circuitry, this r‘;-:flected RE
may be a problem for the RF circuitry. The phase front control circuitry should

be further refined to resolve this aspect of the dielectric carry-through structure.

3.6.2.2 DEVELOPMENT THERMAL BLOCKAGE

The structure required to rotate the antenna both in azimuth and
elevation, as well as the bay structure for the subarrays, and the cabling and
equipment requirement for the microwave transmitting system all contribute to
a thermal blockage of the Amplitrons. This blockage exceeds that previously
assumed in the design of the Amplitron heat radiation cones. Some of the blockage
may be decreased or eliminated by judicious design. However, the requirements
of moving a large, massive structure will always be present and with it some
blockage of the Amplitrons, Thermal analyses are required in conjunction with
the design of the antenna and its connecting structure to the solar panels which will
obviate the need to increase the antenna as a direct function of the thermal blockage
of the Amplitrons. Recognizing that this blockage mayexist, a method of curing
the problem by either conducting heat from ‘problem' Amplitrons to other radiat-
ing elements or other more direct cooling schemes for these Amplitrons should be

developed.

3.6.2.3 POWER DISTRIBUTION SYSTEM

The satellite power distribution system has many obvious advantages
when operation is at high voltages., For a given power level, the current varies
inversely with voltage. And, as current is a key parameter in sizing of cabling

and electrical hardware, it would be advantageous to operate at high voltages. The

two 40 XKV Amplitron configurations investigated in the present study pointed
out that an isolation problem exists for a 40 kV system having 20 kV Amplitrons

in series.
3-67



The effect of this isolation problem on the overall system design remains to be
studied.- Further, the usage of a 40 kV, higher power.-Amplitron, though in-
efficient on a cost and weight basis for the microwave power distribution system,
may be justified on an overall system basis. . Other approaches to achieve lower

cost and weight for power distribution should be investigated.



4.0 COST MODEL INPUT DATA

The work carried out under this portion of the study had an impact on
the previous estimate of cost and risk. This section describes the Raytheon

provided changes to the ECON cost model and their basis.

4,1 VARIABLE SYSTEM POWER

In order to investigate the cost relations for higher and lower parts,
it was neces sary to provide an equation relating rectenna area to power output

at the ground bus after five years, This is:

Revise first two terms of equation CGRD-STA to be a single term;

CrEcT ARECT
where
CRECT = Specific cost of rectenna, real estate, and site
preparation in $/Hectare (1 Hectare ~ 2 Acres)
7 5 104 :
ARECT = 2— = X SINE (Ground area of rectenna, hectares)
5YR
E = Elevation angle (for SW Site 50°)
P._(GW) = P s
5YR OUT(GW) 5,258
Best Most Likely Worst
CRECT ($/HECTARE) 73,700 109, 800 160, 600

4.2 ANTENNA ILLUMINATION TAPER

. The amplitude taper across the antenna was changed from 5 dB to 10 dB
to improve sidelobe level. This required the use of a larger antenna in order to

"allow the heat generated in the central portion of the array to be dissipated.



The heat radiators were already packed as tightly as possible at the center so
the only way to get the taper was to increase aperture. "The items in the cost

model which were changed were:

- The basic diameter of the antenna (bANT) is increased from
0. 83 KM to 1.027 KM to account for the change in amplitude
taper from 5 dB to 10 dB.

- Change terms in CANT equation as follows to account for

increased MPTS antenna area due to using a 10 dB taper

not 5 dB.

Best Most Likely Worst
Cpp ($/%W) 6.00 6.59 1252
CPCE 25.77 28.63 56,80
CWG 12,13 13,47 26,95
CST 12,40 13,78 27.56

- Change the following specific Mass terms to account for larger

antenna area:

Best Most Likely Worst
mANTS(KG/KW) L1228 . 1364 . 1500
m e (KG/KW) .3786 . 4207 . 8415
4.3 40 KV -VS- 20 kV POWER DISTRIBUTION

Previously, Raytheon had assumed a 20 kV Amplitron configuration with
20 kV power distribution. Use of 40 kV distribution can reduce the cost and mass
of the distribution system. It does have a negative effect on cost and mass of the
DC to RF converters {(Amplitrons), This is discussed in Séction 3.0 of this report.
Two alternate configurations were investigated. One used 40 KV Amplitrons and

the other series connections of two 20 kV Amplitrons.



- 40 kV Amplitrons

CDC _ RF($/KW) increases {Amplitron)
mpe. RF(KG/KW)increases {(Amplitron)
CPD($/KW)decreases (Power distribution}
™M A NT PD(KG/KW} decreases {Power distribution)
Best Most Likely Worst
CDC_RF($/KW) 20.70 23.00 46,00
Mpye RFCKG/KW) 0. 468 0.520 0.852
Cppl$/EW) 3.91 429 8.15
= m 0.0315 0. 0350 0. 0700
MANTPD ~ B , : : : -
ANT

- Series 20 kV Amplitrons (use two 20 kV Amplitrons in series to
allow 40 kV distribution): '

CDC - RF unchanged, same Amplitrons
Mp~_ RF _ unchanged, same Amplitrons
CPD & mANT PD decrease because lower current means smaller,

less costly power distribution

CWG’ Myea increase because insulated spacing and structure
is needed
Best Most Likely Worst
C .
PD 3.91 4,29 . 8.15
™\ NT PD 0.0315 0. 0350 0. 0700
CWG 12. 74 14, 14 28.30
My~ 0.4013 0. 4459 0. 8920
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4,4 POWER DISTRIBUTION

Further work on the power distribution resulted ih-éh’ange_s,to the cost

model,

- The design of the power distribution system was.refined making it
lighter and less costly than previously estimated. The degree of
risk in the cost of the power distribution is estimated to be slightly
reduced; also, as reflected in the best and worst, This figure takes
into account the change in DANT from 0,83 KM to 1.027 KM, and
the improvéd collection efficiency term. )

Best Most Likely Worst
CPD($/KW) 6. 00 6.59 12.52
- Add a term to the MA-.NT equatio'n to account for Power
Distribution:
ManTPD ° ™anTPD FANT
m @G) = Best Most Likely Worst
ANT PDA\Rw. 0. 0470 0. 0522 0, 1044
Based on 131ew efficiency numbers and a new MAN'I‘ D
440 x 107 KG (Most Likely) -
4.5 - EFFICIENCIES

Some refinements were made to the efficiency terms,

- Modify efficiencies as follows:

Best Most Likely Worst
nPC .96 .95 .’94.
nBC .97 .95 .93
nRF - DC T e 91 ’ . 88 . 85
nRECT - PD 096 -95 094



5.0 REFERENCES

A special issue of Radio Science 9, 881-1090 (1974) contains papers
summarizing the important aspects of the ionosphere modification

experiments.

Goldman, M. V,: Review of Non-Linear Theory of Ionospheric Inter=-

action, University of Colorado, Report UC41003, 1973,

Holway, L. H., Jr. and Meltz, G.: Excitation of Parametric Instabilities
by N;)n-Monochroma@ic HF Fields. Proceedings of the IVORY CORAL
1973 Technical Review Meeting, sponsored by DARPA, pp, 215-232, 1973,

Meltz, G. and Holway, L., H,, Jr.: Theoretical Studies of Ionospheric
Heating by Powerful Radio Waves, Final Technical Report RADC-TR-73,
sponsored by DARPA, 1974, '

Meltz, G, and Lel.evier, R, E,: Heating of the F-Region by-Deviati\;e
Absorption of Radio Waves, Ju Geophys. Research 75, 6406-16, 1970,

- Holway, L. H., Jr., and Meltz, G.: Heating of the Lower lonosphere of

Powerful Radio Waves. J. Geophys. Research 78, 8402-08, 1973,

" Holway, L. H., Jr., and Meltz, G.: Modification of the Loower Ionosphere

by High Power HF Transmissions, Raytheon Research Division Report
T-984, Also presented at the 1974 URSI Annual Meeting, Umvers:.ty of
Colorado, Boulder, Colorado, QOctober 14-17, 1974,

Meltz, G. and Holway, L. H., Jr.; and Tomljanovich, N, M, : Ionospheric

Hea.-ting by Powerful Radio Waves. Radio Science 9, 1049-64, 1974,

Sen, H. K. and Wyller, A. A.: On the Generalizatibn" of the Appleton-
Hartree Magnetoionic Formulas., J. Geophys. Research ﬁ)_, 3931-3950,
1960, )



10,

i1,

12,

13,

14,

15,

16.
17.

18.
19.
20,

21,

Holway, L. H., Jr.: High Frequency Breakdown in Jonic Crystals,
J. Appl. Phys. 45, 677, 1974

Dalgarno, A.: Collisions in the Ionosphere in Advances in Atomic
Molecular Physics, Vol. 4, editied by D. R, Bates, pp. 381-440,
Academic, New York, 1968,

Leu, M. T., Biondi, M. A. and Johnson, R.: Measurement of the
+

Recombination of Electrons with H,0 (H2 O)n Series Ions., Fhys.

Rev, Az, 292, 1973, |

Utlaut,” W. F.: Ionospheric Modification Induced by High-Power HF
Transmitiers, Proc, IEEE ﬁ, 1022-43, 1975,

Microwave Power Transmission Systems Studies, Vol. II. Report
NASA CR-134886, Raytheon Company, Equipment Division, Advanced

Devélopment Laboratory, Sudbury, Mass. -

Perkins, F, W. and Valeo, E. J.: The_rmal Self-Focusing of Electro-
magnetic Waves in Plasmas, Phys, Rev, Letters 32, 1234, 1974,

Perkins, ¥F. W, : personal communication,
Gordon, W. E.: Persongl communication,

Stevens, G, H.: NASA Lewis Research Center memorandum,

'October 12, 1976.

Burgess, B.: Propagation of VLF Waves Under Disturbed Conditions,
Radio Science, Vol. 68D, No. 1, January 1964, .

Matsushita, S.: A Study of the Morphology of Ionospheric Storm,
J. Geophys. Res., 64, 305, 1959,

Aarons, Jules: Equational Scintillations. A Review, A_FGL-TR- 76-0076,

April 1976,

5-2



L,

23.

24,

25,

vaniNaire . nMOAerIl rrnysics

Plastiés for Aerospace Vehicles. MIL-HDBK-17A, January 1971
(Table 2-6 Properties of E-Glass and S-Glass).

Jackson, J, D,: Classical Electrodynamics, Wiley Publishers, 1962,

Jaffe, L. D. and Rittenhouse, J. B.: Evaporation Effects on Materials
in Space, Chapter 9 of Materials for Missiles and Spacecraft, Univ., of
California, Engineering and Sciences Extension Series, McGraw-Hill
Book Co., 1963,



(THIS PAGE INTENTIONALLY LEFT BLANK)



APPENDIX A

MICROWAVE POWER TRANSMISSION SYSTEM (MPTS} CHARACTERISTICS

dB

H]

Peak power density at transmitting antenna
21,700 Wlmz

Taper of truncated Gaussian power distribution at transmitting antenna
10, i.e. Power density at edge = 2,170, Wﬁnz and it is accomplished

in ten steps.

- Area of transmiitine antenna (mzj) i

Antenna aperture efficiency
[ 2]
211-10 29
4B .
[1-10 9 Jo.115aB

Maximum power density at main lobe at range R{m) through environ-

ment with propagation efficiéncf 1, and beamn forming efficiency 7y

at wavelength A (m)

P & 1.-10 20
2 .2 nb 7721.

R™ X 0.115 dB

Area of aperture normal to boresite at Rangé R{m), wavelength A (m)

from a transmitting antenna aperture AT (mz) .

7\2 R-2 346 9.6 DRminor SW
3,1648 & DR = [——=S_ R, DR =— .

A . P . . sin 50 ocation

minor major
T G
MPTS efficiency eﬁd to end dc out of Rectenna
dc out of Orbital Power Source

77t 7lb "Ia 7]3 771_ ﬂd



g
1

.8202 X 0,95 X 0.9875 X 0;95 X 0,8406 X 0.903 for A =.1225m
(f=2,45 ‘GHz), Southwest ground site. —
. 5549

10, 340 AT (W) dc input power to antenna ~

8,480 A'I‘ {W) rf output power from antenna

5,732 AT {W) dc output power from rectenna (Fi =37X i06m)
6 AC 2
0.51123 X 10 T mym, (W/m") power density maximum at ground
R&

Py X 1072 4 (W/inz) power density maximum at sidelobes (with
nominal outage)

[er Saf(p) pdpr -K(%)Z

where f(p) =

- ‘a
A 2T (\) fz(p) pdp

T and K = 35 ln|o
20
= 0,115 4dB
K ( yd )2 2 a = transmitting antenna
Sa a . maximum radius
2T e pdp
o p = radius to element
> within the antenna
p
a -2K ('a"")
AT 21 g e pdp
o

= 0,1225m

For A



I

_dB |~
2[1- 10 7-ﬁ_J

~ dB ,
[1 - 10 W] 0.115 aB

_dB
1-10 10

P
o T | 0.23 dB

P 1 411 A )
T lz . P, nA where R = distance from trans-
- My = T . T [ON mitter {(meters)
4m R Rz )LZ T, = phase control beam
’ forming efficiency
2 = 0,95
5 _dB [ - dB] .
PoAr 13-10 0| 2[1-10 29). ,
rZ 2? 0.23 dB [ %= P
. 1-10 ~ 10,115 dB
» _aB 7?2
Py Ar 1. 10 20
T L,
R“2% Lo0.115 aB |
nt Tib _?1a ns 7?1. T)d

" Efficiency of power transmission, conditioning, conversion (dc - rf)

waveguide transmission and radiation out the waveguide slots.

1,845 - 69 1F £00 the Amplitron (See p. 12-13 & 12-9 of Ref. 14)
where f = frequency in GHz
0.8202 for f = 2.45 GHz



n

1l

Efficiency of beam formation by the transmitting antenna including
effects of phase errors.
0.95

Efficiency of propagation through the atmosphere-and ionosphere.
(See p. 12-3 & 8 of Ref. 14) ) '

1,99 - eo" 001£ for southwest location = 0,9875 °

1,98 - ¢0:002f ¢ ortheast location = 0.975

Beam interception at rectenna

0.95 for 10dB taper

= ‘v = 1,78 {See Figure 12-3, pg. 12-7 of Ref. 14)

rf to de conversion efficiency including losses associated with reflected

power and interface'to powér grid,
0,022f

0-8406/ N - g 2
T - _.5
0.903 i =.2[1"1° ]

0.676 P, d  Y1-..,1)X1.15

= 0.903

A4

1.896 - e = 0,8406

2 2

AR % 3,1684

AT

Ppmy My Mg M Mg ' [ [ _dB74

' q, = 2L1-10 20

0.9875 for southwest location d [ dB]

i “10
“0.95 . 1-10 © ]o0.1154B
0.95 < ’ fordB = 10



Pr

t

0. 8202
1.219 P,
b3 2
0.391P_A, andfor P = 21.7 x 10° Win
-
8480 A, 4872
PoAg |19 20
10340 A p_ = _9° -
T D 2.2 |0.115 dB b
R 2
5732 A 1012
6 AL 21.7 % 105 A2 -70
0.51123 x 10 TT n < = o T [1-10 n
R 0.1225% R? 1.15
A2
= 1.446 x 10° x .3535 7, T
)
2
" = 0.51123 x 10° AT 7
w2
2.2 2.
A = 3.1684 A RT | 3.1684x .1225"R
R P_ /5732
2 T G
272.5 R_ (normal to
G boresite) RZ
=272.5 ——
G
346.96 R (minor axis)
v P
G
i74 4x 10°P
: G
. 0,0149 «IPG



PARAMETERS OF MICROWAVE SYSTEMS AS A FUNCTION OF PG

Ty

For 10 dB taper, 10 steps!

First sidelobe is = 26 dB down without outage (Figure 6-14

of NASA CR-134886)

Considering outage to cost 2 to 7.5 dB (Figure 6-15) gives

24 to 18,5 dB down

YE'" region

> 200 mw/em?® (N, E)

equivalent PD = 40 to 50 mw/cmz

2
D A = = = - - A -2,4
S = T . 7 A‘R DR- PD = 511,230_:’_ b”a PDxlo
- R
Ssdiiesgft 157.4 x 107 P, | 0. 14157/F ot 54) o7 ﬁ \ /334. 96 p
G . i i

R 37+ 106m w2 m G Mainlobe Sidelobes
Km 2

.24 1;6 608 {m” normalto | (minor axis) At Ground | At "F" Layer | At "D" Layer At Ground

DT s boresite) 1, = 0,9875 qa =1 1, = 1 mw cmz

dB Down dB Down
rnw/cmz mw/cmz mw/cmz . 24 18.5
6.0 629, 600, 895, 103, 349 x 106 10, 921. 13, 8 13. 8 13,9 . 055 .2
5.4 787, 000. 1, 001, 82,679 x 106 10, 260. 21.7 21,5 21.8 . 087 .31
5,2 827, 600, 1, 027. 78, 622 » 106 10, 005. 24.0 23. 8 24.1 . 096 . 34
4,9 944, 400, 1, 096, 68, 899 x 106 8, 916. 31.2 30.9 31. 4 . 123 .44
4.5 1, 101, 800, 1, 185 57. 948 x 10° 8, 2565. 42,5 42,1 42.8 . 169 . 60
4.2 1, 259, 200, 1, 267, 51, 674 x 106 T, 722, 55, 6 55.0 56,0 . 222 .78
4.0 1, 416, 600, 1, 343, 45. 933 x 10° 7, 281. 70. 3 69,7 70,9 .28 ., .99
3.8 1, 574, 000, 1, 416, 41,339 % 10° 6, 907. 86. 7 86, 0 87. 4 . 345 , 1.22
3.6 1, 731, 400. 1, 484, 37.581 x 10° 6, 848, 105. 0 104. 2 105, 8 . 418 1,48
Limits of theory for Ionospheric effects
npH i ~ 3000°K
- 0. 9875 region up to

equivalent P = 60.to 70 mw, cm2 (S, W)
1 D

Most significant effects are at "F" region

'+ Limit of theory 70 to 200 mw/cmz

Projected limits for biological effects at sidelobes =

0.1 to 0,5 and possibly 1.0 m\x.r/cm2




APPENDIX B

THE EFFECT OF HIGH POWER MICROWAVES ON ION CHEMISTRY

The large increase in electron temperature predicted for power fluxes
of 20 1rnW/c:m2 and greater is likely to cause a significant, noticeable change in
the rates of several important ionic reactions., Changes in the neutral chemistry
may also occur as a result of the vibrational excitation of nitrogen by thermal

electrons.

Dissociative recombination is a process which is known to be effected

directly by the increase in temperature. The rate coefficients, Qys and ®s s for
+ %1
e + NO — N + O (B-1)
and
+ 2
e+02-———a-0+0., (B-2)

reactions which play a key role in determining the electron concentration in the

E and F-layer, are both inversely proportional to Te . Lelevier (1970)1 has
shown that long before density changes develop as a result of hydrodynamic effects,
modifications in the dominant recombination rates will produce an increase in the
electron concentration. If the change in electron temperature 6 Te is modeled by

an exponential increase

6T /T, = f [1 - e"t/tl] , (B-3)

where f is the steady state fractional increase, then the change in

density will be given by



[M7]

5N /N =
e’ eo N+ [M*T]}
e

(B~4)

-t/t . =t/t

1 2
o1 4 (tle -t e )/(tz-tl) :

where

t%l = 0‘1,2 {Ne + {M+]} . The guantity [M+]

is the combined density of NO+ and 02+ . The rate coefficients for { B-1) and
(B-2) are (Banks and Kockarts, 1973AY

oy = 5 x 1077 (300° /T ) em’ sec™!
and
o = 2 x 10"7 (300° K/Te) cm3 sec_1
The density of molecular ions is altitude dependent, varying from 7 x 102 to

3x 103 c:rn_3 at midnight between 150 and 240 Iun, and from 1 x 105 to

2x 104 cni_3 at midday over the same range of altitudes. Since the two rates
are nearly equal, we can simplify our analysis by considering a two component
system of electrons and molecular ions with a single mole fraction weighted
reaction rate coefficient, having a value of 3 x 10"7 (300° K/Te)n Equations
(B-3) and (B-4) can be used with the results presented in Section 2 and a repre-
sentative model for the molecular ion concentration {(Banks and Kockarts, 1973]5’{)2
to predict the increase in Ne due to a modification of the dissociative recombin-

ation logs process, The results are chown in the Table B-I below:



TABLE B-I. PERCENTAGE INCREASE IN ELECTRON
DENSITY FOLLOWING 200 SEC OF HEATING

"
SITE .
POWER NIGHT DAY
ALTITUDE F1L.UX NORTHEAST SOUTHWEST S_OUTHWEST
{krm ) (mW/crnz) 20 80 320 20 80 320 20 80 320
210 1.1 3.4 5,1 4,1 5,4 6,6 0.5 1.2 2.7
230 0.3 0.7 1.3 0.9 1.4 1.9 0.2 0.5 1.2
250 0.2 0.3 0.8 -0.5 0.8 1,3 0.3 0.6 1.3

It is seen that a few percent increase in electron concentration is expected below
the F-layer peak. The net change in Ne consists of this increase and an increase
{or decrease, depending on geometry and altitude) due to the hydrodynamic expan=
sion. An additional increase of 2 to 5 percent is expected at altitudes of about

200 kim due to hydrodynamic effects alone. The combined effect may produce as
muchas a 10 percent increase at the base of the F-2 layer. Accurate estimates
will require an extension of the existing codes to include the important digsociative
recombination processes described earlier. The necessary changes in the

ionospheric heating code are straightforward but involved.

A more important effect of microwave heating of the ionosphere may
occur as a result of the vibrational and electronic excitation of the neutral com~
ponents. It is known that excitation of reactants will increase chernical activity
{Taylor, 19 74)3 throughout the atmosphere, In particular, impact excitation of
the vibrational modes in molecular nitrogen by hot thermal electrons can (Newton
etal, 1974)5 accelerate the production of NO" ions through the important

reaction



of + N, — wWo' + W™ (B-5)

If the NZ vibrational temperature TVIB exceeds 1200° K, then a rapid increase
occurs in the rate of {B-5), raising its value by an order of magnitude between
1000°K and 3500° K. The increased production of NO+ ions supplants the.slow
creation of Oz+ through the charge-exchange process

+ \

ot oz--—-+oz+ + O (B-6)

As a result, electrons now recombine with NO' ions as well, accelerating
ionization loss by

+ Y]v
NO + e —» N + O (B-7

At the lower electron temperatures in the ambient mid-latitude ionosphere
recombination occurs (in the F-layer) through
+ Y2

O2 + e —= 0O + O , (B~8)

where molecular oxygen ions are supplied by the charge exéhange process (B-6).
The rate limiting step is the ion exchange reaction. The rate coefficient for this
process (Banks and Kockarts, 1973 A)2 is

v, = 1 x 10~ 11 900° K/T cm> sec™?

while the accelerated rate coefficient for the production of ot is (Newton and
Walker, 1975)

2
/3500°K ) em> sec™!

_ =11 (
Yl = 1 x 10 TVIB.

B-4



The concentration of NO+ increases due to electron heating and a density deple-
tion occurs. This may be a far-reaching effect since the vibrational states of
N., are metastable with very long lifetimes. At F.layer heights, the principal

2
loss of vibrationally excited nitrogen N2 is diffusion. Below 200 km the atomic

oxygen concentration is large enough to quench N: at a rate that equals or
exceeds the diffusion loss process. High velocity winds will transport the vibra-
tionally excited species, N2 and possibly 02, far from the region of mlcrowave
heating, leaving a wake of depleted ion concentration. Schunk and Banks (1975)
estimate the effective lifetime of NZ* to be 5000 sec. at altitudes above 200 km.
If the wind is of order 100m sec"l, then the excited NZ molecules will travel
approximately 49 of latitude before being quenched by atomic oxygen- a distance
of nearly 450km. This mechanism has been put forth as one of the causes of the
trough in electron concentration seen near the equatorward edge of the auroral

oval. P

It is not possible within the scope of this effort to provide an accurate
appraisal of the impact of this change in ion chemistry. We have used the results
of Newton and Walker (1975)5, who calculated the electron density decreases in
auroral red arcs due to vibrationally excited nitrogen, to estimate the change
in N_ due to this mechanism, Figures B-1 and B-2 illustrate the large decrease
in N that might be expected for sustained heating in the absence of convective
coohng The results of Newton et al (1974) suggest that it may take hundreds of
seconds for the vibrational states to be populated at the altitude of maximum
heating. These results may not be representative, in regard to the time constant,
in our case inasmuch as the maximum electron temperature in their example was
3500° K. The effect.of electron temperature T, on the electron density depletion
at several heights is shown in Figure B-3, The results described in Section 2
predicted temperatures well in excess of 3000°K for a Southwest site geometry.
Thus, the results presented herein are considered to be illustrative only. Amn
accurate investigation of the effect of high power microwave transmission on
chemistry will require further study. In particular, possible changes in the

D-layer neutral temperature and composition must be examined as vibrational .

excitation of molecules will be far more efficient at these altitudes as shown in

Section 2.
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A R /'r]e Fractional Decrease in Electron Density

FIGURE B-1.

Electron density depletion as a function of altitude for
various power fluxes at a typical Northeast (NE) and
Southwest (SW) location, The large change in density
is due to an accelerated recombination brought about
by an increase in the rate of NOT production.
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4 N./M,, Fractional Decrease in Electron Density

FIGURE B-Z.

Electron density depletion as a function of altitude
at midday for three power fluxes. A Northeast (NE}
site geometry is assumed. An increase in NOT

production produces the indesited decreases,
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FIGURE B-3.

Fractional electron density decreases
as a function of electron temperature
Te at the peak of the F-layer and above.

Results are shown for night (0300 hours)
and midday conditions (1500 hours).
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