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PREFACE 

t) '1 * The "Electro-rlng'1 concept of using el.:ctron rings in space 

for energy storage originated with the author during Rand studies of 

radiation (laser, particle beam) weapon syatems in space. The re

quirement for large energy sources in space to support military radia

tion systems is evident froa this work, as reported in R-1802-ARPA, 

Electron Rings in spac1 for En•~~ Sto~g• (U), and other land studies 

on space-based weapon systems. 
t)~ The space systems considered here have been exaained on an 

exploratory basis only. The research has focus~d on applications, un

der the tacit assumption that the formulated electron be .. (•e-beam•) 

concepts will be feasible. The author identifies various concepts and 

discusses their potcnti~l mechani zation on a broad basia. The level of 

effort was not sufficient for a rigorous purauit of the p~ysics and 

engineering of th~ syste=s. Kn~n physical effects have been factored 

in as per formance constraints: however, nany unknowns exist, particu

larly in the ar ea of electron beam stability. Additional effort il re

quired to resol ve technical queationa .are precisely; project support 

to date hat n~t per•1tted auch in-depth retolution. Both theoretical 

investigations and in-orbit expe ri~entation will be needed to determine 

the future prospects of electron beam weapons and Electro-ring energy 

storaae devices. 

\ 
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SUMMARY 

tJ 
~ Electron beams are examined for potential use as space radia-

tion weapons, active/semi-active Rensors, energy storage and transfer 

mechanisms, and communications media. Use of 7 CeV electrons as a 

weapon against in-space reentry warheads is investigated with a mission 

labeled "SPEAR. " Prospective methods for generating such electrons are 

considered. Analogous use of proton beams is briefly reviewed. 

vf~ Future high-power laserR and particle beam systems will re-
11 13 quire space-borne energy supplies of 10 - 10 J. Such energy must 

be readily convertible to high power for beam weapons, radars, and sim

ilar uses. Storage by means of electron ki1netic energy in a storage 

ring appears to be a prospect for meeting t'his objective at a reasonable 

weight compatible with space systems support. (Pulsed nuclear devices 

have been proposed for space power, but lightweight mechanization of 

this concept has not been formulated.) A chemical laser, for example, 

would require 500 to 50 ,000 tons of fuel for the above energies. 

V ~ A potentilll energy. storage systelll composed of an ~lectron 

ring coupled to a nuclear SNAI' unit O:he "E.lectro-ring") is examined. 

Energy regimes permitted, ring configurations and correctional devices 

within the constraints of known physical effects are studied. Direct 

use of Electro-ring electrons and electrical conversion is compared 

for payloads such as lasers and weapon electron accelerators. A law

divergence photon beam laser substitute of synchrotron radiation pro

duced from Electro-ring electrons is investigated. 

tJ {8i A SP!A.R weapon system using a single-ring version of an 
12 

Electro-ring for 10 J of energy storage requires ring electron ener-

gies of 275 MeV; a 32 kW accelerator provides the electron fluence re

quired for fillin~ the ring in a year. Four equally spaced equatorial 

SPEAR satellites on circular orbits at 3000 miles altitude are assumed 

for a useful anti-RV cov~rage pattern at 27° to 48° latitudes. (A sim

Uar array at 7000 miles can extend coverage to 64" latitude.) ln-space 

detection und kill or~ uRsumed . CompariH~n is made with broader cover

age but less t>ffect1ve hlgh-powt'r, short~pulse vidble-Ught luRer!l. 

iJ 119'111iif tJ 
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Urw nf tlw Electro-ring's SNAI' systL•m tu <Jrc-hl':ll hydrogen fur propul

s lm1 uf ~hutt I~ lomls to high Lilt I tudt• Is expJurod. 



·. 
UNCLASSIFIED 

-viJ-

ACKNOWLEDGHEN'fS 

(ll) The author wishes to thank Dr~>. Richard Br lags, Will! am Lamb, 

Gene Lauer, and Ralph Moir of the Lawrence Livermore Laboratory: Jack 

Peterson and Roy Haddock of the Lawrt~nce Berkeley Laboratory; Edward 

Knapp of the Los Alamos Scientific Laboratory; James Leiss of the Na

tional Bureau of Standards; D. C. Lorents and Ram Yadavall1 of the 

Stanford Research Institute; Rollin Heyerott of Lockheed; Harley 

Henning of Northrop; and Rand colleagues Cullen Crain and Herbert 

l.eifer for their cri tiques and suggestions. The author is indebted to 

Dr. A. B. Hartir. of Atomics International for SNAI' data and for fur

thering of electric propulsion concepts. 

UNCLASSIFIED 



UNCLASSD'IED 
-ix-

CONTENTS 

I'REFAtl:: ........ ...... ......................... ... ..... ........ ill 

SUMMARY .............. ................. ........ ....... .. ...... ... v 

ACK.NOWLF.D<..'MEHTS • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • . • • • • vii 

GLOSSARY Iff t. eeo t Itt teet e teo e• t e ot e t • t • t •• t t t et •• tt t f ott e 0 t 0 0 e t xi 

Sect ton 
I. lN'1'ROOUCT10N .... ' ............ .. ...................... .. . 

I J • ltF.COMMENOA1' tONS • • • • • • • • • • • • • • • • • • • • • • • • • • • . • • • • • • • • • • • • • 7 

lll. SYSTEM CONCEPT.................... . ....... . ............. 8 

rv. BOO! PIIYSlCS . .. .. .. .. .. .. • . .. .... . .. • . .. • . .. .. • .. .. • .. • . 15 
Sracc-Cha.r~;e NeutralbAtion . . • • . • • . . . . . . . . . . . . . . . . • • . . 15 
Space-Charge-Lillli t 1 ng Current . . . • • • • . . . • • . • . . • • . • • • . • • 17 
Earth 111 Magnetic Field Effocu .. .. • .. .. .. .. .. .. .. .. .. • 18 
Space lon Density Effects • • • • • . • . • . . . • . . . . . • • . . • . . . . • . 19 
Synchrotron Radiation Lo~:~ses . . . . • . • . . • . • • . • • • . • • • . . . . . 20 
Magnetic Field Energy ConKtralnts . . . • • . • • . • • • . • . . . . . . . 21 
Other Physical Constraints . • • • • • . . • . . . . • . . • . . • • . • • • . . . 22 

V. EJ.ECTRO-RlNC SPACE POI~ER SYSTEH • • • • • • • • • • • • • • • • • • • • • • • • . :!5 
Design Performance Tradeoff& ...• . •• . .. . •. . ••...•.•.••. 25 
Spac£' Power Syatelll tomponents . • • . • • • . • . . • . . . . . • . . • . . . . 29 
Parametric Weight Data . • • • • . . • . . • • • • . . . • • • . • . . . . . . • . • • 33 

Vl. DlRI~CTEO ENER(:y SYSU:HS IN SPACF. .. • .. .. .. • .. .. .. .. .. . • .. 36 
General Re~~~arka . . • . . . • . • . • . . . . • • • • . • . • • . • • • • . • . . . . . . . • 36 
The SPEAR Electron CPR Weapon • • • • . . • . • . . . . • • • • • . • . . . • . 43 
l.as(•r r>P. Systems . . . • • • • • • • . . . . . . . . . . . . . . . • . • . • . . • . . . . . 49 
OthPr DE Appllcatlonb •••..••.. .•. . ...... .. .••.• . ..••.• 52 

VII. l>evulopment Plannlng . , . . . . . . . . . . . • . . . . • . . • . • . • • . . • . . • • • . 54 

REFERI::NCF.S . • • • • • • • • • • • • • . • • . • • • • • • • • • • • • . • • • . • . • • • • . • • . • • • • • • . 511 

UNCLASSIFIED 



AI 

ASAT 

8 

BPI 

CEP 

CP 

CPB 

cylac 

DE 

DSP 

E 

ERDA 

Fe(t) 

FFAC 

c 
CeV 

H 

i 

it 
i a 
ICBM 

IR 

J 

kA 

kC 

kW 

k~e 

L 

LAMPF 

LASL 

'.BL 

Unac 

UNCLASSIF'JED 
-xi-

GLOSSARY 

Atomics International 

Anti-satellite 

Magnetic field intensity 

Boost phase intercept 

Circular error of probability 

Charged particle 

Charged particle beam 

Cyc~ic linear accelerator 

Directed energy 

Defense Surveillance Program 

(Relativistic) electron particle energy 

Energy Research and Development Ad~inistration 

Fractional space-charged neutralization 

Fixed field alternating gradient 

Gauss 

Ciga electron volts 

Magn•tic field 

Current 

Limiting current 

Al fven current 

Intercontinental ballistic missile 

Infrared 

Joules 

Kilo Allperes 

Kilo gauss 

Kilowatts 

Kilowatts (electric) 

Length 

Loa Alamos Proton Accelerator 

Los Alamos Scientific Laboratory 

r.awrence Berkeley Laboratory 

Linear acc~lerator 

UNCLASSIFIED 



LLt 

I. OS 

m 

MeV 

MilD 

11H1. 

H. I 

:1USL-2 

OK 

K 

rf 

RV 

SI.D~I 

SNAP 

SPF.AR 

SRI 

uv 

w 
X 

X eO 

Zl 

UNCLASSIF'IED 

l.nwrence Livermore Laboratory 

l.inu-of-111ight 

Electron rest mass 

~til liampe res 

Mega electron volt~ 

· MaHnetohydrodynamics 

HeRahert~ 

tleKil Jou lea 

~teter-kilogram-second (system of units) 

UeHignation of n University of tllimois accelerator 

NumbE'r of ions per unit volume 

Nautical mile 

Optical klystron 

Radius of ring 

Radio frequency 

Reentry vehicle 

Surface-launched balliYtic missile 

Space nuclear auxiliary power 

Space P~ojected Electrons Against Reentry Vehicles 

Stanford Research Institute 

Ultraviolet 

\-Ieight 

Horizontal distance 

Xenon oxygen 

Zone of interior 

UNCLASSIFIED 



-1-

I. INTRODUCTiON 

(I) (2) 
~Theorr.tical and limited experi.ental investigations have 

indicated the possibility for propagation of electrons (and other 

charged particles) in outer space by ~KaM of the principle of space

charge neutralization. Theory anticipates that ions in space will pro

vide for partial neutralization of transitin,~ relltivistic electron 

beams, perhaps permittinK the• to naintain an equilibrium collimMtion 

over long dJttances. The ability of on electron beaN to prvpagate with

out divergence due to instabilitiea or other factuu is yet to be df'<.

onstrated. This subject will be considered further at the end of thia 

~action. lf apace-charge-neutralized propaaation of electrons can be 

achieved, useful aisaions can be performed vith electron beams in sp~ce. 

But this report does not mean to i•ply that this is a definite possi

biUty. 

v~ Thh report deals with tvo applications in space, both depend

ina upon this apace-cher3e-focused .ode of propasation. Rand haw 

studied the uso of alectrons in directed eneraY (Of) weapon (and other) 

beams under Air Force sponsorship . The Electro-rinA ·~plication of 

electron beaMs to eneray storage rings was inveatiaated under ARPA 

auspicos. (l) Neither use is critically dependent upon the other, but 

they are ROtually supporting. 

Ll~ In ~eneral, lons-distance applications of electron beams will 

require multi-GeV particle energies for weapona, communication, radar. 

and other purposes. At shorter ranges, correspondingly lower electron 

energies can ~e considered, except, perhaps, where penetration of hard 

~rgots 1M required. Even electrons of a rev HeV aight bo used (in a 

drift mode) for certain communication and sen~ing roles. 

~ Electron enecgies (E) for storage rinas will depend upon the 

type of ring ronfiguration, amount of energy stored, and altitude. 
11 Current-liMitinK effectR rule out 10 J sinRle rin&a at auch below 

* E • 75 ~leV , although use of a helical configuration uy penlit particle 

* (U) CaReR studied nt geoRynchronous orbit altitude 1ndicate an 
E.tn permitted or 28 HeV. However, operation at these higher altitudes 
Involves conslderahle uncertainty. 

«R&Illil!' e' 
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eneraies do~~ to 20 MeV. Sinale rtna electron energies are probably 

limited to a maximum of SOO MeV because of beam handlin& losses. How

ever, rings propagating around the world at the equator are a (distant) 

posRibility, ~nd these would use electron energies at a GeV or more. 

Sec ~ef. (3) for further discus~ion. 

~ There ls considerable overla~ in electron energies between 

weapon (and other) directed-energy beam appllcatio·ns and electron rinas 

for energy storage, lndicoting that electrons from a storage ring might 

often be applied directly without conversion (such a~> in satellite 

self-defense). Th~ storage ring conversion problem is treated in de

tail in Ref. (3) . Vnrious methods are considered for generating elec

tricity from th~ (hinhly relativistic) electrons. Other approaches 

for directly oowerin& user devices include transformer-like conversion 

for Plectron accelerators, optical klystron amplification of laser ra

diation by direct interaction with ring electrons, similar interactions 

to generate loser light directly in the free-electron laser, and ring

electron-produced synchrotron radiation to form a low-diveraence opti

c:tl beam. 

tl~ The design exomple discussed in this report in detail is A 

c~sc in which the directed energy electron beam system is stronaly sup

ported by the electron ring energy store. The mission selected is 7 

CeV electron beam in-spare destruction of ballistic miaaile reentry 

vehicle (RV) ayatems. This is called the "SPEAR" weapon system (an 

acronym for !Pace frojected flectrons !gainst !Vs). In support of 

SPEAR, a apace-borne Electro-rin& power supply system is assumed with 

a stnra~e of 1012 J in an electron ring of 275 MeV electrons. 

~ Four equally spaced SPEAR satellitr.d on equatorial, circular 

3000 mlle orbttft oro asLumed to cover latitude belta of 21• to 48• (see 

F1g. l). Additional SPEAR satellite~ at 7000 mllea can cover the 48• 

to 64• lntttude bands. The e-bcam rinc power systems at theae two al

titudes are e~tlmated to weigh 30,000 lb and 25,000 lb, respectively, 

although the weight advantage at the higher altitude ta very nearly 

offset by lowered payload capability of rocket booster systems. Each 

SPFAR Hatel11te is estimated to be c~pable of handllnQ 12,000 targets, 

seekinR out and applying 10 MJ pulses to each target at a rate of one 

per second . 

ft@!III!T aJ 
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~ ln the multi-GeV range, proton!l offer no particular advantase 
• over electron~ aY a weapon beaa. Proton taraet kill ef(ectlveness is 

somewhat better. However, wlth preqent 111achine technolosy, protons are 

more difficult to generate than are electron~. Perhaps the collective 

accelerator approach (atlll a largely unknown field) may alleviate this 

s:tuation. A collective ~ccelerator would be of particular interest if 

{t were to require electron~ of th~ same energy as th~ s t oraQe ring; in 

thr c.tu1e~ cun.'Jidered, the11e eneray lrvell wore wldely different. 

t/~ l.ascr beams propacated at diatances compa rable to SPEAR would 

t; .. " tcntly sprend out <•ny feet for a 1 urad beam, which ia about the 

~~~ L dlvcrgencr that currently can be projected for a hiah- power weapon 

laa~r) . F.ffoctivenesa 1guinAt RVa would be nil, but softer targets 

might well be countered . Collection and re-focusing of 11. las or beam 

by a distant satellite that is nur the taraet is one way around the 

laser divor6cnce problora but i1 co~idered to be extremelY difficult 

to ~n~ae in a ailitacy operational ••~se. 

t/ * Neutral beau under consideration would have (at beat) divor

scnce l~velY comparab l e to weapon laser ben•s. The neutral beam's tar

get kill mechanism would be bettor than that of a laseri but avon ao , 

because of beam divergence, a SPEAR-like mission would require hundreds 

of space weapon platforms. Existins neutral baa~ concepts ara baaed 

upon ion acceleration and aiming, followed by particle chnrge-,onversion 

to the neutral state. Neutral be&IIS thus, at prellent, have acceleration 

limitationa similar to thoRe of protons and other lone. 

~ Electron a toroge rln& caaea were studied for geosynchronous 

altitudes , but it 1a eiCtremel)' uncertain that such a rina could be sua

tal ned, Cdpecially in view of sol~r wind effecta on magnetic field lines 

in this regime. However, with ion denaity and earth's field levels be

Uevcd to exlllt at 22,250 milc.s, compatible rlna casea wre found. For 
12 

oxalllple, the current-liaitina electron enersy lor a 10 J store 11 59 

HcV .1t geosynchronous altitudC!.S (it is 162 MeV for 7000-Ue ond 275 

HeV Cor 3000-mile altitude~). If the volu.e of space influenced by tho 

ring must be inc r e411ed by n dec.1de beyond where ring Mcray equals the 

.ti 
,.._ till' proapecu for propagation of protonH through space assua-

ing Hp:tce-chnrno neutralization are discu"acd in Sec. IV. 

BB8RB& 'J 
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* energy of tht' earth's ~~~agn~tic field enclosed by the ring, then elec-

tron ptlrtich.· t!nergics of 145 ~leV arc 1\pecifled. This conservative ex

,,mple Rtill lndfcatcR a posHihle power systea1 weight of 32,400 lb with 

" 1000 ft long correction mgnet. Reduction of ~~agnct length to n more 

managcnble l50 ft wou1 d increase the power system weight perhaps to 

40,000 lb. 

(U) Polltic;al, military countermeasure, electromagnetic conununi

cation spectrum poll ution and safety aspects of long- term, high-energy 

electron storage rings ln spAce need further scrutiny. These problems 

would b~ part lcularly acute for guoaynchronous orbits because of 'the 

large 111ze of rings and the coMiderable nunber of other user systems 

in this region . 

t/~ The physics of the spnce-charge-focusing propagation process 

ls considered $peci(ica1ly in Sec. IV . However, the status and limits 

of our knowledge of the physical principles involved are th~ key to the 

application of elrctron be.liiS in space. There is no guarantee at this 

time that charged-particle beams can be s tably projected into iono

spheric renion!l by means of the charge-neutralization mechanism sug

gested or thot they will maintain collimation over a large range. The 

theory examined to date has shown that if a high-quality accelerated 

beam of electrons is subjected to partial charge Mutralization such 

lh' might be supplied by positive space ions , then the calculated bal 

an• .l.! of forces within the beam would provide for equilibrium collima

tion. l~borntory experiments have demonstrated over very short ranges 

thi.l so-called space-charge focusing effect both for steady-state and 

for transient changes of the neutralizing ion density. Calculatio~~ 

of multiple scattering tndicnte that at spnc~ particle dcnRlty lcvelR, 

scattnfng effect!> should have ne&litible effect~ on e-beam diverr.encc 

over lar~c distances . ( 1) 

~ Tht- :tbov~ condltioM <~re nrceRRllrV but not Hu[ficfent to as

sure that col Ll~~~ated c-bea:aR can bP trilnttmlttt'd through space. Subtlu 

ph<•nomena such ns those attending tht' ncutrnliz.1tion process (1 .c ., 

lon-drag~tns or "collC'ctlvt- nccl•lt'ratlon" effl'ctR), the ever-present 

* (U) AHsumlu~ :t squan· l vII nder regime ur I ntluencc . 

WNPIBI!N'P!WL:V 
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bias of earth's magnclic f!eld, or coherent fluctuations in space par

ticle or magnetic field Jistributions might well give rise to beam in

stabilities and increasinB divergence. 
~ Additional unkuowns are introduced in the storage ring appli-

cations. Certainly here there will be increased concern ~ver the pos

sibility of collective acceleration of Jons that are subjected to the 

passing c-bcam over protracted time periodR. Also, continuous recircu

lation of the storage ring electrons through satellite beam handling 

equipment wi tl invite the many sources of beam instabilities encountered 

in lnbor~tory storage rings and cyclic accelera tors. Another unknown 

peculiar to the storago rlng application is the extent to which the 

earth's magnetic field cnn constrain a high energy Electro-ring and the 

potential consequences when energy storage levels become commensurate 

with the energy of that portion of the earth's field providing ring 

constraint. 
~ As will be seen in Sec. lV, the dearee of uncertainty is per-

haps even greater in the case of the space-charge focusing of proton 

benms in space than with electrons . 

88fii IBI!lN I !ibis t J 
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(U) Review of exiatin& intelligence data collections as well as 

new investigations of foreign intelligence ahould be conducted in li&ht 

of the uniqur concepts described herein. 

tl~ The effects of electr~n beam weapons and energy storage rings 

on future military operations should be analyzed to assess the value of 

theae systems. Thia can be performed before their feasibility deter

mination by assumlng thot auch ayateaA will be aucceaaful and usina the 

maAimum performance that would be per~itted by known physical and prac

tical engineering li•itations. Theae analyses should be conducted in 

context with future space war fare srtnarios. (Present existence of 

comparable scenarios is not known.) 

~ Stcpa should be taken to affi~ or deny feasibility of the 

electron directed eneray (D£) propagation and etoraae rin& concepts 

assumed here. A primary area of concern at thia time ia t~~t of beam 

stability in the storage ria& configuration. Theoretical ana l yses 

should be performed &I soon as poR~ible to determine possible negative 

results. (Positive theoretical confit:'IUUon cannot be relied upon but 

muat await futuro experimental demonstration.) An experimental proaram 

initially of simple space beam propagation, followed by later phases 

involving recirculatin& beams and servoed beam handling systems ahould 

be !IWunted. 

V~ A development plan for electron beaMS should be prepared that 

properly organizes the above-reco~ended atepa and also provides for 

l ong-range development of critical component• and ayat~ requirements. 

Identification of systems requirina lona lead-time development and de

termination of R&D decision and "choke" points (critical path ele•ents) 

are a fundamental part of this process. 

SU£1 IBBHEfttd, ,J 
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lli. SYSTEM CONCEPT 

(U) O~tail~d treatment of the ayatcm selected as a reference for 

illUiitration Of the potential application Of dectron beams Jn Rpace 

will b~ found in Ref . (3), 

~ Tlw misllion choRen for purposes of oxamplc is one or detecting 

nnd d~stroy !ng nuc.lear warhe:1d RVs during their midcourse trajectory 

phaRl• (tha SP~AR misHion). For thiR purposl• , an array or four llatel

litcs equally spact~d around the 11quator in 3000-mile high, circular 

orbits 111 assumed. Each satellite contains a complete electron beaM 

weapon IIYlftcm usIng 7 GeV electron~ both 1\:i scnR:or pr obes and for weapon 

kJ 11. Th~ mission arr3ngcment of the Sl'F.AR syfttem lA shuwn in Fig. I, 

~ llofltile balURttc miKstlcA- -hoth SJ.Illlts and lCBHR--are detected 

optically by naui vc senRorR dur lng lnunch :tnd 111re 'lllbRequent ly trucked 

durlng .1nd ;1 fter vernier cutoff, This function wJ 1 I be performed by 

the SI>EAR satt•lllteA, by other spnce systems (such as DSP), and by 

ground systems. Ne3rly all SI.BH lAunches and many lCB}I l3uncheli will 
1t 

b~ in view of SPF~R satellites, 

~ The SPEAR concept i s based upun in-space destruction of RVs 
(4) above 180 miles Altitude, Studies have been performed nt Rnnd and 

(5) 
elsewhere Cor r:tdiation we3pon interception of ballistic missiles 

during boost phAse (J~P[). PoRsible BPI mode!f ar.e discussed later in 

thlfl report. Requirements for projection of electron wea!)on bclll!IS in 

the lower atmosphere nre quite different from (and much more difficult 

thnn) those in RpRce. Thht problem b dhcusscd in Ref. (2). 

(}~ The key to propngation of electron beams in space lies in the 

Rpncc-charge focusinR principle (which ia covered in detail i n Sec. IV). 

nlis prfncipll! m.1y permit the projection o( highly collillWiled ch;~rgl!d

particle beams over long distances. In thh respect an t• lec tron beam 

portends to be supcrl~r to a losur b~am. For oxompl e. a laser beam 

~ ~ lf :1 second array of Sl'EAR ,;ate111tell is placed at 7000 
ml lcR . the J,OS horl~on ts tncrcn.-ed (from 55• latitude) to 69• latitude; 
thuR, most lCBN 13unchlng lfi tea would be int•ll•ded in vfew aR well. 
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with a mirrornrll<~n dfverg<'nce? will be 25 ft In di;~IDeter lit 5000 miles, 

whercaR a highly rclativistic electron beam mtght be leas than an Inch 
(I ) 

in sba. 

c/- Also, weapon particle beaiiiS (both charged and neutral) are 

designed to pt'netrnte the ur11et and to dewtroy it by energy placed 

within the struclure. A laser beaR doPR not have this property and 

must rety on damag~ mechanisms from surface-induced effects. 

~~ Las<'r beams are not affected by the earth's magnetic field; 

elect rons and other charged particles are. Figure I illustrates the 

permitted firlnR envelope {or a 7 CeV electron weapon beaa• projected 

from n JOOO mile equatorial satellite. Although the general mode iR 

to fire along fleld lineR, the higher energy of the particles permit 

firing O'lt an ;~nRlc to the lines, which ;~llows coverage from 27° to 48° 

latitude. 

t/1ft!"J- The SI'EAR e~ech ... "'1sm for RV ;~cquidtiun and kill assumes the 
7 

u~c of perhaps 10 micropul&eA of electrons tn barr3ge faRhion to fer-

reL out precis~ tarRet location, followed by ~re inten1ive electron 

* pulses directed at the RV for kill purpoaes. The barrage concept for 

RV target acquisition was originally developed b)' Lyons and Bussard 

for strategic wcapon laser systemA. (6) Pointing and tracking of the 

e-beam ia a major problem area. t/,..,. ln more detail, the target acquisition procedure is as fol

lows. The RV is located optically to a CEP of about a kilo~~~eter. The 

electron beam (which of course does not fol I ow line-of-sight) is aimed 

to intercept thf s region of space bued upon tho calibrated and pee

dieted direction ancl strength o( the earth'3 Mgnetic field in the re

gion of the dcctron tra.1ectory. Each prccur~tor micropulse fired iR 

correlated ln time aad is associated with a particular set of bea• at.

ing r.oordinatcs. Back-s~nttered radl~t!on or characterl~tir rf Mig~~lM 

esnanatlng from the RV denote a "hit" by a prccur-wor pul!le registered 

·~ Theoretic.1l concepts for electrC'In prnp:tgatJon ln space by 
Apace-charge for.uRing plnce no restriction nn the 1111.c of the pulse. 
This diCftors from elt'ctron beam rcquircmants In th<! lower atmoRphcrc, 
whcr<' lonr, puiHc·R nnd ln~~tnnt:tr'!ouH pOWHR of tOIJH O'lrf' nc<'dcd for nt
IMKJ!IIt'rlc ho l t'-hor in$! to rre.1te ,, lo"'·-denHit\' clutnn<'l fur ~lcctron 
propnr,:~tion. 

81!J@II;lff'C I 
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• tn time. 1'ht' be<1m .1imin~ region Is then nnrrowed down to the proper 

coordln~~tc&, and beam intensity Is stepped up to the "kill" level . 

6/~ This proces!:l occupieR ubout one second per RV, with a 107 
J 

destruct pulse being delivered in th~ la~t 150 msec. FUght t iiDe!l o( 

SI.BH RVs in space wi 11 be nbout 20 minutes; in auch n tiiiiC period, one 

SPEAR sntellite might handle 1200 target~. To do !lo, however, would 

require nbout 1.5 x 10
10 

J output (or perhaps 10 11 
J of lnput) energy. 

~ II critical need in such n spllce weapon systea~ is for a largo 

II tort• uf <'nt•rgy rendily convertible Jnto hish power. A second usc for 

electron benm~ would be to create an energy storage ring In !!pace.()) 

v"JIIIfa ~'ll(llrt' 2 llllustrntcs such :1 llloraa• ring scheiiWitJcally. 

t:lectron~:~ nr<• gcn•·r~tcd in nn electron a<.·cclerator, focused , and pro

jt•cted into Sf1ace trnnsverHt.: to M~nel l c Field Unea. Bend ing in the 

earth's field will tend to fori!! n rlnr, of electrons. A beam handllng 

Rcrvo ~yatem In~~~ satellite assureR that the direction of electron 

f1rojection causes the electron!! to be appropr i ately returned to the 

11ntelllte by the earth's field. 

(/~ A fntrly low-power accelerator, energized by a nuclear (or 

tlcrhnf1S a solnr) unit, l:t nssumed to build up the store of ring elec

tronB over n long period. Addition31 energy mu1t alfto be supplied to 

1114ke up ring louos over thht same period . When needed, electrons are 

~xtr~ctcd from the ring beam and applied to a conversion sys t em feeding 

n weapon nccalarator, la!lar , or other power user • 

... 
(U) The scattered rad iation al&ht be sensed by the SPEAR vehicle 

itself , but thh function could al14o be enhanced by orbiting swarms of 
senslnl\ "trnnsponder " pucknReR to pfek up al&nals In a region near the 
tar~;et.lA .. 

·~ It h aRsumed that through optical trackinn the target RV' s 
vel->clty vector Is determi ned to the extent that the SI'EJ.R beam aimi ng 
systt'm cnn be properly slewed to acc:ouaodate the snvornl hundreds of 
lllctcrll tnvelcd by the target in 150 Mec. Vehicle/beam stabU hation 
nnd contro l requirements for hlttina the tar~et ahould nl!lo be adequntc 
to provide this slewJnB function . The alternntive is to buffer t he 
oulpul pulse in the outer track of tbe nccclerntion to rt'duce pulse thae 
by n factor of t03, but synchrotron ~~~•es over ~ period of 150 msec 
would be severe nt 7 CeV electron energy. 

81iJ8RHP J 
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12 ~ Th<' uxmaple calle selected here ibi~ume11 10 J of Elec tro-

rlng !itnrilgt', whic:h IN a det'ildl! higher Lhan required ror the 1200 RV 

"k11Js" ln thl• above discussinn. A 32 kW .1rt·elerator Is c:~lculated to 

12 11upply thl' (27S ~leV) elertron:c needed to build up to 10 J of energy 

over n yenr ' !i time. Additional power of about 27 kh' 1111 requ ired to 

ovcrl·omo ring synchrotron losseK (toward the end of the year ' s period). 

A smnll fr.tct.ion of this second power l ncrt'ment lh needed lo re!'ltore 

inhi!r<'nt Byndarot ron losseK due to ring bending , but the bulk Is applied 

lu rl't•L&cr l!lll'rJ~Y luRt in the b<'all hnndJng system 1'1 con tinuall y cor 

rN:lllllt .-h·c·non dlrc>cllon due to earth'fl Held ~~orodlunt errects. 

{)~ A nudC';u power 'SNo\1'" system I ~ ISIIUIIIed o r \ 59 kW. 1he 

toto! wcl~ht Ctf pnylnad :ll 'JOOO miles (frum a R1n¥le shuttle load to 

low orblt) lN found to bl• 4S ,OOO lh, of which 30,000 lb Is token up 
12 • 

with th<' 10 J t'l<'ctron rim; 11torr >~Y!I t~·m. The rem:~ining 15,000 lb 

might {lOSHibJy bt> adequatt• ft)r i1 Wl'npnn acct•lerator SYiitem (<tnd IIIOrt. 

probahly ennuch for a ~upon loser paylo.ld). rhe; 7 CeV electron nccel

t:rAtor assuml•d fo r we.1po'' purposell 114 n "collidins-bea~~" Cylac type, 

wh l&:h takeR lid van tag(' o r spt~ce-chorge for.uR I ng to obvi ate the need fur 

hcnv:t focusing magnets. ln lhc event that gre;tte:- weight is needed, 

ttl;• (ur murt') shut tle Joads, each with o 50 k\~ S~AP system , could be 

con11ider ed. The total pay load weight wl th two shuttles then available 

to thr SPEAR accel\!rntor syAtell would be "'~5.000 lb ( 15,000 lb tn onu 

vchicl~ .1nd 40 , 000 lb In th<' uther). 

c/.,.._ rr h1glu~r-lntltudc SPEAR covera8t' ls desired, a second arrny 

of I!QIIatortnl sntellftes ilt 7000 miles altitude would extend the cover

age fH\l' t<'rn front nbout 48• to 64• lntitude to at least Include moRt of 

lhe gruund··lnunched strategiC' tniiiHlJe,;, A 10 12 J atoragt- rtng nt 7000 

ml.les c:quntor ill I can be nchtcved wIth som<'\o~hnt lower clPc tron energies 

(162 Ht>V vs 275 NeV required nt 3000 ml ). 111c resultunt payload weight 

linvlnll (dur Jl rilll.'lrlly to :1 lowt>r value or 1:: and thus reduc-ed el ec tron 

•1CCCICtrOl tor wefght) of 5000 l b iS IIC4rly ofrset bv the 4000 l b reduc

tion ln payi&Md ca r ry ing c:~p3bllity to the hlgh<'r .1Jtl tude. 

"' (U) The SNAP <'ngl nl' J,; nssumed to boost to tlw h lghl'r orbI t level 
by I.!J<'ctrJc.·llly (arc) heo Linf:\ .1 hydrogen propellant. ltetllli r cnstituttng 
th<' 30,000 lh ent.:rJly storugt> IIVstem nrc liAled l:~ter ln T:~blt> I . 

8~8BIIY tJ 
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cJ1fl'I/J- 'l'hu example ellS(.' IH bu~>ed on an onti-RV electron beam s'lst~m. 

ln thQ ~ltitude runge R"~umcd, allcrnati~n applications of electron 

beams for ' ASA1' misAions or for radar, inspection, super-hard communica

tions, or power ttonsfer can be conf;idercd. Even the storage ring elec

trons ut 150 to 275 ~leV can be directly used in some nppl!cations, such 

as for satellite self-defense. 
~ ln Ref . (J) many other mission u11es are discussed, for ln-

lltoncc weapon lasers . At several thousnnd 1111lcs ronge, even a highly 

for.uscd laser beam h"s a 11pot size of many feet in dia.meter, which 

renders such a beam lnadequ:~ ta ngainRt RVs. However 1 this energy den-' 

sity ]C'vel might be adequat2 for disablement (such aN blinding) or even 

kill of fairly soft space targets. Relay of laser beams generated on 

a SPEAR satellite by high-latitude mjrror-bearing vehicle~; might also 
. ~ 

be possible, although the mechanization of such a ~;chel'lle is intricate. 

Laser beams r.an <1lso be used in radar sensi1,g, communications , and power 

transfer. ( 7) f./.,. Hethods for directlY generating laser beams from storage ring 

electrons are treated ln Ref . (3) lllong \4i th a discussion of a Rand

conceived use of synchrotron radiotlon direct!~ from storage ring elec

trons . \Hth the aid uf anamorphic secondary optics ond a ter.hnique for 

producing a small synchrotron-radiation source size, it was found that 

beam divergences compe tit l ve with thoRc• of high-power lasers theoretic

ally could be achieved. Very few of the la11er applicatiunR studied 

make direct uae of the.! lasar's properties of coherence and mono

chromaticity and thu11 Aynchro-be:tm substitution c<1n be con:'lldered. 

tJ;wf- Follol~lnp. l:i 11 br le'f rev iel~ or posHible proton beam syR terns. 

A 1 <ii!V Jlruton weapon be;~m would e.njoy about tlw snme magnitude (n 1-

though opposl tCl clirt>ct1on) of bending ln th!! t•arth '-' •nagncti c rtcl.d all 

a 7 GeV clecnun. Thc- CylM· nc·celer"tor ll:lflllmed fur elertrons l'annol 

lw appl led to protons ()( thls cncrg)'. II col ll.'t'ti'lle prntun acct!lorntur 

. ' 
~l~J,ou research is b('inK performed on c;pacc-mirror-redlrec-Led 

l~srr b<'ams eman<lt lng from ground sO\tn·t>s. The st>al·e- to-Hpnce :trrange·· 
ml!nt 11t l l•ORl IWUhl o1vold :ttmusplwrll· <?ffect~>. 

(L') II phyH!.::tl model f11r ln·lfJHH'C' protnn prtlpn~ut ion nn., l o~ous 
lu t•IN·trou K!HlrC'··charg<' ftwuHing Ill JH'CSC'ntt•d In Sl'r. IV. 

L 
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conceivably could be dlrertly driven by a space electron storaae ring. 
1 I 13 

However, elrctron patticle energies required for 10 to 10 J rings 

nre fnr too high for this purpose. Perhaps a two-stage arrange~ent 

could bt> errected wherebl' hlgh-cnergy Electro-ring electrons are con

verted into lower energy electrons and a second, buffer type of elec

tron storane ring then created to feed the collective ac'=elerator. 

(/~ Protons would not be c~ndidates Cor energy storaRe rings in 

spac~ except for earth- ci rclinl{ configurations. [f this latter type 

of ring were to be found workable , then multi-CeV protons or elect rons 

<·ouid he stored over .a long period of time using low-power accelerators; 

these particles then could be dir«:ctly extracted and aimed for SPEAR 

and other long-r3nge propa~ation purpoKcs. 

(/~ Very rouah esticaate!l of 11pace component systema arrangements 

and weights are used in thi~ r~port to provide a feeling for the use

fulness of electron DE 11nd storage ring syRtems. The "rubberized" 

weight vlllues for space power tradeoff studies were primarily developed 

to provide for comparison of per fof113nce options, and absolute weight 

levels may be quite inaccurate. However, since this report compa r es 

25,000 ll: space power systems with equivalent 5000 ton conventional 

euurgy sources such .1s luer fuel or che111ical power, there is consider

nhli! latitude for error without modify Ina the conclusions drawn. 

'l!leRlii J 
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IV. BEAK PH~~lCS 

(U) Phyaic3l principles significantly affecting electron beam 

systems applications in space are enumerated and discussed below. 

Thete tuay well be other criteria undetermined at this time--particularly 

stemming from beam dynamical stability considerations--that will bear 

heavily on system design and performance. lt is not at all certain 

fcom present theory and ex~erimcnt that electron beams can be usefully 

propagated in space, or that high-energy storase rinas can be properly 

cons trained by the earth's magnetic field. 

SPACE-CHAAGE NEUTRALIZATION 

Ll~ Electron beam use in space is b~sed upon the precept that 

such beams can maintain collim4tion while propagatin& throuah space by 

means of space-charge neutralization (or so-called space-charge focus

ing). A beam containing electrons will tend to diverge rapidly (or 

blow u~) because of nlectrostatic repulsive (coulombic) forces between 

the electrons. ln a highly relativistic bea~. another force tends to 

offset the coulombic repulsion--a radially inward force due to magnetic 

self-fields, which in turn are derived from the high-intensity electri

cal current represented by the electron beam. In such a relativistic 

beam, the magnetic self-forces very nearly counterbalance the coulomb 

repulsive forces. This force difference is proportional to 1/y' where 

y 11 a relativistic parameter equal to rolativi~tic enersy : particle 

rest mass. 

(U) As an example, electrons have a rest 11141111 (11ea11ured in energy 

units) of .511 MeV. Thus 5 KeV elcctt.-'\ is quite relativistic and has 

a y of= 10. From the above it is seen l~at the opposing radial iorces 

differ by 1/102• or I percent. Thus, 1f the cou lo11b force11 can be re

duced by I percent. the be3~ force~ In o S HeY electr~n beaN will be 

placed 1n equilibrium. 

(/~ ln spact! there h a Rource of ambl ent bna that •:ould poten

tiAlly neutr3llz~ part of the electroHtntl r chPcge ln an elcrtron 

h£>om. (I) Thr mech:m!s111 con1:clvl'd IH that " ulltm.'ltcd eleft· tron bea111 

illil&Riii• u 
bee!{ P()S ; £,c t4 
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prnpaP.:tttnc In spacl' vt 11 coxpand or contract to that equilibrium diam

ctc-r wht!rl! tho bea111 encompa>~ses the particular numb~r of Ions that pro

vide the proprr neutralizing (poRitivo) charge. Terrestrial experiments 

have demonst rdt ed this phenomenon over distances of tens of feet and 

have 11hovn that a spat tal change in plasma ion density wJ 11 induce the 

expllnslon or contrnction of tht" beu Indicated by theory. (2) 

(U ) It ts aRsumed that an electron boa• transiting an ionospheric 

ro~lon will eject ambient olec trons (aR these are at low anergy and are 

hlr,hh· Mbllc). wtdle ambient ton~~, becouse of their larger maRs, arc 

fn l rl y lmmobiiP and wt ll rell41n fixed in position as an electron beam 

pa!uws by. (Some deercoco or cap ture and collective acceleration of 

Lon<~ 114 Jl robnbl y to be eXtll!ctcd, howov~r.) This concept applies to a 

short pulse of elet· truns on .1 one-pall" bollia. Pouible effcr.tl of a 

l unq pul se or electron~~, or even II'IOTe particularly of n closed circuit 

or {•lcr tronR 11uch as in n Atoroge ring, rn:~y substantially override thi~t 

c:mccJ•t . 

tl.,-. Thl11 space- cM.rgu-neutrallZ4tlun rocuslna principle can bt 

.Jssumod to be used for pro pa8atlna beams f ro111 point to po i nt through 

,.;pac~t Jnd abo can bl• applied to spoco-borne electron accelerators and 

tn roclrculotlug electron rings for energy scor 111ge purpose!! , 

v,_;. The theory for spaca-charae neutralization of protons i& IYIII

ID .•trl :3l with thRt of electrons, although the physical mechan ism for 

neutralization iR different . Beaa protons are expected to attract 

o l ~c tron1 from the 11urroundinl; plaRraa as they transit space. ln con

trnsl vlth the electron case (where the neutrathing portJc:les were al

mnst ~t3tionory relatiVt' to the bea111 motion) the neutralizing particles 

(i.e. , l•loctrons) for the proton bt:aa will probably tend to uc captured 

b~· tlw beam. The neutralizing cho rgc would tbua tend to build with time 

(ami 1111 Lht b \!401 bc•comcs more neutraJ lr.od it rdaht bt> expected that the 

bt'.1m d lamrtC'r would decrea11e in sf ze). llovl!vcr • s 1 nee the> captured 

cll•.:troOR :~re pro[lagot ing vlth the proton balllll, although their contrib

ut~d oluc:tro!ltatic charge reduce~; the- radi:~J coulo11b n •pul!live forces, 

Lhulr contributed electron current also weakens the protons' offsetting 

~,~netic forces. 

BBSRilil'l' J 
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(U) It ts balicvcd that the proton beam would become 1ncr~aRingly 

more n~utral (or would approximate a hanvler Lon beam). The number of 

ambient ell.!ctrone cuntri.buti nt\ to proton char~;e neutral hat ion that are 

not also entr~ined by the proton beam may be a very small fract{o~ of 

the total , Ln which case s pace-charge focuRlng of protons may be in 

question even on a fir~t-order baRis (let Rlone the subtle, long-term 

perturbational a~pects conRidcred as a poRNible e-beam problem). 

(U) This electron availability problem could be vi~ed during 

Initial phaRes of proton propngation a~ lf the density of ambient elec

trons tK much less than the corresponding densitY of positive tuns . A 

nruton hea111 at the same energy and ambient charged- particll' density as 

an electron beam wtll be 43 times lar~er ln diameter than this corres

ponding electron beam becauAe of the rest masA ratio of the two parti

cles (i.e., tht> proton y IR about 1/1832 times aa large as th4t or tlte 

electron) if both are at relativietic energios. lf the effectiveness 

factor for use of ambient electrons is i ncluded , the proton beam may 

be very diffuse even from the outset. 

SI'ACE-CHARGE-LIHITINC CURRENT 

(U) A phenomenon encountered in generators of intense electron 

beams is a current-limitJna effect in propogntin& such an intense beam 

away from an anodo. This limitinM current, it' relates the kinetic 

energy of beam electrons to their electrostatic energy with respect to 

the anode of tho acceleratinR'system. If the ac tual electron boam cur

rent exceeds It' the potential difference to the anodo i s greater than 

the kinetic eneTQY of the eleclrun~. Wlten thiR happens, the beolll ~top" 

axially and a cathode forms that reflects the beam electronR back co-

ward tht• :modi:'. 
(U) tn the general ca~e. beam tr~nsport system geometry will mod-

ify thl' magnttude of 1 t.' A)l;o tr thl'rt> I~ subRtanttal ionization of 

the Jtn~ •edlUIII thruuHh whldt the bcalll iR 11 rop.tga t lns , t , can be ln

c rcas~d i'IA o t 11111:'-dt•pendent runct I on nf th I ~ Lon h:at I un. The gPneriJ 1 

expre~sion for I 1:> 17(y / ' - 1) 1
/ ( I - f (t ))-l G, (kA). In our 

e 
t•nsc, c:, tlw A<'OUI!•trlra l factur, Is CIO!It'ntt.11IY unity . Also r (t). c 
Lhe fral· ttun.11 lunl/.<'llion, l~o I pt•ncnl or h ·sM. Thull I, :::: 

UNCLASSIFJED 
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17(y 'J / I - I) s/ (kA) Ls used u the limiting current. Actually, 

l<v' ' ' - I) l/ }I t • .7 at 5 MeV, .93 at SO HeV, and .985 <~t SOO HeV 

110 that i
1 

can be approximated by 1; • l7y (kA), fiiHticul<~rly •ince the 

limit eelected is i<l • 1 ;no -·-<~rblturily keeping an order of magni

tude low~r to assure that the first-order theory holds for the propaga-

* tion r.horactarhtica predicted. 

~ ln the c:asea studied, current limiting effects ara of concern 

only in electron stora&e ringa. A 7 CeV ant1-RV SPEAR weapon beara, for 

example, would probably use milliamperes of bum c•urent rather than an 

1 permitted of 2.4 11 107 ampere~;. 
' 

1::.\RTII'S HAGNF.riC Pli!LD EFFrCTS 

11 Jill" 1'ho earth's ugnetlc rtald h<~s aianlfic:.ant effect" on electron 

b~A• ~yat~ma. Lono-rangc weapon Cor other) beamA will demand electron 

energies ot CcV levelR ~o per1111t sufficient departure from field linea 

to y leld u"cful propagation "footprt nts." However. there 1a an upper 

limit to electron energies available. As will be noted from experience 

with existing tcrrestrlol ra.1chinet., linear 1C<"uleratorll of the CeV var

iety arc quite long. Even a "co111pncc" superconducting type of Unac to 

produce 7 CoV electron• would be over two ailcs in length. However , 

roc1rr.ul.it I nil electron occelcratorA are Urdted to 6 to 8 CeV because 
4 or <~ynchrotron radi3tJon , which lncreasea as F. where E is tht> elect ron 

particle ener~y. Since recirculat1n8 configuration• will probably be 

tho only admiaaible types of accelerator" for generating electron~ in 

apace, 3 7 CeV limit 1s assumed for electron weapon beam energy. 

tl~ Although the earth'R magnetic field effe,.u are a problem for 

long distance propagation of electrons, they may be beneficial for 

lower-energy electrons if the space atoraae rilll concept proves uaeful. 

A complication ia created for storage rln&ll of the earth'a field type 

because of the gradient oC the e<~rth's Held. Since thia field atrength 

dccrcas~s radially from the earth's center, a perturbation ia introduced 

• (U) A relativistic electron beam, fully neutralized as it leaves 
tho IIC:l'Clcrntor, would not he attracted by the anode. However, in this 
ca~e. tho (related) AHvfn current limit applies and exerts the oa~~te 
effective limiting value of 17RY kiloampereR (B iA essentially unity) • 

•• 111111! \J 

~(A-~ s: ~~\ e.d 
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into electron trajectorie~ formed in this fie~d. Such electron orbits 

do not close on themselves but instead describe an epicyclic motion. 

To cope with this problem in a storage ring, the satellite'A beam 

handling systea must introduce an angular change in electron direction 

on each circuit of the ring. In Sec. V, the significance of this chenge 

will be seen in the "retrace angle cor rection." For storage rings of 

interest, losses from thiR correction are a major factor in system de

sign weight. 

tJ-. Because of their much larger reRt mass tha'n electrons, protons 

* will bA difficult to use in low particle enerRY storage rings. At 

weapon-beam particle energy levels--i.e., 7 GeV--protona would be bent 

to about the same degree (although in the opposite direction) by the 

earth's field. There may be an interesting prospect for an electro

nagnet proton storage ring at ~10 GeV since proton' have inherently 

lower synchrotron losses than electrons for the same relativistic en-
IJ ergy (by a factor of l.l x 10 ), and thus long-term ring storage can 

be considered for protons. For this reaRon, a proton weapon bea~ might 

be generated by a conventional low-power synchrotron (such as used for 

the Fermilab Accelerator booster) and stored up over a long period of 

time (i.e., A year) by such a ring . Unfortunately, the weight of tether 

required to hohl the co-orbi tin& magnet6 together against 1011 J or 1110re 

of energy becomes too great for useful space applicotionR (although a 

terrestrial version of this storage ring might well apply). 

SPACE ION DENSITY El-'f'ECTS 

t/~ The useful regime for the spncc-charge-neutrallzed propagation 

cxtendH from about 300 km to high orbit altltude~--perhaps even to geo
t synchronouR. Below JOO km, ion denH 1t1e~ fall off and atmospheric 

* (U) Notwlthslandlng the potcnthJ 1\ Jc,.a-effectiV<' liJ>acc-charge 
focus Inn t'Cf ('(' ts forcc01s t fn r nro ton~ . 

• 
V'~ For rh•ctron stor.lRC rings of tht> earth' t~ field variety, Ken-

orally only Hyllt,·m~ opcratlnr, ln thco equutorlal plane are cnnstdercd, 
although s tornl:t' r i'lgs on sate I I l te~o of moderately ln<·l incd orh l ts may 
nlso b<' JlOMlhh· . Tht- 11138ncot1c field ~trcnuth doc!! tiiJt t.hangc apiJre
ciab\v on thc•s c• Inclined orbits , but tht• field dlnt·tion docs. However, 
chnngc in rlng urlentatlon should ht• readllv acco111110datcd b\' tht' satcl-
lltr's bcnm handling .c;yRtt'm. · 
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density increases. ~ ropAgation ot be•~~ downward from space to ground 

or lower ~tmospher~ (and vicu versa) has been consldcred and Ls dis

cuRsed Ln otht•r Rand reportR. (J) Such propaantlon mode11 are not in-

cluded here • 
.;Jttl,. At high altitudes Lon densltleR fall off, but there may stlll 

bl' usuful applications for the resultnnt ben11111, particularly at higher 

partlr.le energies. At the lower ~ltitudeK (but above 100 km), ion par-
4 -3 5 -3 

l idt• denflitle'J n
1 

of 10 c~a lo 10 c~a ore expected. At geosyn-
2 -3 

chr•JnOufi altitudes thitl number may be lcR!i than 10 c111 but lR expected 

to hl' at leaRt h c111- l becau&t' of the solar wind. Thus, there may be a 

f~c:tor o( ~so between beam diAmcterK ln the lower altitude region and 

t hotH! nt ~teoqynchrunuut~ altitudes. llow~.>vC'r, al geoflynchronous altl

ludet~, a IM, 7 CeY weapon heurn l 'l theoretically predicted to be Atill 

only n (c•w cc>nti.meoters In dl ~mcter. 

li"JJf"f- At the lower particle encrgle!> and hlgh currents expected for 

an energy Rtnragc rin~. and ~t interm~.>dlate orbit altitude~ (such ns 

7000 mlles), thl! equllibrium beam dtamMer~ balled upon ambient Lon dan

sltles might be Rever:Jl feet. ln thefte c:~su, lt ia postulated that a 

more ionized environment might be created in the vicinity of the vehicle 

to reduco beam sizes in the beam handling systCIII. 

~ Potential 11ultiplc scattering losses were analyzed by l.auer(l) 

at 300 lun altitude& nnd found to be ne&liglble for a beam propagating 

over thous~nds of miles. Thf~ doeR not guarantee that such losses for 

a storar,e ring ln thl~ are3 wfll olHo be inAigniflcant over a year 's 

period. How~vor, storane rlng& of !ntere~t are located at 2 decades 

or mor11 times this altitude, and calculations show r easonable expecta-

L I ont~ for dura t tons of a year o r so. Crc.at iun or enhanced ion densitY 

ln the beam handling area wll 1 ir.crcM14e the au I tipla scRtterinR problem. 
4 

'l'h•• r<.'r,lnn t•nhnnced will huvc :a lennlh ur unly I: 10 ''r lull of the 

totn1 el~ctron trajectory, so the intcr.r~ted effect 1~ expected to be 

~>tlll 'lmnlt. 1\ 104 : I ion enhnncellt'Ut , for ~xa171Ple, would cut the dura-

tion in hal r. 

SYNCIIRO'fRON IWH/\TlON LOSSES 

t/~ l·nten n chnrr.etl p~rtlclt- iM derlected in it~; path by a m.,gnetlr 

SIIG&illll' ' 1 

wr~<):+:~ 
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(ur uther field) , it radiates ener8)', • , ·• E4/RJtJ \ where R is the radius 

of curvature of the deflection, E ift the particle 1
A relativistic energy, 

and m is its rest mass. High energy electrons are particularly prone 

to synchrotron radiation, while protons are negligibly affected by com

parison. In the electron storaRe rinAS considered here, inherent L 

losses from the ring centripetal acceleration itself are small. For 

example, 100 MeV ring electrons at 3000 mi altitude (equatorial) lose 

only . 1 electron volts/sec because of this source. This is only 3 

MeV/year out of 100 MeV. This small loss is brought about through the 

large radii inherent in earth's f!:!lt.l rlnp (t.e., 41 miles in the case 

nbove). 

~ Bea.m handling losses can be significant by comparison because 

of the smaller radii of beam handling magnets. In the above case , a 

20 ft long re trace-correction magnet to change beam direction 3• will 

cause 4. 5 tiaaea as aJCh loss (as the inherent ring losa). At the higher 

electron energy levels (say , at 275 MeV) thiR loaa factor becomes 94 

rather than 4.5. Parametric representati~ns of these loss variations 

are given in Ref. (3). 

MAGNETIC FIELD ENERCY CONSTRAINTS 

tl ;w1 Another area of concern is the energy storage capacity of the 

earth's magnetic field. This can be measured by comparing the intogra

tion of the earth's field energy density over the space region occupied 

by the electron storage ring with the total energy stored in the ring. 

The classical electromagnetic energy component of the ring's enerRY 

arising from its magnet i c dipole field iRa small fraction of the total. 

Also this frnction decreases vith increasing electron particle energy. 

(U) For electron energies of interest , £roe a total relativistic 

energy standpoint, local earth's field ~1Rnetic eneray capacity seems 

to be approximately adequate to accommodate the ring. There does appear 

to be compatibility Ln comparin& earth'A magnetic field capacity and 

the ~otitl energy content of the electron rinK. However. this iB b<~sed 

upon 11 sim()l!• claftKLcol 111odel descrihed below. 

t)-'jll. 'l'hc.a l'llo1j\netustotl!" field (II) d1strlhut ion nr ;a C'lrcular I'Urrcnl 

( 1) loor nf rntltus R 11:1 
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in HKS units where X is the axial distance. Integrating over this dis

tribution (including nearby tails) shows that i.t can be appro:: '.mated 

hy a square cylinder of radiuA R. On this basis, electron rin& ener&y 
ll will equal earth's magnetic field energy for single rings at 10 J 

and JOOO miles altitude in the equatorial plane with electron particle 

beam energies of 145 MeV. Should Lesser electron energies be considered. 

for the conditions a~sumed, it is bel ieved that distortion of earth's 

field lines will occur ancl th.u r1 n& sizes may increase somewhat as a 
II 

result . Such n chanHe in ring condition will be approximately equiva-

lent to on unperturbed c1uto at some higher altitude so that such changes 

will still be repr;sented in the parametric distributions studied. In 

Sec. V this arbitrary magnetic field limitAtion is shown in graphs of 

ring performance. It will be seen that the 1113gnetic constraint occur" 

nt about the same particle energy levels as impused. by current-limiting 

effects. 

OTHER PHYSICAL CONSTRAINTS 

Ll~ Other physical constraints. particularly those stemming from 

dynamical stability considerations, may have further effects on system 

design that 1n turn uy affect thl.! feasibility of storage rings or other 

appllcatiors conceived for electrons in space systems. The earth's 

fi~ld storage ring is probably the most critical area of concern on 

this score. It is well known that cyclic charged particle systems (ac

celerators ~n~ storage rings) are plagued with various forma of beam 

stability/int~ractioOJ limitations. (S) In the case of the earth's field 

ring •. purturbati ons from the surrounding space medium are not expected 

to affect beam stability sianific.lntly. There are. howeve't, incoherent 

space-charge effects to be considered even in the absence of image 
(9) 

forces, although the principal driving function for instabilities 

is expected to emanat~ from ring benm interactions with the satellite's 

* (U) Other effects mny result from this distortion such as 
IUectro-dnR instabilitieR. This phenomenon should be the object of 
further theoretical and expert men tal research . 

~IJiiiiBBHI'I!B'!J ; 

~L I Jl-5) ,' ~/uf 
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b!!am handling system. Judicfou11 design could make such interactions .:1 

benefit rather than a detriment to ring stab! 1i ty. Thill as pee t wU l, 

of course, be the crux of a successful future storage ring development. 

The actual formnt of the beam (pulsed or d~ , with or without energy 

spread, etc.) is expected to be an inherent facet of such sys tern design 

considerations. 

~ Another factor that affecl:> sy:.tem perfot1114nce and may also 

affect beam ~tability is the exten: to which positive ions are trapped 

and draRged along by the beam. To somo degree, this effect may be bene

ficial; but should such trapping occur to a level that is detrimental, 

the situation may be alleviated through a technique called ion-shaking 

proposed by Peterson. (lO) More detailed discussion of the above phe

nomena is given in Ref. (3). 

Ll~ ln ~ddition to beam stability effects, there are temporal and 

spatial variations in the earth's magnetic field (both naturally occur

ring and possibly man-induced through nuclear bursts) that will affect 

both storage ring beams and directed energy (DE) beams projected for 

military weapon systems and other purposes. In general, even the high

frequency components of earth's magnetic field variation have long time 

constants (~I sec) compared with storage ring systems of interest. 

Transit times around the largest version of these latter rings arc 

still on the order of milliseconds. Electron beam excursions due to 

these magnetic field vnrlations are expected to be within the margins 

of beam handling servo systems, except perhaps in the near vicinity of 

a nuclear burst. 

v~ Earth Is l'll<lgnct lc field variatIon<~ wi 11 also affect CPR wcnpon 

b!!am nl11ing ~'YStelll$. ll~1cver, proviwlons for magnetic field uncertain

tit'S arC' .llre.:uly built Lnto theRe system,;, a,q will be discusNed later. 

Thus, additlo11 of transitory fteld uncertnlnt\cs; (nK long a" these are 

within systC'lll time re~ponsc capnbt llticc;) will not mnterlally change 

thi~ picture. 

~ An .1rN\ of ~p<'cln 1 C'Onccrn for lnnR- range or. c- hcams bl the 

baste mt>rhnnlsm lor hC'am l.'lt!ctron scRttcrlng ll f :tmbll.'nt electrons needed 

to mntntnln ht~am l·ol Limat!"n through s;racc··t·hn.rge foruslnn. lll&hlv s lm

pllflt'd CI\(Cll(atluns of 11 prfmitfVt' mode( of this 111lt!r.1<'lfon fndft':ltC• 
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feasibility, although thil'l I t; uncertain. There have bt!en, uf course, 

expartment,; to Ytlrify spa.:e·-charge focusing on 3 Khort-rur.ge basis, (l) 

but long-d lst:1nct> nppllcntlun, such as the 5000 mile r.mge of the 7 GeV 

SPEAR beam, remains to be . proved. The model fur thiN latter beam hy-· 

potlu~sizes a forward ramp in the beam electron pulse distribution and 

ossum~l'l a rr~-pinchdown of the beam before projection into space. It 

lf'l then poRtulated that the rate o( ambient electron scattcrlng will 

pror,reNslv,•ly increase as the pointed nose of tht! beam penetrates the 

lonhed reg.i.on because uf a progress ive increase in the "radial" cou

lomb fteld perlph<'ral to the beam. Crudt: cal culations indicate time 

contltants of 10 psec or bo Cur ambient electron movement out o£ cluarge 

influl!nce, whlt''l Ls perhr~ps rea,;onably compatible with the lllinimum

slzed pulses cunsidered fur Sl'I::AR ( 'l.ltO nst>c). Sincl! the very point of 

th(' pulse nose would tend to flnre out wl th time frum retardation ef

fect!!, th.:rl.! could be a prur.reHt~lve erosion effect on pube bunching. 

Howl'ver, even with a 7 Ct<V particle energy, brensKtlahlun& frorn beam 

cll•c trlln~ '4lll prup1gate at enough hir,her velocity than the electrons 

to b•• ,, few ('entimetors ahead of the pulse .Jt midcourse. Since only 

1:2 x 108 neutralization is needed, photo-scattering precursor proc

~sscs on ambient electrons might be adequate to permit leading-edge 

n._.utrallzation of thG DE pulse. This is certainly an area for further 

thl.!orctical and experi~~~.ental research . 
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V. ELECTRO-RlNC SPACE P~4ER SYSTEM 

~ In the Electro-rina concept. electrons arc project~d from a 

satellite vehicle in such a direction that earth's field bending will 

propPrly return the electrons to the vehicle's beam handlih& sys tem. 

ln this woy. o recirculating electron ring iA formed (aA previously 

noted). Electrons are continuously added to the ring over a long per

iod of time buildin& up to high rurrcnt ~nd thus energy atorR&e levels. 

(U) This ·ection will first conBider p;na•tric variation in per·· 

formance for single storage ringa to establish allowable operationRl 

regions , Further tradeoff a against tentative:, "rubberized" power sys

tem component wetahts are then made to aain inaisht on typi~al perfor

mance expec tations. This is followed by a description of the various 

elements in the power system and an enu.eration of weiaht factors as

sUJDCd, 

DESIGN PERFOIUIANCE TRADEOFFS 

~ Both electromagnet and earth'R field types of rinaa are of 

interest in apace storage of energy uaina electron rings . Earth's fi~ld 

rings can be either sinale rings (by projrcting the electrons ~xactly 

perpendicular to the earth's field lines) or a helix formed by project

ina the electrons at a slight angle to the perpendicular to the P.arth's 

field linea. In the case of the helix, a aecond space vehicle ia (usu

ally) needed to collect the beam and send it back along a field line 

to the original satellite. Another possible confisuration is one where 

most of the electron bendin& is done by electromasnets. A typical 

"ring" of thia type would be an 180• ugnet located in each of two co

orbitin& apace vehicles, yielding a long, narrow, "race-track" type of 

confiauration. Because of inherent eneray lola due to synchrotron rad

iation from the circulating electrons, only earth's field types of rings 

with their large radii are suitable for lona-tena energy atoraae. 

fl/f Helical configuralions of earth's field rings have the advan

tage over s inale rtnga {n thRt for a p~rticular level or stored energy, 

the circulating electron current is much lower. ThiR ln turn pernafts 
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use of lower electron particle energies (E). However, single ring~ are 

Bimpler in concept, and if useful solutions can be found, they would be 

preferred over helical typPR. Although helix .tnd elt>ctrougnet rings 

are not considered further here, they are discuss,ed in Ref. (3), Also 

covered in Ref. (3) are single rings circling the earth in the equator

ial plane. 

*" Because of current-limiting effec~s, single rings on 3000 

mile high equatorial orbits are lillited to a minimum electron particle 
11 energy of 60 MeV when 10 J iA stored. Since a further factor o£ ten 

limit is impoRed on i 1, the Giniau. permitted E is 130 HeV. lf 1012 
J 

is desired, then this minimum is set at 275 MeV. GoJ~ to a higher al

titude alleviates this situation somewhat (since the lower B fteld 

yieldr. a larger ring for a given F., requiring less current for a givt>n 

total stored energy), At 7000 miles equatorial, for example, •intmum 
11 12 Es for 10 J and 10 J atoraRe are 75 and 160 MeV respectively. 

~ Table 1 enumerates very rough weight esti•ates for space 

power systems for the above single ring examples . Projected performance 

at geosynchronous altitude is also given, although operation at this 

altitude is dubious. 
l:J There have been 10 J cases noted here. However, not only 

are the systell weights very large but the magnet lengthR would bP. dif

ficult to accommodate. An alternative for the 7000 mi case might be 

to achieve 1013 
J by projecting 10 rings from five vehicles for a weight 

13 of 250,000 lb, which is 16 percent larger than the 10 J single ring 

case but requires correction magnets 150 ft in length rather than the 

1000 for the single ring case. 

~ Space power system co11ponent weight f:11.: tor~ werr used tu ob

tain a set of weip,hts for cnch altttude/Rtured-enerRY combl~,tion ~on

sidered. As any be seen in Fig. 3, considerable toto! power lncreusr 

ir. to be experienced from loRso~ in retrace correctlon maRnets. Thr 

tradeoff of tncrcaRed retr<tce ma~net "eight vs SNAP and lol'll 1a11keup RYR

tem weights !R reflt>cted in Table I, "here optimum mor,nrt tcnRths .uc 
13 indicated, tn the 10 J caRe~, pn"<~er syt:tcra welght variationA are 

s hown for dtHerent (unoptimi?.ed) mnr.nt:t lengths. 
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Jlllf Table 

SPACE RLEC1'1t0N RING ENERCY STORAIJE Slt:CJ.E RINC PF.RPORMANCE ESTIMAl'ES (U) 

Power• Retraceb SN,\P SNAP 
Energy Stored Orbit Ring Electron System Magnet Unit Uuit 
in one Year Altitude Diueter Enersy Weight Length t'owel' Weight 

(Joules) (a .mllea) (s.111les) (HeV) (lb) (ft) (kw) (lb) -------
1011 3000 108 130 5400 10 6 1190 

7000 311 75 5000 7 6 1190 
22,500c 2320 28 4440 3 2 930 

1012 3000 228 275 30,000 225 S9 4560 
7000 670 162 25,000 150 53 4170 

22,500 4890 59 18,100 80 46 3760 

1013 7000 1450 350 216,000 1000 1028 66,600 
(199 ,000 2000) 

7000 670 162 250,000 150 530 35,520 

22,250 10,516 127 145,000 1000 564 36,900 
(138 ,000 2000) 
(165. 000 500) 

·-----
8 Power system weiRht includea beam handlin& devices, c1•ctron accelerator, 

lose makeup c~ila , retr~c~-correction aagneta, and a SHAP unit for pri~aary power. 
Ele11tron co11vortel' not included. 

bOptlllized for minimum power system weight, except for 1013 J cases . 

cCeoeynchronous orbit alLitude. 

dTwo rings from each of five satellites • 

.. 
I 



TOTAL 

POWER, 

kW 

lOOO 

100 

tO 

(Title Unclouirled) 
-28·· 

;.· 
~ 

ho11JI --...._ / 
/1/ 

31.1 k\V L./ 
ONl YEAR < ----CurrcniT lit .,, 
Fllli~G 

ACCll£RATOR 
POW(R 1.!_0'

1 ~ -,. 
1.7 (',; 

' ... M~. field Limit 

• 
10 HXll30 S 

l ~\tV 

um 

fig. 3 ···Variation or totol powtr ncedcc.J o~ o rune tlon of electron enc•gy 
and storage ring total energy and as o function or various retrace 

correction ma9net lengths (I J \ 



- 29-

~ Although higher altitudes permit use C\f lower electron e:ter

gies, the weight savings are not significant. Also, satellite payload 

delivery to 7000 miles is more covtly than to 3000 miles. These pay

load considerations may possibly be ameliorated to some degre~ by trad-
12 ing time for launch weight . The 10 J system, for exagple, contains 

a SNAP unit in excesR of 50 kw output, which might be coupl~d to a hy

drogen propellant source to produce a law-thrust, hiah-specifir.-impulse 

force for increasing from low (shutt~e) altitudes tn the 3000 or 7000 

mile le•1el . 

~ Rough estimates indicate 6000 ft/sec and 10,000 ft/aec as 

impulse additions to achieve these latter altitudes. Assuming electric 

arc ~eating of hydrogen to several thousand desrees Kelvin will yield 

a specific impulse of ~l~JO sec. At this efficiency even the 7000 ~i 

altitude can be attained with 16,000 lb of R2, from an initial (low

orbit equatorial) payload allotment of 60,000 lb. The residual 

44,000,lb, of course, does include tankage and r . cket cnaine weights, 

but there is still a margin of perhaps 15,000 lb for vehicle structure 

and weapon system over the 25,000 lb power system weight, 

~ On this same basis, a 3000 mile hi&h satellite would require 

10,000 lb of R2• Thus an additional 6000 lb of payload would be avail

able (over the 7000 mile high case) but 5000 lb of this wnuld be taken 

* up to additional power system weight. 

(U) Similar coaparisons can be made betve~n 7000 mi and geosyn

chronous altitudes where again improvements in power sys~Pm weight are 

approximately offset by additional booster performance requirements. 

SPACE POWER SYSTDI COMPONENTS 

~ The general arrangtlment of the space power system ~.s shown in 

Ftg. 2. Electrical power produced by a nuclear SNAP unit is used to 

generate electrons by an acceleratcr, to power makeup coils for electron 

synchrotron losses, and tt' operate other elements of the beam handling 

system. Weight requirements for ·me<.hanilius for extracting ring 

* (U) Estimates were made by Atomics International assuming a more 
opt111tstic sp4:cific i11pulso of 1500 sec. Their aLudies shoved use of 
only 5700 lb of H2 in nlactng a 35,000 lb payload at 5000 miles altitude. 

I 

~ 
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electrons for weapon or other purpos~s are included in the beaa hand

ling coaplement, but those of subsequent syateas for electron handling 

aud conversion are accounted against the particular u!ler device. 

~ The space power system involves the production o£ electrons 

at power levels in the tens of kilowatts range. Space uaer systems aay 

have requirements as high as average powers of tenA of megawatts. Thus, 

~epending upon user needs and the specific method for electron conver

aion, the output power conditioning system can range from being very 

heavy, compared with the space power aystem, to the converse. Refer

ence (3) treats these various user aystema and potential electron con

version schemes. Brief consideration is contained in descriptions of 

weapon systems selected for discussion purposes. 

The SNAP Unit 

(U) A nuclear SNAP unit is asaumed to be the major source of 

power. A recent docu.ent prepared for ERDA by Atomics International(ll) 

is considered the most up-to-date trea~iav on this subject. Zirconium 

hydride (ZrH) apace reactor system~ of 10 to 75 kWe werP. considered 

that used various thermodynamic cycles and conversion ayste.s. Cas

cycle heat enainea based upon etther the Stirlina or Brayton cycles are 

probably beat suited for future apace applications. In these systems, 

heat fro• the reactor is applied to the hot aide of th& heat engine by 

means of pumped NaK Uqu.id metal fluid. Organic coolant is pumped to 

the engine from the radiator. An alternator is coupled to the engine 

to produce electrical power. Total SNAP systeiiS weight for the Stir

ling version varied from 1067 lb at 10 kW~ to 403~ lb at 75 kWA; for 

the Brayton cycle weiahts werP. 1389 to 5570 lb . The rubberized weight 

relation used in thetle calculations was con~>erv:~t1ve1y based on tl1e 

Brayton cycle and was w5NAI' (lb) .. 800 + 64 x output power ln kW . This 

weight Includes reactor, ahleld, liquid 110t4l componentH, powel' conver

sion t.nit (heat engine), h•at rejection loop collflonent", radlfttor 

structure, and electrical aystem. 

(U) 7.1rconhn hydride! reactor !~pnre power RY'l tem~> hnve bt•en under 

developllf'nt since 195 7. A ZrH SNAI' syt~ te111 Willi plnr.ed un orb1 t In 1965 

nnd nmnl'l!~ed over 10,000 hr nt full output cnnd It lun~ . 

,t 
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Th~ Rin&-F1llint Electron Accelerator 

~ Electrons of 75 ~eV or hiaher 1n particle eneray are nreded 

for (ainsle earth's field) stora&e rinss. Pulse diode, Van de Graaff, 

and the Soviet tranafor11er types of accelerators produce electron bea11s 

oC the order of 101 MeV or less. Superconducttna rf linocs can achieve 

2 IN/meter so that a pure Unac of "-125 ft in lenath can be considered 

at this lowest eneray level. Probably a better choice 11 to 111Ultiplex 

the acceleration procesBel throush use of a •icrotron arranaement. 

Such n machine could be patterned after the University of lllinoia 

HUSL-2, vhfch u11es o 13 HeV auperconductina rf Unac accelerator ses

mant (supplied by the Stanford KEPL) with 6 to 20 paaaes throuah the 

microtron maanet syate• to produce resultant particle enerates of 70 

to 260 MeV. 02> 
~ For the cases where 1011 J ore asswned to be stored up over 

a year'• tt.e, a bcaa output averaae power of 3.2 kW is needed. This 

in turn deaands be811 currents of 20 to SO ~·· the sa .. order of current 

used in the HUSL-2. (At the 1012 and 1013 
J levels, accelerators of 

32 and 320 kW, respectively, are of course required.) 

~ A large part of the eneray added to the electron rina atore 

is for losa makeup. The paver level for this purpose range" up to 100 

~~ or .ore amona the cases explored. <I The 3.2 kW accelerator fvr ~ 1011 J/3000 •ile ca1e is as

aumed to weiah about one ton. The incre~~ental SNAP weiaht for powerin& 

this accelerator (at hiah efficiency) is 200 lb. Thua tho emphaaia 

should be placed vpon wei&ht rather than efficiency, ~hich ia why an 

rf ..achine ia assumed as the •icrotron driver rother than an induction 

or tranafor-er type of linac. 

Bea• Handlin& Syste~~ 

(U) The vorioua el~ents for the be .. handlina syste• will draw 

fro11 exiatina technology of conventional accelerators. In aeneral, de

flection .. &nets will need to use only IIOdcst fielda (of leas than o 

1 kG) and will not require hiah-apeed operation. (Thia oasuaption 

is predicated upon o conventional bea• for..t. Some future requirement 

may demand, say, a chopped b~o•, where perhaps nanosecond deflection 
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times .. y be in order. Even here technology vould exist for such kicker 
magnets. (l3) 

(U) Insert1o11 of the accelerator output beam into the circulating 

electron streaa is not believed to be a problea~ fro• phase apace limi

tation (Liouville theore•) aspects because of thll relatlvelv slow ratt! 

of particle addition and because of electron radtative da~ing in the 

rinR, particularly enhanced in the retrace correction magnet field. 

{Mtthoda for dealing with phaac-apac:e-lillited ai tuatinn~ nre covered 

by Peterlon.)(lO) 

~ Servo-control of circulating electrons in the aturase ring 111 

also believed to be within the state of the art . Rina circuit tl~~ 
-2 -4 are of the order of LO - 10 aec; and the hifhest fre~uency distur-

bances, such as in the earth's ugnetic field, have tiM c.:on11tanta of 

a second or more. Thus the servo aystea needed is fairly alov by 

present- day standards. 

(U) Senaina of the returnina beaa can be perforaed by a drvlce 

similar to centerin& probes such aa used on th~ Bevatron. 

(U) Deflection magnets for beaa aiaina vill include very aull 

"ahiu," vhich in usence will be sets of aull wire roUe for vernier 

cuntrol of the be... The be~ extraction lllchoniaa can toke the fora 

of a hi&h-apeed ml&net dcflectinn IYIItCII when it is desired tn extract 

full- ring-current pulses in serial fa11hlon. Where only a fraction of 

ben current 1a desired, then a cyclotron type of "peeler" cnn be u11ed. 

~ The beaa handling system wlll al "o lnc:lude a gall "ion-oven" 

device to exoel low-speed positive lone into apace to keep the snt~llite 

surface charge neutral vhile it is g~neratlng and propasatinR electrons 

into 1pnce (for DE systeas hut nut for a returnJ ng ben• aa ln rhe stor

age rins) . 

Hakeup Coils 

~ In the- varlous CS!It!!l con!lldered, nbout hate or the energy put 

lnto the ring h to overcoac synchrotron rndiatlon lo""""• pa.rtir.ulnrly 

in the retrace-correction 111.18net. Thus In rhc 1)0 HuV/1000 al/10
11 

.I 

r:81e , ubout l kl~ IR ncl!d<'d. Although n rntrly t ocanlu 1110chlnc IR n!'cdell 

tn tu·ct•ll'rnlr l kW 'll vorth or clcc tr.mK tu 130 nllllun vnlts, :a llkf.' 
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amount of ~ver in lo~s ~kcup vill need only a ai•plu set of induction-
• nccclerator types of coils. Since the voltage drop per pass for all 

electrons is •iniscule, it is better to apply a atocnastic type or ac

ce lerAtion npproach and periodically put in the required makeup pover, 

at a fraction of the total circulating electron Cluence , and at voltage 

incrQments motchin& conventionnl electrical systems . ln the event a 

suecial format iR found to be needed in future ring bea .. , such as ac 

modulation (as might evolve from a synchronous rf filling accelerator) 

or a chopped beo11, then the loss makeup "Yite• ~:an be dcaisned accord .. 

inaly . lt l s not expected that this clement vill require 1ny special 

dovclopl'llent. 

Retrace-Correction Hasnet 

~ The retrace-correction .aanet has a very lara• radius of cur

vature (a thouHand feet or 110) and au1t supply fixed fieldR of only a 

r,v gau11 in .aanitude to bend the electrons properly . Tho artuel con

figuration would cons ist of tvo parallel stripa or air-core coil vind

insa of fine vire . The stri ps vould be a foo t or ao apart (dcpcndins 

on bea• l iEe) and vould be nearly atraight, since they are hes-ent9 of 

only a f ev degrees. l.engths of the •anet used lin reference caaes arc 

&iven in Table I and vary from 3 to 2000 ft. The DA&nct'» field must 

be adjustable over the range or condition• (orbit eccentricity, earth'H 

Mgnetic field changes, etc.) anticipated. Field current liiWit be lli

nutoly controllable to provide necessary bca• aiming accur~ciPs . 

PARAMETRIC WEICHT DATA 

(U) Table 2 lilts pe>rtiucnt weight r"lationll for variou111 colllpon

entl of the sp~ce power syste• (exclusive of output convornion dcvict•R 

as discussed previously). 

~ Accelerator vcights reflect a s ix-fold increase per decade in 

power. The 11icrotron mgnet syste• 18 principally thl< one that vad es 

vith increo~sed electron particle ener&Y (i.e. , a function or tho nutabur 

• (U) The tradeoff of areater Joule loRses in field winding conduc-
tors (and thua additlonal SNAP weight) va lncreasi~ conductor si~e and 
thus 11agnet veight indica tea a chuicc of saall conductor diameterR. 
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~Table 2 

ASSUMED W!lCKT ll!LATlOtfS FOR SPACE POWER SYSTEM ELEMENTS (U) 
Un pounds) 

Acceleretor 

Retrace maanet 
Weiaht va lenath 

Makeup 

SNAP 

Beam handlina 

1500 + S x (E, MeV) (3 kWe) 
10,000 + 30 x (E, MeV) (32 kWe) 
60,000 + 180 x (B, MeV) (320 kWe) 

1000 at 20 ft 
2500 at 100 ft 
9000 at 1000 ft 

16 X (PLo , kWe) a sea 

800 + 64 x (PTotal' kWe) 

1200 

Accelerator 
power level, 

PA 

of cycles needed to build up to the proper value of!). This value Ia 

expected to be •uch li&l•ter in a apace-borne ayatdl than in conventional 

terrestrial counterparts since vacuua encloaurca e•n probably be dis

pensed with in space. Also, wpace-charae focuatn1 effects probably can 

ba substituted for conventional aaanet focuaina systems throuahout much 

of the accelerator ayatea. 

(U) The retrace correction .. ,net will be co~oled of coila of 

•~all wire for•ed into two lona parallel ttripa. Haanetic fields arc 

expected to be s.all enouah that the principal contribution to wel&ht 

is juat to provide a structure atrona enou~h to vithatand beaa handling 

forces In a bentsn satellite environ.cnt. (Thesu are not stressed for 

visoroualy .aneuvering vehicles.) The three welahts ~) tabulated 3ft 

a function of maanet lenath L rouahly fit tho e_,irlcal relatlonahlp 

W • 186.2 L'
563 in the units shown. 

(U) Makeup coila are estl.nted at 16 lb per kilow~tt of power 

delivered to make up for synchrotron loss for the circulntina electron~. 

The remalnin& be-. handlins coaponentft are lumped toscth~r In a rtxed 

lncreaent of 1200 lb, reflecting requlre,aent'l for vartooA contrt•l sy"

teas whose weight ls 110r~ or les11 inacnaitivc to b'eaa powt•r or particle 

energy. 

(U) The SNAr systea vei1ht relation vu11 devised to 11ntch 10, 2S, 

50, and 75 kWe cases colculated(l 1
) for the Hrayton cycle. At 
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extrapolated values beyond 75 kWe, the relation is probably conservativa 

since weights ~ill probably scale at less than a linear rate. Also, 

the Brayton cycle is not the lightest version studied by AI as previoua

ly noted. TI\o Stirling cycle SNAP version weight can be approximated 

by 600 lb + 46 lb/kWe x PT (kWe). 

UNCLASSIFIED 
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Vl. DIRECTED ENERGY SYSTEMS IN SPACE 

GENERAL REMARKS 

~ Directed energy (DE) systems, in general, can be expected to 

propagate better in space than in the lower atmosphere. This goeH with~ 

~ut saying for lasers and neutral particle beams. Charged-particle 

(cP) beams, however, unless at relativistic speeds, will tend to expand 

rapidly and diverge in space because of like-charge repulsion forces. 

Existing theoretical analyses(l) do not exclude the possibility that 

relativistic electrons can be propagated with "space-charge" focusing 

for thousands of miles while maintaining a small, equilibrium beam di

ameter due to partial neutralization of the beam by ambient ions . Rel

ativistic protons are calculated to have initially somewhat larger 

beams than electrons and are estimated to become more neutralized at 

large distances through beam trapping of ambient electrons. In this 

latter condition a proton beam may begin to approxtaate the character

istics of a beam of singly ionized heavier positive ion~ . Such heavier 

charged particles have also been considered for DE a~plic~tions. These 

ions would be less deflected than protons by the earth'B magnctJc rteld 

(for the same total particle energy) but also would be lt•BA .a111enable to 

space-charge focusing. Cesium ions ~~ve enhanced application to col

lective acceleration methods because of cesium's low work function. 

~ For CP beams to propagate in the lower atmosphere they must 

create their own conductin, channel through atmospheric "hole-boring." 

Por this phenoaenon to occur these beam~ must hav~ high instant~neous 

power (1013 W as per the Nordsieck condition (2)). fll,;n tenH o( mega-

joules must bc expended by a t>inglc "bolt" just in heating the air to 

form the channel. 

I> 
* space. 

This ·requirement does not apply to propagation confined to 

Instead or instantaneous b~am current~ of klloampercs as needed 

* ~ (;roundhtir to s;pn,:c propag:\tlon, or the n•vcrHe., must n£ 
course ,.,~ve bt>am parnmrtcrs that conform to the lowt'r :ttllltJ"phcrlc hole
borin~ rcfltlirl:'mentll. Tile prnl-lpectll for il 1-ipiiCtt-tu-ground nntl-lli )I) 

weapon are dlRcussttd in Ref . (3). 
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in the lower atmosphere, CPH weapons in space can usn currents in the 

milliampere range. Further, pulseA of low total energy and having beam 

currents of microa~pP.res can be propagated ·aa desired for sensing or 

communication purposes. 

, Very long range target kilJ wlth an electron CPB makes de~ir
oble the use of 7 GeV particle energy. Because of the earth's magnetic 

field effects, 7 GeV electrons fired along field lines from, say, 3000 

miles altitude in the equatorial plane can be directed to a spot (at 

low altitudes and middle latitudes) roughly 1200 miles in diameter (see 

Fig. 1) . TI1is permitted firing envelope would shrink to 170 miles in 

diameter ff beam energy were reduced to 1 GeV. The area covered would 

thus reduce to 2 percent of the 7 GeV case, which in turn could have 

significant effects on numbers of weapon platforms needed to provide 

certain coverage in defense miRsions. However, electron~ cannot be 

produced at highe1 p4rtlcle energies with cyclic types of accelerators, 

and that type is the only practical electron machlne for space foreseen 

at this time. 

(/1 Protons at 7 ·:ev would have a firing envelope si1111lar to thnt 

for electrons. However, because of their greater rest mat~s, low energy 

protons would be much less deflected than electrona by ~gnetic fieldft. 

Unfortunately, this advantage probably cannot be exploited , since at 

leas than the few GeV level protons are not very relativistic and would 

suffer from lack of proper s.pace~charge focusing. Protons at areater 

than 7 GeV levels can be considered (since they are not limited by syn

chrotron loss problems as are electrons). If collective accelerators 

become available for apace, perrllitting protons .in the tens of GeV re

stme, such particles may be highly effective foT certain specialized 

missions. 

~ Another factor relates to effectiveneRS of CP beams in target 

deatruction. At CeV levels even the hardest of RVa is highly transpar

ent to charged particles. R:Jdtation lengths for GeV level CP beamrr; 

roughly increase linearly with particle eneray. An electron at 7 CcV 

will deposit only about one-Reventh as much of its energy in an RV me 

a I CeV electron; however, it carries seven times as much energy so thut 

the r.et energy deposltc.>d is :~bout the same in both cnse!l. Thts IDl!llO!I 
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that the effectiveness of high energy C~ be..s against taraets la 

roughly independent of particle ener&Y· Of c~ur~e, proportionately 

areater eneray is needed per electron to generate the higher particle 

energy be .. a. Thus there is a tradeoff between coveraae pattern and 

beam energy use, and 7 GeV represents a reasonable cowpro.dse tn the 

SPEAR approach. If hiaher particle ener&y than 7 GeV could be gener

ated, the greater coverage would reduc~ ~h• nuwber of satelliteA needed; 

but since greater energy would be need\!d pur 11ho t, the reduction in 

vehicle nuabers .. y well be offset by incr•aaed payload needs. Howpver, 

reducing b ... eneray while t.prov~ng the per ahnt efficiency would re

quire a larger number of satellites, each havlnl leas enerJY storage 

than thu 7 CeV case. Total system coRte would probably be greater for 

that c .. e. 

~ Without rigorous anaiysia of future apace warfare incorpnr

atin& appropriate scenarios, only general observations can be .. de re

garding effectiveness of DB syateas in space. Counterpart (to the 

SPEAR) etudiea of use of hi&h enersy lasers acainst RVs (in 5pace)(6) 

indicate the need for a lara• n\Dber of 'ftlapon satellites (e. a. • of the 

order of a thousand in contrast with 4 to 8 3aaumed for SPEAR). Si•ilar 

platfo~ number requirements were found in Rand laaer weapon boost pi~•• 

intercept (BPI) studies of ballistic Missile defenae(4) and more re

cently by Lockheed in BPt inveatigation•(S) using both lasers and neu-

* tral beams. This comes about because of the diveraence of such beams. 

For a hi&h-power, hi&h-eneray laser b~n. about a microradian divergence 

is about the best that can be expected based on present technoloiY· 

(This also obtains for neutral particle baama.) At thiR leval o( col

liaation, a laser beaa will spread out to a 5 ft diameter spot at 1000 

miles. 

(U) There will be. CJf course, other Rpace applications when the 

laser or neutral b~1• will be as or .are effective than CPB1. Aa•tnst 

soft targets, for exaaple, the laser .. Y do as well, while not havlna 

• ~ A aroup at Rand has studied defense asalnst stratezic bomber~ 
by lac~ DE weapon or desianotor bca~~ fro~ 1pace. Here .ore re~Honable 
nuNberR of satelliteR ar~ found only because of the relatively long 
tranRlt time of Aircraft. 
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the firing cone limitations of the CPB. Blinding of surveillance de

tectors is a possible exaaple of a soft target action. 

(U) Another example would be use of a neutral beam against solar 

* arrays. 

(U) ln long-range energy transfer by lftaer (os studied by NASA), <7> 
lasers again would have an advantage over CPB in flexibility in direc

tion o£ transmi~sion, although in cases wh~re a CPB can be used, it• 

greater generation efficiency would weigh in its favor. 

~ Figures 4 to 7 schematically illustrate possible arrangements 

for powering DE beaaa with a space electron ring energy source. Many 

o( the cases take advantage of the ring electrons' particle eneray 

level. To produce conventional fo~ of electrical output from highly 

relativistic electrons can be a difficult problem for some types of 

conversion processes. Converters of the sort developed by LLL for 

fusion reactors to regain power froa un-neutralized beam particles and 

from leaking plasma can also be considered for ' thts application. One 

method leas aenlitive to electron eneray level · . 4ht be a closed-cycle 

HHD converter operatina at very hi&h temperatures and thus high cycle 

efficiency. In this case electron energy would simply be thermalized 

in an engine heat source approximating a Faraday ion cup. Electron

electricity converters are indicated in Ftga. 4 and 6. 

(U) Component arranaementa for the various configuration• of 

Figs. 4 to 7 are reasonably •elf-explanatory. Further reference will 

be given in the discussion of ape~ific D£ ayst~ below. 

THE SPEAR ELECTRON CPB WEAPON 

~ The ai1sion outlined here is one of aany po~sible applications 

of apace-to-apace electron beams but was aelectcd for discussion becauftc 

* J) The H0 neutral beam concept by Knapp of LASL 3Ssuaes that a 
250 HeY ae&Mnt of the J.AMPF 800 KaV proton accelerator would bu placed 
in orbit. Laser-stripping of the H- ton (after beam aiaing) is needed 
to Gchievc 1 urad divergence; gas-stripping will cause several times 
higher values or diveraencc. Both particle energy and ben. current o( 
this machine ore liaited to levels unsuitable for wenpon kill of hard 
targets. Soft targets similar to those considered for weapon lafters 
can be considered as well av the solar array d3118&e IIKlntioned above. 
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of typical rcquirementY for system component~ nnd functlons, and because 

of its potential importance. 

<#J A four-satellite array is OJRRumed vith the vuhiclcw equally 

spaced in circular, retrograde equatorial nrbit~ at 3000 Ktatute miles. 

The principal targets are submRrinc-launthed strategic miAsile varheadw 

(RVs) arriving in the ZI from the Paciftr. (se~ Fig. 1). For such tar

gets the array provides continuous coverage asluming due ,outh-to-north 

firings of the bear.t. Other RVs, either land-launched or su.,-launched, 

and arriving over the Zl , potentially alcio cAn be hnndled. These ·latter 

vill not alvays be in an optimwn due-north firing position from one of 

the four satellites. 

~ The artay can attack other exoatmospheric miwsile targets in 

the 27° to 48• latitude zones of both Northern and Southern HemfRpheres . 

It con also perform coeaunication and anti-space-vehicle functions. 

(A second four-sat ell ... ';e "r·:ay at 7000 mUPS c01n be added if desired 

to attack RVs in thP 48• to 64• latitude bands .) 

~ Th~ system is designed to fire along field line~ Jn approx

imately the L • 1.75 shells (of a dipole field representation of tho 

earth•s magnetic field) . An electron particle energy of 7 CeV is as

sumed. This energy level is a compromise betveen one that is high 

enough to be useful vith respect to bending effects of the earth•s 

.. gnetic field hut not so high that it is difficult to generate the 

electrons or that the RV bec~es too tra~~parent to them. 

<f> Firing ranges are of the order of 5000 statute mile!!. Because 

of the magnetic field perturb3tion, a particle beam fired at an angle to 

a fteld lin~ vill tend to spiral around thi~ line. The 7 CeV beam wtll 

rotate about one-half turn in traversing its path to the target. 

~ The satellite can detet~inc only where the end of the electron 

beam iw when the beam strikes the RV. Knovledge of the inAtantan~ouH 

values of the eorth•.; field (both from se~'ling nnd, stored statlAtlcnl 

data) and extensive in-space pre-calibration of bPnm rrojectlon will 

rrobabJ y rennit comput:~t ion surf lclent ttl pro.}fl!ct tht• ben111 ln tlw nt•nr 

vtclnlty or the RV ( I ka Cl!:P nsKumed). Accurncy ur 1:10
4 

IH required. 

Tilt' nrru ler:~tor nl4~ullcd for tltfR mlsslun plltR 0111 12 mi l linn 40-nunu

H~contl pu i~CI> rt•r HCCOntl. Th~Re nrc lnld down In II (lllltt'fn VhtuW lnt•Hh 
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• h ~mall cnouah to include at least one shot on tho vehicle. Impinae-

ment of thiA precursor beam on the RV will aive out characteristic sig

nals (rf, neutrons, y-rays, light, et.:.), ,;ome of which may be picked 

up by the attacking satellite. Detection may ~ au~ented by swarms of 

orbitlng detector pncka&es that r~lay tiMe of detection of a precursor 

hit. Sensitive telescopes exist for the variouA types of o~anation . 

For optical detection, about 1 kW/steradian is radiated in all bonds 

and is detectable by acnsors peaked for charactertstic frequencies and 

location. The ploa.a spewin& out from the taraet (backscattered from 

the :l.Dipinaina bca11) will act as a stub dipole antenna in Bivin& off rf 

radiation. Because of the shortness of each precursor pulse (40 naec), 

the rf aianal aenerated vtll exhibit a characteristic Rtanature, pro

viding another poaRibility for hit detection. 

~ It is esti.ated that the original uncertainty in bPam ~oor
dinat~s will be of the order of a kilometer so that the RV will first 

be detected in a frMction of a second by the prtcuraor beam in a search 

mode. If the destruction pulse is then aenerated in a short period, 

the total en&a.gemen.t time should take about a second , Uppina the beam 

current fro• the 100 microampere precursor level to the 10 ailliaapere 

level will permit killing the RV in about 1/7 of a second or so. Av

craae power to the accelerator at the latter levels will bo 75 aegawatts. 

~ Tho accelerator asauaed for SPEAR is o veraion of the Rand

conceived Cylac(14 •15) machine. More details of the SPEAR accelerator 

may be found in Ref. (3). This type of accelerator i,; •idway between 

the electron synchrotron and the induction linear accelerator (linac) 

in characteristics. Electrons in a Cylac are aiven larac increaents o£ 

acceleration c011pared with the synchrotron, which areatly reduces the 
-

number of circuits around the ••chine. Thus, roaonance instabilities 

typical or the synchrotron are overcoMe. In the Cylac aachine conc6pt, 

induction accelerating elellents operate many ti-.a on each electron in

stead of just once ~q in the case of a (one-pass) linac. 

(U) An innovative fe~ture of tho Cylac arl•~• because relativis

tic electrons are all at very nearly the saMe velocity (acceleration 

·~ Lyons and Bussard(6)use a precur11or barraRe ~Jcheme s1111lar 
to thilrin the!r investigation of space-borne lnti-RV laser weapons. 

~ )t-K~: ~-·.et(_ 
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makes them more massive rather than so much f~~tkr), and acceleratina 

modules can be used for a variety of electron eneraie~. Further, elec

trons can be passed 1n either direction through a cor~. This latter 

feature' eliminates the need for core reset pul.aes (thereby effectively 

cutting hysteresis losses in half and peradtting much hiaher modulation 

frequencies). 

~ The accelerator aaaumed for SPEll takes advantage of theae 

concepts and i~roves on thea with variations permitted in apace-borne 

~~&chines. 

, Two sets of 4G-nolnoaecond-lona electron bunches are assumed 

to circulate at all tt.es in the accelerntor. These two sets are aoing 
lS in opposite directions so that each electron p41ses by 7 x 10 elec-

trons going the other way durin& ita acceleration period. However, the 

prospect for collision is nealiaibly small (and can be .ade even smaller 

by maanet schenaea as used in tvo-vay FPAG accelerators). (16) Electron 

bunches are phased ao that induction accelerator cores can alternately 

accelerate in opposite directions. In fact, aucb a acheae permits use 

of eine-vave modulMtion just aa in convention31 ~lternatina current 

systeu. 

cl The specific aeoaetry chosen as a posdble SPEAR aachine b 

. shown in Pia. 8. The accelerator is composed of four sets of 10 MeV 

induction linac segments arran&ed in a square dna. The total circuit 

time for one turn is 640 nsec or 160 naec per aide. Thue a core accel

erates one way for 40 naec, reverses polarity for 40 naec, accelerates 

the other vay for 40 nsec, and aaain reverses for 40 nsec. Modulators 

work at a 6KHz frequency. 

, Each of these four Unac seaments is ude up of ten 1 He.V 

double ferrite core induction modules atallar to the Oanltron developed 

a decade aao by LBL. (l7) The rin& electron path. 18 640 ft in clrculll

ference; each side is 160 ft lona. Particles of each of 190 en~rgy 

levels (between 5 KeV and 7 CeV) are contained ln every 40 nanosecond 

pulse ctrculatina in the ring. Only 175 levels vould no.fnally be 

needed to produc~ an output pulse of 1 CeV, but 190 ore actually r~ 

qulred because of synchrotron I oases at the highl'r energy leveh. Cor

ner magnets will b~ nir-core elcctroan1nrts of ronatont 15 kC £icld~. 

~/~s:1:~ 
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Colliding Beam Cylac 
40 Nanosecond pulses - output ona each 30 nsec 

Pulses travel each direction, contain 190 ener~)' levels, 
and alternate through four - 10 MeV induct ion linocs 

10 MeV linac 
Accelerator segment 

Schematic diagram of an achromatic 
constant -path -length 90° 

Comer bending magnet 

-Constant magnetic field (15 kG ) 
Transverse to electrcn beams 
Pole faces shown 
Have opposite polarity to 

Collimateti electron 
Beams out (or in) 

' ' Representative 
those with-

Coli imoted electron 
Beams out (or in ) 

electron tracks 
50ft 
radius 

Trod< 
numbers ~Axis of 

symmetry 

Fig. 8 - Space accelerator for SPEAR (j/( 
• . ... 
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A pair of sector magnets is arrang~d so that electrons of different en

eraies are coaxial both entering and exiting. AnothPr sector magnet 

of oppOSite polarity is inserted between the first two maJnOtA, and 

pole face edges of all three are so arrayed that electrons of all dif

ferent eneraies have the same path length. 

f/J Electrical energy to induction linac IIIOd:ulpa is supplied from 

an electron power storage ring as illustrated in Fig. 6. ~n& the 

various electron ener11 conversion options the fotlovins transformer

like scheme is favored. Here ring electron particle energy is stepped 

down by an electron beaa decelerator having an arrange&ent analogous 

to that of the SPEAR accelerator. By a proper aedes/parallel circuit 

arrangement, electrical energy from the storaae ring beam decelerator 

.adulators can directly energi&e a correspon~in& set of SPEAR accelera

tor modulators. 

(U) The entire SPEAR accelerator structure vill be held together 

by lightweight connector~ and assembled in apace. The Aize of units 

involved is believed to be coapatible with present Skylab and future 

shuttle vehicles. 

~ Various methods for optical location of target RVs can be 

con~idered and probably n combination of these would ultimately be used. 

DS~ and other surveillance aystens can provide initial boost detection 

and so~e indication of the midcourse trajectory. Passive detection for 

aid course tracking has been researched, including preltainary develop

ment of critical sensor elements. Such devices could be placed on the 

SPEAR vehicles (since ~st RVs will appear above SPEAR'R horizon, it 

generally will be viewing these targets against an outer-space ~1ck

around) as well as on other satellite ayate~ AS may be available . 

SP!AR 11ight also perfon active or selli-active ra®r tracking. IHth 

the distances involved, a laser tracker i s probAbly the beat choice 

(froa a apace vehicle). In the seat-active 1110de, return signal pickup 

could be performed by the same set of tranaponder vehicles considered 

for detection of precursor beam target impingc~Mnt . The laser radar 

system has considerable similarity to a laser OF. weapon and mny tn some 

cases usc common element~. Further deAcrlption 1• included below. 
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I.ASER DF. SYSTEMS 

~ Currently conceived high-power, high-~nerey loser sy~te~~ 

foresee uptlcnl system divergences aR low aR a rdcroradian. Laser 

radar syatema rorecast accuracies a decade better. These estimate~ 

musl include vehicle attitude control accuracy, proble .. of structural 

seltling after mirror Blewing, effects of transient heatins, etc. It ... 
is assumed thR.t' some sort of computer-dir•cted adaptive focusins and 

borealghting techniques will be an integral part of such systems in 

the future. 

~ ~stimates ba~ed upon Rand weapon laeer studies ar~ that per

haps [uture weapon beams of 1/3 11ro:.d diveraence could be projected fr011 

3000 or 7000 mile vehicles; because of greater quiescence and special 

orientation features at seosynchronous altitudes, 0.1 urad is forecast 

for this altitude. 

~ A laser sensin& beam at SPEAR ranges of 5000 mile• might also 

repr~ent a weapon beam at shorter ranges against soft taraetR. ABsum

lng 1/3 ~rad diversence, a laser beam projected 5000 miles from a SPEAR 

vehicle will have a 2.7 m (8.8 ft) diameter spot. A 50 MJ laser pulse 

would place approximately 103 J/cm2 on a target at that distance, which 

ill in the &l!neral range of energy densities needed to diaable, say, a 

ballistic misaile booster in a boost phoae intercept (BPI) function . 

A 1012 J energy store could supply 103 to 104 of these pulaea at loser 

efficiencies of 5 to 50 percent. Lower energy per pulse or higher en

ergy density on target could possibly be attAined by a second set of 

111irror-bearing satellites near the target area tl.Jt receive and retrons

llit the laser beaa, refocusing it on the target. Such o rela~· vehicle, 

500 miles from the target and having 1/3 urad optics, could ~heoreti

cally increase energy denRity on target or numbers of puleea by a factor 

of 100. The geometry of the relay approach poses difficultie11; abo, a 

sub~tantial number of relay satelliteq would ~ nP~~d to provide useful 

coverase. Such nu.bere of vehicl~s can perhaps be tolerated if these 

are small detector/transponder packasea, aa in the caec of the SPEAR 

hit-decoction syst~. However, the mirror-bearlna relay vehJcles need 

to carry ~irrors of over 10 ft in diameter along with trnrking and fo

culing systems and are fairly sophiMtlcnted v~hicleY. 
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<f Another choice is to send a SI'EAR e-bean to power a relay 

satellite weapon laser . However, that would be tradin~ an optical re

lay problem for an e-beam reception problem. 

~ A logical compromise would be to incorporate a high-power 

laser in the SPEAR vehicle that can perform direct BPI on targets of 

opportunity under appropriate conditions of range and ~atellite po~ition. 

The same laser system would also be available for ASAT function» having 

various kill, disablement, blinding, etc. probabilities o~ a function 

of range; and at reduced power levels the laser sy~tem could also be 

used for SPEAR target-tracking. 

(~ It is assumed that a laser in the vi-ible spectral region 

(0.4 ~ or 400 nm) is a reasonable choic~ for future DE systems. The 

wavelengths involved represent a decade improvement in linear dimen

sions over currently considered IR lasers, which in turn may translate 

into a lOD-fold to lOQO-fold improvement in optical system volume and 

weight . Proceeding to shorter wavelengths in th~ uv region while offer

ing further reduction in system size begins to invite probl~ in energy 

throughput because of these reduced sizes. BesideR, uv lasers are 
. (18) 

still in a basically unknown status; also good optical reflector 

materials at wavelengths below 0.1~ have not b~en achieved. 

<IJ Something like a 4 m (.13 ft) diameter ml rror ill in order (dif

fraction limit at .4~ is 10-7 rad). Much of the lase~ system weight 

would be tied up in the secondary opticnl system of which the mirror 

is a major element. The difference in size and weight between a BPI 

weapon laser of the type described above and a laser radar for SPEAR 

at perhaps two decades less energy is probably not significant. The 

weapon laser package (not including power supply, which is already in

cluded in SPEAR) is estimated at 25,000 lb. 

~ Various types of potential lasers in the visible spectrum ar~ 
included in the block diagrams of Figs. 4 to 7. Metal vapor la~ters such 

as the copper-halide type are expected ultt.ately to produce 10 percent 

efficiency. (7) From storage ring e-beam energy to OF. output, the ef

ficiency aight be more like 5 percent. Th~ 11amc applleH to the XcO 

laser as a repreRentntive of a number of new noble Rllll diaer lnHerN 

being researched by SRI 09> and Lt.l .. (
20) Here ln addltlon tu l'nnverting 
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electron~ to electricity to perform weapon pulse storage, a pulse diode 

must be used to produce 10 MeV electrons needed to pump the laser • 
• 

Again about 5 percent is about the best we cari bope for . 

C/J Use of a doubled Nd:YAG laser beam (at 0.5)1J) in an optical 

klystron (OK) is depicted in Fig. 6. (J) Since one uses electrons 

directly from the storage ring and these are repetitive, this laser beam 

amplification process can be highly efficient--perhaps 50 percent. 

~ Lasing in the infrared has been studied in the free-electron 

laser experiments at Stanford. (Zl) Both spontaneous emission and am

plification of laser beams have been demonstrated. There is expecta

tion that visible spectrum versions of this laser can be achieved. Use 

of 120 HeV in the same standard device, for example, should produce .43 

11m radiation. Efficiency per electron pass is low, but direct use of 

storage ring electrons could (as in the OK approach) sreatly improve 

this condition. 

r./J Yet another variation similar to the above system is that of 

direct use of synchrotron liBht from deflections of the storage ring 

electrons. By pinching the e-beam(2Z) and simultaneously putting it 

through small deflections in a hish intensity solenoidal supermasnet 

field, a very small diaaeter extended light source is produced. Long

focal-length optics with anamorphic correction elements for the extended 

source theoretically permit optical beams of a few )Jrad diveraence. 
7 9 * Optical power produced is calculated in the 10 to 10 watt region. 

Light from about .1 to .5 11m is produced in a roughly Maxwellian dis

tribution. 

/J This optical system, labeled a "synchro-be•" device, requires 

only a sNAll-sized atta~hment to the electron-beam storage ring to pro

duce the source emanation. The r ... ining optics are conparable to 

secondary optics for a weapon laser. Thus there would be hardware re

duction plus the benefit that the efficiency of this generator system 

·~ i The free-electron laser uses D spiraling, transverse mag-
netic f eld to interact with and selectively produce spontan•oua, co
herent optical radiation. In contrast, in the synchro-beam device, the 
eto"trons apird in a uniform field. Expected luminance of the synchro
beam device is much higher; even at 120 HeV 4 5-meter-long free-electron 
device coupled to an Electro-ring could produce only a few kilowatts of 
laser beam power. 

·' 
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is theoret lcally over 90 percent. In the c~t!ie of the h lgn-power we<~pon 

l:lser, the only use mnde of the laser' s inherent coherl.!nt .tnd monoener· · 

getic properties is to produce <1 small divergence beam. 'rhus, if there 

were a 11ynchro-be.am with several times the dio~ergenl'c but ten th1e~ the 

generation efficiency, equal energy density can b~ plnccd on targetR 

with the synchro-beam but with a larger spot than a la~er. These Kame 

considerations also apply to laser energy-transfer scheneA. Revlew of 

the NASA work shoved that only one of many of its conversion sch~•es 

required coherent beam properties. <7> 

OTHER DE APPLICATIONS 

~ The precedi~ material covered CPB and laRer UJo: w~apoM. Many 

analogies for other space applicationR are immediately apparent. Di~cus

sion ha8 been made of the commonality of the las~r weapon and laser 

radar systems. Also mention has been made of space-to-space era and 

laser power transfer and the prospects that laser pow~r might also be 

transmitted to and from terrestrial locations. More detailed treatment 

of this subject '\iill be foun~ ln Ref. (3). 

~ These previously described CPB and laAer systemK can be con

sidered as an aid to hardening of space communication links. l..<1ser com

munication systems are under devulopment in many arena~. Including 

ground-space links for the Air Force. The SI'EAR beam ltsclf might be 

used as a data link by treating the 40 nsec pul~es as bits yleldin~ a 

12 HHz dtaital rate capability. Alternatively, the precursor pu)seR 

11ight be given digital or analog coding to create an even greater Hignnl 

handwidth. Use of electrons at lower energy levels (~uch as Rtorage 

ring electrons) will result in reduced direct point-to-point range~ . 

However, with low energy (E < I MeV) electrons, use of ~lectron drift 

because of the earth's magnetic field gradhnt would p<•rmi t trapped 

e-beams to spiral back and forth along field ltnefl whll~ 11drifting" 

ctrcu•fercnt tally around the vorld. Communtcat ton In th lK 1110dc mtah t 

take advantage of the recent ARPANF.1' par.ket comnnicatlun tcchnlqueK. 

n1e effect of mJrror1ng of the clectruns 1110111~ (feld line!! llA bl!aDI

encoded messages is an unknuwn. 
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~ In the more conventional manner, the ultra-hi&h power avail

able from the storage rins can be used (alon& with appropriate rf gen

erators such as the auto-accelerator) (23>. to produce very-high-power rf 

links for protection against jammina. This same rf generator can be 

used for jll'·'lllling or for microwave radar purposu. It IDIIY be desirable, 

for instance. in t~ea of hostilities to operate a hi&h-power radar for 

several days at power levels several hundred t~es sreater than Bvailable 

from SNAP systems. Sucn radar can be considered to provide a master 

beaa in a broad. seal-active function. or be a trackins syatea. or pro

vide designation for lons-diatance homina systens . 

4f) Creation of auroral effects by electrons is another applica

tion, and here again storage rina electrons •i&ht be used directly. 

(U) Particle beaa tusins. a.aterlal excitation, and satellite 

"x-ray ins" are possible uses in an inspector role • 

. 
' ,. 
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VII. DEVELOPMENT PLANHI~ 

"' Diacuaaion of a logical proaram for development of electron 

DE and atoraae ring concepts iR presented in Ref. (3). A brief summary 

of such a program is given below, 

~ In the near term. further theoretical investigation is needed 

of phyelcal , euaineering, and economic 3specta of electron systems in 

apace. partir.ularly detailed analysis of apace atorago ring propagation , 

including ••••!nation of potential dynaaical instability medea , ln 

addition to the major to?ic arena, peripheral studies of potentidl 

safety hazardR, environmental effects. and political iaplicationR should 

be per fomed. 

(U) A second near-term proaram is that of miaRion application 

analyaia. Here typical system perforaance ranges should be assumed and 

uaed in weapon system studies to determine the potential value of weap

on (or other) beams and storage rings as a function of expected perfor

aance and aaainat selected future space warfare scenarios. 

(U) Baaed upon the system formul3tion output of the above two 

task areas. development plannina should be performed taklng into account 

proper ti.e-phasing of R&D segments and appropriate milestones to be 

achieved as a precursor to further development. 

~ The first logical step in such a development program is an 

in-apace experiment tu demonstrate the principle of apace- charge focua

lng of an electron beam propagating in space and rece1v1na partial beam 

charae noutrali•ation from the presence of ambient ions. tniti3l phase~ 

of such an experiment can be quite simple since (In distinction to bcaas 

propagated in the lower atiiOsphere) there are nu rainiiDIIIII restrictionR 

* .:~s to beam current. Thus a fairly smoll (and perh&ps readily convt!r-

tible from existing terrestrial technology) elt!ctron aource can be con

aldered for thla purpose. Hodes for launchina thlll experliiCnt include 

* (U) Although veriflcntion of Apace- focused prnp:egntlnn ur .3 low-
current c-benm l11 nn CHRcntlnl prccuraur tu furtht'r concert R,D, there 
nrc (IOKt'llb\y nonllnt·nr high-current cffec tM th:1t 1111~ t he ~'llfllurttcl In 
follow-on ln-:orpnc:e <'Xpcrllunt~ or the Elc('tru-rlnK· 
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.\ 
piggyback~ on special purpose satellites·, sharing a ~tandarJ Satellite 

payload, :tc perhaps forninn a secondary objective of early experimental 

shuttle fllghts, No beam handling functions arc perceived except for 

a programmed set of beam projection angles. A set of detectorY would 

be emplaced to pick up any returned electrons. This proof-of-principle 

demonstration should also provide crude indications of be4Jm quality 

degradation in the returned beam. 
</J Concurrent with this early experiment sho·uld be the initiation 

of bread-board R&D of long-lead-time critical systelll elelllents. These 

include lightweight, high-modulation-rate accelerators; beam h3ndling 

devices and control systems; and ring-electron uner~' conversion sya-

• tCIIIB. 

~ The next major program step is to place payloads ln Hpacc to 

perform experilllental development or space-borne be~ generating and 

beam handling equipment . This is a key to feasibility of the ypace 

electron application concepts. The storage ring beam handling equip

ment, for example, will need to be properly designed to inhibit buildup 

of potential ring instability modes; if improperly designed, it nctually 

can be a principal source of such instabilities. 

(U) Iteration between results of apace-borne experimentation dnd 

system component development is perceived, Such a process will be en

hanced in the shuttle era by the reduction in the necossity for a high 

degree of space hardware qualification as in the past • 

• • 
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