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do LLIULD LU PRAIELIO

PLASMA

2. AREA DE ATUACAO DO PROJETO - Indicar o campo de conhecimento ou setor econfmico a
que o projeto esta vinculadgo.

ATIVIDADES ESPACIAIS

3. POSICIONAMENTO DO PROJETO NO CONTEXTO CIENTIFICO E TBOWOLLLICO - Discutir a impor
tancia do projeto,. sua motivagao e a oportunidade de sua execugao.

0 Programa de Fisica dos Plasmas do. INPE teve inicio em 1978 com a propos
-ta de criacao de um grupo de pesquisa e de um laboratorio de plasma. Hoje o  Instituto
atua intensamente no desenvolvimento desta 1inha de pesquisa atraves da exetucéo de di
versas atividades de carater fundamental e aplicado. De uma maneira geral sao as sequin
tes as atividades da Divisao de Plasma do INPE (DPL-INPE):

- pesquisas experimentais e teoricas em Fisica dos Plasmas,

- simulacao em laboratorio de processos em plasmas espaciais (Ciencias Espaciais),

- aplicacdes tecnologicas de plasmas (Tecnologias Espaciais, Fusdao Termonuclear e
Aplicacoes Avancadas).

As areas especifitas de pesquisa e desenvolvimento em plasmas no INPE es
tao listadas abaixo:

- Fisica basica de plasmas (teoria e experimento):

. ondas lineares e instabilidades,

. ondas nao-lineares e instabilidades,
. teoria cinetica,

. turbulencia,

. transporte e difusao.

.
-

- Fisica do confinamento de plasmas (teoria e experimento):
. estrigoes: ’
. estricoes toroidais a campo inverso.-

- Aquecimento de plasmas com (teoria)

. radiacdo eletromagnetica de alta frequencia:
. frequéncias na faixa de ciclotron eletronica,
. geracao nao-indutiva de corrente.

. - Fisica e tecnologia de:

. geradores de radiacao coerente: .
J ° ¢ t continua...
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. girotrons e masers de ciclotron (teoria e experimento),
. lasers de eletrons livres (teoria).

. fontes de ons e de plasma/desenvolvimento de micropropulsores -ionicos e fon
tes de plasma para processos {experimento),

. aplicacoes avancadas/enriquecimento isotopico em centrifuga de plasma (teoria
e experimento).

- Simulacdo e tecnicas de computacado.

- Instrumentacao/analisadores de energia, espectrometros de massa etc.
A execucao destas atividades experimentais e teoricas esta distribuida em
seis projetos, os quais estao descritos resumidamente nas tabelas do Anexo 1 e no texto

a seguir,

0 projeto Plasma Quiescente (PQUI) visa, de uma maneira geral, o  estudo

da propagacao de ondas lineares e nao-lineares em plasmas e da evolucao de instabilida
des. Estes estudos, relevantes para o entendimento de fenomenos que ocorrem em varios ti
“pos de plasmas no espaco, vem s€ndo executados desde 1981 num dispositivo Multi-Dipolo-
-Magnetico de descargas quiescentes. Este dispositivo foi totalmente construido no INPE
e se presta, alem da realizacao de pesquisas basicas, ao desenvolvimento da tecnologia
de fontes de plasma para processos de corrosao e deposicao de filmes finos.

0 projeto Centrifuga de Plasma (PCEN) visa o estudo de plasmas emrotacao,

imersos em campos magneticos e produzidos a partir de descargas em arco elétrico no va
cuo, e sua aplicacao na separacao de isotopos. E importante lembrar que o estudo de
plasmas em rotacdo e tambem de interesse para a Astrofisica. Alem disso, jatos maagneto
plasmadinamicos tém aplicacao em sistemas de propulsao eletrica. A centrifuga de plasma
desenvolvida no INPE entrou em operacao, com a producdo de plasmas metalicos, no  final

de 1984. Medidas preliminares realizadas com um espectrometro de massa do tipo quadrupo
...continua
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lo indicam um grau de enriquecimen.v vastante elevado para v carpono, consistentes com
modelos teoricos simples. Destarte, a centrifuga de plasma podera se tornar um disposi
tivo competitivo na separacado de isotopos estaveis para-aplicacoes em Fisica e Medicina
Nuclear.

0 projeto Plasma e Radiacdo (PRAD) trata essencialmente de estudos dos me

canismos de geracdo de radiacao eletromagnetica e da interacao desta radiacao com plas
mas termonucleares. A primeira fase deste projeto consiste na construgdo de umgirotron,
que € uma fonte coerente de ondas milimetricas de alta potencia. 0 projeto conceitual
deste dispositivo vem sendo redlizado a partir de modelos tedricos e computacionais de
senvolvidos pela Divisao de Plasma. Para viabilizar a construcao do girotron,estao sen
doldesenvo]vidas varias tecnologias relevantes a confeccdo de dispositivos e]etr5nicps a
vacuo em geral. Concomitantemente, estao sendo executados estudos teoricos e de simu]g
¢a0 numérica visando a utilizacdo do girotron no aquecimento do plasma e na geracao nao-
-indutiva de corrente no futuro tokamak TBR-2, conforme proposto no Programa Nacional
de Fisica dos Plasmas e Fusao Termonuclear Controlada. Alem das aplicacoes em maquinas

de fusao, o girotron tem aplicacoes em sistemas-avancados de telecomunica¢ao e de radar.

0 projeto Propulsao Idnica (PION) se insere no programa de desenvolvimen

to de plataformas espaciais e visa a construcao de um micropropulsor eletrostatico des
tinado ao controle de atitude e corre¢ao de orbita de gaté]ites geoestacionarios. A fon
te de plasma do prototipo em construcao devera operar com argonio ou xenonio e utilizar
um sistema de confinamento superficial, por multiplos dipolos magneticos, semelhante ao
utilizado na camara de pesquisas basicas em plasmas (projeto PQUI). Os testes em labora
torio com o propulsor ionicos foram iniciados no final de 1985.

0 projeto Teoria de Plasma (PTEO) engloba os estudos teoricos e  computa

cionais de carater fundamental, visando a aplicacao da Fisica dos Plasmas em pesquisas
espaciais e dando enfase ao relacionamento entre o0s processos que ocorrem em plasmas de
laboratorio e espaciais. Atualmente, a atencao se dirige aos processos de gera

continua...
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cao de radiacao coerente em plasmas de origem planetaria, solar ou astrofisica. Parale
lamente, utilizam-se alguns dos mesmos conceitos no estudo de geradores de radiacao coe
rente, tais como lasers de eletrons livres.

0 projeto Plasma Magnetizado (PMAG) visa, de um modo geral, o estudo da

fisica de confinamento de plasmas por campos magneticos. 0 projeto ésta sendo iniciado
com a construcao de uma pequena maquina toroidal de estrigcao a campo inverso. Este es
quema de confinamento baseia-se numa configuracﬁb de campo magnetico de minima energia,
para a qual o plasma evolui espontaneamente, que e mantida por um efeito dinamo seme
lhante ao que supostamente mant€m o campo magnético terrestre. 0 efeito dinamo sera in
vestigado no estagio inicial do processo de inversao do campo magnetico, estreitamente
relacionado com os fendmenos de conveccao e turbuléncia no plasma e de reconexao mag
netica. No campo da fusao termonuclear, a estricdo a campo inverso e competidora y1§
vel da configuracao tokamak no desenvolvimento de futuros reatores. '

0s projetos PCEN, PRAD e PMAG, descritos acima, pertencem a area de De
senvolvimento Cientifico em Fisica dos Plasmas e ja tiveram suas propostas de financia
mento para 1986 apresentadas a FINEP,

Os projetos PQUI, PION e PTEO, por sua vez, pertencem a area de Ativida
des Espaciais e estdo enquadrados no Programa Nacional de Atividades Espaciais (PNAE).
Estes projetos sao objeto da presente proposta, conforme detalhamento a sequir.




4. DESCRIGAD DOS OBJETIVOS DO PROJETO - Quantificar e/ou qualificar as metas pretendidas

0 programa descrito na presente proposta visa a realizacao de pesquisas
fundamentais (Ciéncias Espaciais) e aplicadas (Aplicacbes Espaciais) no campo da Fisi
ca dos Plasmas. Para a consecucao deste objetivo geral, estao em andamento diversas ati

vidades nas seguintes areas especificas:

1.- PLASMA QUIESCENTE (PQUI)

Este projeto se insere na linha de pesquisa fundamental em plasmas e tem
por objetivo o estudo de fenomenos basicos lineares e nao-lineares, tais como propaga
cao de ondas, evolucdo de solitons e cavitons, formacao de camadas duplas, processos
parametricos, turbulencia em plasmas etc. Os estudos s3o realizados em plasmas quies
centes, ®gerados por descargas termoionicas, no interior de duas maquinas de confina
mento magnetico multipolar desenvolvidas pela Divisdao de Plasma para este fim (veja
Anexo 2). Estes plasmas quiescentes sao apropriados a realizacdo de diversos  experi
mentos de pesquisa basica e a simulacao em laboratorio de processos em plasmas espa
ciais. Os estudos e tecnicas desenvolvidos tem grande relevancia para aplicacoes em

propulsores ionicos e fontes de plasma para processos.

Pesquisas ja realizadas ou em andamento concentram-se no estudo da prg
pagacao de ondas e solitons acﬁsticq-i6nicos em plasmas com jons negativos, das rela
¢Oes de fase para ondas acustico-ionicas em plasmas de multiplos componentes, do movi
mento da camada limite e seu papel na excitacao de ondas acustico-ionicas, do equili
brio de descargas em confinamento magnetico multipolar e do processo de formacao de ca
madas duplas acustico-ionicas. ‘

Presentemente, estao sendo realizadas experimentos que visam 0  estudo
da resistividade anomala e do papel da acao de reforco na formagao de camadas duplas
acustico-ionicas. Estes estudos sao feitos utilizando plasmas gerados pelo processo de
difusao atraves de uma cerca magnetica e tém relevancia no entedimento do mecanismo de
difusao propriamente dito. Espera-se utilizar os resultados do experimento no desen
volvimento de fontes mais eficientes de plasma em confinamento magnetico superficial.
Estas fontes tem aplicacoés em sistemas de propulsao ionica e na geracao de plasmas
ou feixes de Tons para processos de corrosao, deposicao, implantacdo de jons e aqueci
mento de plasmas termonucleares. Paralelamente, estdo sendo finalizades alguns estudos
de carater basico sobre efeitos cineticos (acao de particulas refletidas e aprisiona
das; distorcoes na funcao de distribuicao dos eletrons) na propagacao de solitons negaj
tivos. No futuro, pretende-se iniciar uma série de experimentos sobre a excitacao de
instabilidades parametricas em plasmas.

Dado o seu carater, este projeto nao tem fim previsto, tendo como resul

tado de sua execucao a publicacao de relatorios e artigos. Colaboracao internacional

continua...
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nesta area tem sido realizada com o Institute of Spéce and Astronautical Science
(ISAS) do Japao.

2.- PROPULSAO IONICA (PION)

_ 0 objetivo deste projeto € o desenvolvimento de micropropulsores eletros
taticos, destinados ao controle de atitude e correcao de orbita de satelites geoesta
cionarios. Empregando uma fonte de plasma do tipo bombardeamento_e]etr6n1co em gases
nobres ou compostos, um feixe ionico pode ser extraido atraves da aplicacao de poten
ciais apropriados em grades aceleradoras (veja-Anexo 3). Para manter a neutralidade
de carga de todo o satelite, este feixe de ions positivos deve ser neutralizado por um
segundo feixe de cargas negativas (eletronico ou ionico), com igual densidade de cor
rente, produzido por um pequeno acelerador de particulas denominado neutralizador.Com
este arranjo, assegura-se que O empuxo ap]icado no satelite e igual ao experimentado
pelo feixe ionico ao ser acelerado. 0 confinamento magnetico do plasma do propulsor
€ estabelecido por meio de uma distribuicao multipolar de imas permanentes, devidamen
te arranjados de modo a maximizar a eficiencia de ionizacao do gas propelente.

Em relacao aos propulsores quimicos, os eletrostaticos apresentama prin
cipal vantagem de seu empuxo nao ser limitado pela velocidade de combustao do  prope

Tente, mas somente pela relacao dos potenciais aplicados nas grades aceleradoras. Den
tre outras qualidades, os propulsores eletrostaticos apresentam baixo consumo de pro
pelente, peso reduzido e total controle sobre a intensidade e direcao do jato .propul
sor. :

3.- TEORIA DE PLASMA (PTEO)

Neste projeto sao desenvolvidas pesquisas teoricas de carater fundamen
tal, visando a aplicacao de conceitos da Fisica dos Plasmas na descricao de fenomenos
de geracao e propagacdo de radiacdo eletromagnetica em plasmas espaciais, astrof?si
cos e de laboratorio. Na area de plasmas espaciais e astrofisicos estao sendo estuda
dos os processos fisicos da radioemissao de pulsares e da radioemissdo de origem  so
lar e planetaria. Em particular, sao investigados os efeitos nao-lineares, associados
com instabilidades parametricas e solitons, sobre a radiacao coerente gerada pela in
teracao de feixes de eletrons re]ativ?sticos com plasmas espaciais. Nestes trabalhos
procura-se analisar a formacao de microestruturas na radiacao emitida por pulsares.Co
laboracao internacional nesta area de pesquisas tem sido mantida com a Universidade
da California,em Los Angeles,nos Estados Unidos. Foi tambem iniciado um trabalho. de
colaboracao com a Universidade de Brasilia.

continua,,,
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Alem de resultarem na publicacao de relatorios e artigos (veja Anexo 4),
os conceitos teoricos desenvolvidos na area de plasmas espaciais e astrofisicos sao im
- portantes na descricao de fenomenos relacionados com plasmas de laboratorio. Nesta area,
estao sendo realizados estudos analiticos e computacionais sobre a dinamica nao-linear
de lasers de eletrons livres. O funcionamento do laser de eletrons livres baseia-se na
interacao de um feixe de eletrons relativisticos com um campo magnético periddico (on
dulador). Este tipo de laser sintonizavel, que opera na faixa de ondas milimetricas ate
raios-X; tem varias aplicacoes, incluindo transmissao de energia no espago e utilizacao
em medicina. Os estudos em andamento concentram-se nos processos de saturacao deste dis
positivo a fim de otimizar sua eficiéncia. Esta sendo iniciado, tambem, o projeto con
ceitual de um laser de elétrons livres com enfase no projeto do ondulador magnetico. 0
desenvolvimento de onduladores e lasers de eletrons livres e de grande interesse para
o Projeto Radiacao Sincrotron.




5. METODOLOGIA ~ Detalhar a metodologia adotada, discriminando as atividades ncecessa
rias e estabelecendo aquelas que possam constituir indicadores de acamparhamento
da execucao fisica do projeto.

—

1. PLASMA QUIESCENTE (PQUI)

A primeira maquina de plasma quiescente construida no INPE se encontra
em funcionamento desde 1981. Desde entao, esta maquina vem sendo utilizada no estudo
de diversos fenomenos aciistico-ionicos lineares e n3ao-lineares em plasmas produzidos
por descargas termoionicas em configuracdes com confinamento magnetico superficial.
Varias tecnicas de diagnostico, utilizando sondas e analisadores eletrostaticos, tem
sido desenvolvidas em funcdo das experiencias realizadas. Uma seaunda camara de va]
cuo, de maior volume e com sistema de bombeamento mais adequado, foi recentemente ad
quirida e montada dentro do projeto para a realizacao de experiencias mais elabora
das, envolvendo a excitacao de ondas de Léngmuir atraves de processos  parametricos
induzidos por ondas de radiofrequencia. Todavia, esta camara esta sendo utilizada,
provisoriamente, na realizacdo de testes do prototipo do motor jonico. Espera-se prg
parar a camara a partir do final de 1986,para a realizacao, em 1987, das primeiras
experiencias relacionadas com o estudo de instabilidades parametricas. Entrementes,
a maquina pequena de plasma quiescente continuara sendo empredada, principalmente,

na realizacio de estuds dos p%ocessos_resistivos e de difusao anomala envolvendo tur

bulencia aclstico-ionica. Os primeiros testes utilizando ondas de RF podérao ser exe
cutados nesta maquina,apos a aquisicdo de uma fonte de radiofrequencia com recursos
solicitados na presente proposta. ) )

As pesquisas no projeto prossequirao segundo a seauinte metodoloaia:

- Determinacdo experimental de possiveis depressoes da funcao de distribuicao
eletronica, em determinadas faixas de:energia, num plasma contendo ions neaa
tivos. Estas medidas serdo executadas utilizando um circuito eletronico de
tector de segunda harmonica ligado a uma sonda eletrostatica. Sera feita uma
avaliacao teorica dos efeitos destas distorcoes da funcao de distribuicao na
propagacao de solitons negativosv(rarefativoé).

- Realizacao de estudosexperimentais domecanismo de refor¢co na geracao de cama
das duplas acustico-ionicas. Estas camadas QUp1as serao geradas, tentativa
mente, pelo contato de dois plasmas de diferentes temperaturas produzidos poy
fontes apropriadas de plasma numa confiauracao de pTasma triplo.

- Realizacdo de estudos teoricos sobre a turbuléncia fraca associada a instabi
lidade acustico-ionica num plasma com.duas espécies de jons. Estes estudos
serao realizados caso a experiencia indicada no item anterior seja bem suce
dida. | |

- Execucdo de testes preliminares de excitacao parametrica de ondas de Lanamuir

por meio de ondas de radiofrequéencia. Estes testes serao realizados na de

continua...
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pendencia da aquisicao de uma fonte adequada de RF.

- Realizacdo de estudos iniciais das condicoes de equilibrio de descardas ter
moionicas multi-dipolo-magnéticas atraves da avaliacdo do papel da difusao
anomala no confinamento superficial do plasma.

- Publicacio de relatorios e artigos.

2 - PROPULSAO IONICA

A montagem da primeira versao d6 propulsor eletrostatico foi completada
e seus testes iniciados no final de 1985. Como o laboratorio ainda nao conta com
uma camara de vacuo apropriada para a realizacido dos testes, o propulsor foi monta
do no interior de uma das camaras do projeto Plasma Quiescente (PQUI). Esta situa
cao € provisoria, ficando o desenvolvimento futuro do motor ionico na dependencia
de construir uma camara de testes adequada. Os estudos iniciais que estao sendo
_realizados tém por objetivo a determinacdo dos parametros b3sicos do plasma na ca
mara de ionizacdo e a avaliacdo do empuxo especifico do propulsor. Com estes estu
dos experimentais sera possivel determinar a melhor configuracdo dos imds permanen
tes utilizados para o confinamento do plasma, visando, desta forma, maximizar a
eficiéncia elétrica do propulsor. Sera possivel, tambem, examinar alternativas pa
ra detalhes construtivos do motor como, por exemplo, melhor posicao para o catodo
neutralizador e geometria mais adequada das grades aceleradoras. Dentro do projeto,
foram também iniciados trabalhos de simulacdo numeérica da dinamica das particulas
no campo magnetico multipolar, visando otimizar teoricamente é confiauracao do cam

po.

‘ Para completar estes estudos preliminares e efetuar o desenvolvimento do
propulsor ionico, sera adotada a seguinte metodologia:

- Execucdo do projeto de engenharia, compra de equipamento e componentes de
alto-vacuo e montagem de uma camara apropriada para diaanosticos e testes
de operacao do propulsor. '

- Realizacao de estudos de simulacdo numerica da dinamica de particulas em
confinamento magnético multipolar, visando maximizar a eficiencia de ioniza
cao do propulsor.

- Realizacio de estudos de simulacdo numerica da dinamica de particulas subme
tidas a distribuicao de potencial eletrostatico caracteristica da confiaura
cao das grades de aceleracdo, visando otimizar os parametros de extracao de

Tons.

continua...
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- Determinacao experimental dos parametros caracteristicos do plasma para dife

- rentes configuracoes de confinamento magnetico e geometrias do catodo. Na
medicdo destes parametros serdo utilizadas sondas eletrostaticas de Langmuir
e sondas emissivas.

- Medicao da corrente ionica extraida em funcdao dos parametros geometricos das
grddes e dos potenciais e]etrostéticos,ne]aé ap]icadoé. A partir do valorda
corrente sera possivel a determinacdo indireta do empuxo especifico do pro
pulsor.

- Efetuacdo de testes de neutralizacdo do feixe ionico para diferentes tipos
de neutralizadores.

- Avaliacao do efeito de corrosdo das partes internas do propulsor atraves da
analise estequiometrica do feixe ionico extraido. Esta analise sera realiza
da.empregando um espectrometro de massa.

- Determinacdo experimental da energia do feixe ionico. Na medicao deste para
metro sera utilizado um analisador eletrostatico de energia.

- Desenvolvimento de um sistema de determinacao direta do empuxo a partir da
medida, por interferometria laser, da deflexdo de um pendulo balistico.

- Publicacao de relatorios e artigos.

3 - TEORIA DE PLASMA (PTEOQ)

As atividades desenvolvidas neste projeto empregam conceitos nao - 11
neares, tais como instabilidades parametricas e solitons, no estudo de processos de
geracao de radiacdo coerente em plasmas espaciais, astrofisicos e de laboratorio.

As pesquisas em Teoria de Plasma prosseguirao segundo a seguinte me
todologia: '

- Realizacdo de estudos teoricos sobre a dinamica nao-linear do espalhamento
Raman estimulado.

- Realizacdo de estudos teoricos sobre o processo de geracao de radiacao atra
vés. da conversao do modo eletrostatico.

- Realizacdo de estudos sobre a evolucdo ndo-linear das instabilidades parame
tricas de Langmuir.

continua...
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- Execucdo do projeto conceitual de um laser de eletrons livres, com enfase no
" ‘projeto do ondulador magnetico.

- Publicacao de relatorios e artigos.




o PLEVLISAD BIHLIOGRAFLCA = Apresentar € anallzar ae Ioand resuibda d DIDL1ogldlid
existente sobre o assunto bem camo os estudos concluidos ou em andamento rea-
lizados pela unidade executora e/ou por outras entidades nacicnais e - estran

geiras, camentando a existéncia de alternativas para a abordagem do projeto.

1 - PLASMA QUIESCENTE (PQUI)

- FERREIRA, J.L.; LUDWIG, G.0 "Trabalhos Experimentais em Plasma Desenvolvidos no
INPE", Revista Brasileira de Fisica, Volume Especial II, 493 (1982). Descrigao da
maquina de plasma duplo e relato dos primeiros estudos experimentais de ondas acus
tico-ionicas realizados no INPE.

- LUDWIG, G.O.; FERREIRA, J.L.; NAKAMURA, Y. "Observation of Ion Acoustic Rarefaction
"Solitons in a Multicomponent PTasma with Negative Ions", Phys. Rev. Lett. 52(4),
275 (1984). Primeira observacdo experimental de solitons acustico-ionicos neaati
vos (rarefativos). |

- BRAITHWAITE, N.S.; ALLEN, J.E.; FERREIRA, J.L. "Observations of an Ion Acoustic
Oscillation Near a Pulsed Sheath", Proceedings of the International Conference on
Plasma Physics, Vol. 1, p. 180, Lausanne, Switzerland, June 1984. Apresentacao de
resultados sobre estudos experimentais do mecanismo de geracao de ondas acustico-
-ionicas.

- NAKAMURA, Y.; FERREIRA, J.L.; LUDWIG, G.0. "Experiments on Ion-Acoustic Rarefactive
Solitons in a Multi-Component Plasma with Negative Ions", J. Plasma Phys., 33 (2),
237 (1985). Comprovacao da propriedade de ndo-espalhamento para solitons negativos.

. - NAKAMURA, Y.; TSUKABAYASHI, I.; LUDWIG, G.0.; FERREIRA, J.L. "Large Amplitude

Solitary Waves in a Multicomponent Plasma with Negative Ions", aceito para publica
c3o no Phys. Lett. A (1985). Comprovacao experimental de resultados da teoria - do
pseudopotencial aplicada aos solitons negativos.

- SATO, T.; OKUDA, H. “Ion Acoustic Double Layers", Phys. Rev. Lett. 44, 740 (1980).
Primeiros estudos de simulacdo numerica sobre a formacao de camadas duplas acusti
co-ionicas.

-FERREIRA,J.L.; LUDWIG, G.0.; MONTES, A. "Ion Acoustic Double Layer in a Magnetic
Picket Fence Configuration", Proceedings- of the Spring College on Plasma Physics,
Trieste, Italy, May-June 1985. Primeira observacao experimental-do mecanismo de
reforco, associado a turbulencia acustico-ionica, na formacao de camadas duplas.

- WONG, A.Y.; CHEN, P.Y.; TANIKAWA, T. "Evolution from Coherence to Turbulence in
Plasmas", from "Statistical Physics and Chaos in Fusion Plasmas", edited by C.W.
Horton and L.E. Reish, John Wiley and Sons, Inc. (1984). Revisao dos experimentos

de excitacdo de instabilidades parametricas em plasmas. V '

continua...
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existente sobre o assunto bem camo os estudos concluidos ou em andamento rea-
lizados pela unidade executora e/ou por outras entidades nacionais e - estran

geiras, comentando a existéncia de alternativas para a abordagem do projeto.

.continuacao

2 - PROPULSAO IONICA (PION)

Lewis Research Center "8cm Mercury Thruster Subsystem Users Manual", July 1977. Des
cricdo completa dos parametros de operacao de um micropropulsor eletrostatico, a

mercurio, disponivel comercialmente.

FINKE, R.C. (editor) "Electric Propulsion and its Applications to Space Mtsions" -

Progress in Astronautics and Aeronautics - American Institute of Aeronautics and

Astronautics, N.Y., vol. 79 (1979). Revisdo de trabalhos relativamente recentes so
bre desenvolvimento de propulsores e]étricos,.

WILBUR, P.J. "Advanced Space Propulsion Thruster Research" - NASA CR165584 (1981).
Coletanea de artigos que versam sobre os parametros de desempenho de  propulsores
eletricos.

3 - TEORIA DE PLASMA (PTEO)

CHIAN, A.C.-L. "Nonlinear, Relativistic, Langmuir Waves in Astrophysical Maaneto-
spheres", Radiation in Plasmas, vol 2, 639-654 (1984).

CHIAN, A.C.-L. "Nonlinear Temporal Modulation 6f Pulsar Radioemission",Proceedings
of the ICTP-Trieste Workshop on Twenty Years of-Plasma Physics, 337-351 (1985).

CHIAN, A.C.-L.; SERBETO, A.P.B. "Nonlinear Theory of the Free-Electron Lasér",'
Proceedings of the IV Japan-Brazil Symposiuh on Science and Technology, vol. 3,
223-232 (1984).

CORREA, R.A. "Teoria do Laser de Eletrons Livres", Tese de Mestrado, INPE (1984).
MELROSE, D.B. "Plasma Astéophysics", Vols. I and II, Gordon and Breach (1980).

Grande parte do trabalho recentemente realizado no desenvolvimento do

laser de eletrons livres & apresentado nos seguintes volumes de "Physics of Quantum
Electronics", editado por S.F. Jacobs et al., Addison-Wesley Publishing Co.

Vol. 5, “"Novel Sources of Coherent Radiation" (1978).
Vo].,7,_“Free-E1ectron Generators of Coherent Radiation" (1980).
Vol. 8, "Free-Electron Generators of Coherent Radiation" (1982).

Vol. 9, "Free-Electron Generators of Coherent Radiation" (1982).




/. UrLLLIZRCNO DOS RESULTADOS DO PROJETO — Na hipotese de sucesso, descreva abaixo a
forma imaginada de transferéncia dos resultados aos possiveis usuarios.

Os trabalhos realizados no projeto, alem do interesse cientifico, sao
relevantes em vista do desenvolvimento tecnologico-.gerado, tendo aplicacoes diretas
nas futuras missoes eSpaciais brasileiras. As maquinas de plasma quiescente podem vir
a se tornar Uteis no teste de antenas e sondas de diversos tipos a serem levadas a
bordo de satelites. Os experimentos em plasmas espaciais a serem efetuados pelos saté_
lites tambem poderao ser simulados nestas maquinas. Alem disso, estes dispositivos
sao relativamente simples e ideais para o estudo de processos fundamentais da Fisica
dos Plasmas. A tecnica de montagem e operacdo destas maquinas podera ser transferida
para outros grupos de plasma nas universidades brasileiras, qué poderiam utiliza-las
em experiencias de ensino. 0 desenvolvimento completo do micropropulsor ionico pos
sibilitara sua aplicacao em sistemas de controle de atitude e de orbita de satélites
geoestacionarios. Outrossim, processos tais como implantacdo ionica e ataque de sy,
perficies por bombardeamento ionico, amplamente utilizados pela indistria de microe
letronica, empregam fontes de Jons semelhantes a utilizada no propulsor. Por outro la
do, os resultados dos estudos teoricos de plasma servem para sugerir e orientar expe
rimentos de plasma tanto no laboratorio quanto no espaco, e contribuem para fortale
cer os trabalhos ‘ora sendo realizados pelos grupos de observacao solar e astrofisica
do PaTs. Finalmente, o laser de el&trons livres & de interesse por suas r possiveis
aplicacoes em medicina e transmissao de energia no espaco. O desenvolvimento deste
dispositivo e, em particular, de onduladores magnéticos & de interesse para o Proje
to Radiacao Sincrotron.




RECURSOS HUMANOS DO PROJETO
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- POV SNTOS EXISTENTES PR UTILIZZS70 KO PROJETO

AQUISICAD

DESCRICAD

ry

CRIGM DOS
RESURSOG

CUSTOS

ESTADO

CPERACICNAL
- ATUAL

PLASMA QUIESCENTE (PQUI)

PROPULSAO IONICA (PION)

TEORIA DE PLASMA (PTEO)

- (280%2/s)

Sistema de vacuo com bom
ba difusora Edwards

Camara de vacuo (diam-=
=30cm; comp = 75cm)

Fontes de alimentacao
Tectrol

Registrador X-Y HP 7047A

Integrador sincrono EGG
PARC 162.

Gerador de pulsos
Tektronix PG 505

Gerador de funcoes
Tektronix FG504

Osciloscopio de feixe du
plo Tektronix 7844 -
(400MHz)

Analisador de espectro
Tektronix 7L13 (1kHz -
~ 1,8GHz)

Amplificador sincrono
EGG PARC 124A

Sistema de vacuo com bom
ba difusora (2000%/s) e
controlador 2002 Edwards

Camara de vacuo (diam=
=65cm; comp = 120cm)

Osciloscopio Tektronix

R7603 com modulo digita
lizador programavel ~
Tektronix 7D20 e acesso
rios a

Gerador de funcoes
Tektronix FG5010

Gerador de pulsos
Tektronix PG505

Registrador X-Y HP 7090A

Terminal grafico
Tektronix 4052A

Copiadora de -video
Tektronix 4611

Impressora matricial
Expansao M340K

1978
1979

1979
1979

1979
1980

1980
1981

1981

1981

1983

1983

1984
1984

1984
1984

1983
1983

1984

Em operacao normal

continua...
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L POJIVA SNTOS EXISIENTES PoT UTTLIZZCZ0 NO PROJETO

AQUISICRO ESTADO
DESCRICAO CRIGDM DOS OPERACICAL
- ANO ROCURCOS | COoroY ~ ATUAL
...continuacao
- Linha Transdata Em operacao normal
EMBRATEL (Tligacao entre
terminal grafico e com
putador CDC CYBER 1707
- /750 do IEAv/CTA) 1984

A Divisao de Plasma do
INPE conta com um Labora
torio de Apoio em Eletro
nica (osciloscopios de ban
cada, multimetros, gaussi
metro etc.) e um Laborato
rio de Tecnicas para Dis
positivos a Vacuo ( forno
eletrico 1400C, equipamen
to para eletroformacao
etc.)

14




CONSIDERACOES SOBRE 0 ORCAMENTO APRESENTADO

0s quadros que‘se seguem apresentam o orcamento do proje
to e os recursos que sdao solicitados ao FNDCT. Porem, para melhor en
tender o orcamento apresentado, sao feitas, a seguir, algumas conside
racoes a respeito:

- Alteracbdes foram feitas nos formularios originais visando a sim
plificar a apresentacao sem, no entanto, acarretar prejuizo nas
informacoes solicitadas. No formulario "Recursos Humanos do Pro
jeto", adicinou-se uma coluna em que consta o salario mensal
equivalente ao tempo dedicado ao projeto durante o periodo con
siderado.

- 0 formulario “"Composicao de Salarios" foi preenchido de maneira
simplificada, uma vez que as informacoes foram fornecidas ante
riormente no formulario "Recursos Humanos do Projeto". Os cé]cg
los, divididos em duas partes, apresentam as despesas no perTg
do, com base nos salarios previstos para janeiro de 1986 e  um
adicional proporcional ao periodo que contempla a transformacao
de 14 salarios em 12 mensalidades e um reajuste (dissidio) esti
mado de 60% em julho de 1986.

- A contrapartida explicita oferecida pelo INPE refere-se, basica
mente, ao pagamento das despesas (salarios e obrigacoes patro
nais) com pessoal contratado pela CLT.

- A contrapartida implicitay que tambem deve ser levada em conta,
representa de 40% a 60% das despesas com pessoal e € constitui
da das facilidades de apoio tecnico e administrativo do INPE
utilizadas na execu¢aoc do projeto.

- Finalmente, vale mencionar que os orcamentos apresentados estao
a precos medios previstos para 1986.



ORCAMENTO POR FONTES DE FINANCIAMENTO

(Em Cr$ mil)

Periodo do Projeto de Jan/1986 a Dez/1986
PROJETO: PLASMA
CATEGCRIA FONTES CONTRAPARTIDA enDCT TOTAL GERAL
- ESPECIF ICACAD —— _
ECONDMICA | ph DESPESA PROPONENTE | -OUTRCS * DO .PROJETO
3100 | DESPESA DE CUSTEID ‘3.543.300 2.546.170 6.089.470
3110 | PESSOAL N 3.543.300 175.540 3.718.840
) Centifico ] (2:580.720) | ¢ 2,580,720
b) Teenico L 209.280 | ol 209.280
c) Administrative
) I PN SN N SN N
= d) Diarias ) 175.540 175.540
7 A NI VSIS AU S Joooo 202227 ]
é 3113 | e) Obrigacoes Patronais ' 753.300 753. 300
% 3120 § MATERIAL DE CONSUMO 1.831.240 1.831.240
g 3130 | SERVICOS DE TERC. E ENCARGOS /539.390 539.390
3131 | REMUNERACRO DE SERV. PESSOAIS 199.370 199.370
| 3132 | OUTROS SERV. E ENCARGOS 340.020 340.020 |
| 4100 ;INVESTIMENTOS 5.017.620 | 5.017.620
4110 | OBRAS E INSTALACOES 26.800 26.800
a) Obras
b) Instalacoes ' 26.800 26.800
2! 4120 | EQUIPAMENTOS E MAT. PERMANENTE 4.990.820 | 4.990.820
S 3) Equipamentos 4.503.870 | 4.503.870
=g Nacional
S T W O e ] ...954.610 1 ___954.610_.
£ | _ Importado .3.549.260 | 3.549.260
Q‘ ~ b) Material Permanente 486. 950 486. 950
. Nacional L 486.950 | 486.950
Importado
T o 1T A L s 3.543.300 7.563.790 {11.107.090

* Discriminar por Fonte Financiadora - Preencher um formulario por subprojeto
quando. for o caso, alem do consolidado.

Mes de Referencia:
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[E] finep

TEORIA DE PLASMA (PTEQ)

| 12- CRONOGRAMA FISICO-FINANCEIRO

(Em CrS mil)

ITEM

ATIVIDADES

INDICADORES DE PROGRESSO

ANO

|

[ TRIM.

f L

2e

=

I TELDS

45| 6| 7]1B] 9

£O

T!_” TOTAL
10j 1112

0

Estudo da dindmica nado-linear do laser de eletrons
livres,

Publicacdo de relatorios e artigos.

FiNAN,

FisIc0

7T RTTTI

" i

nunun

Hikitikiei

95.140

oz

Estudo dos processos de geracdo de radiacac atra

ves da conversdo de modos eletrostaticos.

Publicacio de relatorios e artigos.

FINAN.

FISICO

1 N

03

Estudo da evolucdo ndo-linear de instabilidades pa
rametricas de Langmuir,

Publicacao de relatdorios e artigos.

FINAN.

Fisicof /TTTHITT

R I,
wininmnnnnnn I

L

95.140

95,140

Realizacdo do projeto conceitual de um laser deel@
trons livres,

Publicacao de relatorios.

FINAN

Frsicabrediiiiviiii

LI TR el 11}

Hii

{1i/

78.150

|

FINAN.

FISICO

FINAN.

FISICO

FiNAN.

FISICO

FINAN]

FISICO

FINAN.

FISICO

e

FINAN,

Fisico

FINAN,
_FlJSIIEI;'..I-_

FINAN.

FISICO

e

FINAN.

FISICO

o e e pmawem

FINAMN,

FISICO

FiMNAN,

FISICO

NN

78.400

88.040

112.300

363.570




[F] finep

PROPULSAD IONICA {PION)

I2- CRONOGRAMA FiSICO-FINANCEIRO

(Em Crs mil)

ITEM

#

ATIVIDADES

01

Lt

02

INDICADORES DE PROGRESSO

ANO

CTRIM.

5

42

TOTAL

MEg

7Ti8] 9

Caracterizacao do plasma na cimara de jontzacio

otimizacdo da configuracio de campo magnético confi

nante.

_————

Valores dos parametros do plasma (densidade e tem
peratura) e da eficiéncia de jonizacio. N

FiNAN,

[
T2]3

Desenvolvimento e testes de sistemas neutralizado

res.

Neutralizacio completa do fef o
el 5 ¢ fonico & aumento

FINAN,

Fisicol bl

il

YT e,

Fisicoly;

11t

i

TN,

03

Estudo da Gptica i6nica no
das grades. potencial eletrostitico

Diminui¢do da divergincia do feixe i3
to da corrente de Tons. onico e aumen

FINAN

FISICO

Witdiiilii

nannnnIn I,

Construcdo e montagem do péndulo balistico,

05

— —

Valor do empuxo por medida indireta,

Valor do empuxo por medida direta.

FINAN

FISICO

T

i

I

/i1

H 340,630
'

Montagem e calibragio do espectrénetro de massa.

Resultados da analise estequiom@nsica do feixe id
nico e avaliacdo dos efeitos de aorrosio. .

FINAN,

=

1.381.540

FiSICO

teibeeidint

Projeto e construcdo da ca
e camara de testes de propul

. Montagem da camara e testes do siistema de vicuo.

FINAN.

1.389.850

FISICO

itdisiditt

TnnnTm

RN

11ihitt

FiNAN.

FISICO

e

FINAN

FlSICO;

FINAN,

FiSICO

-

FINAN,

Fisicol T |

Fit &N,

]

FISICO

FINAN,

Fisicol |

STESS: =P a.

FildAN.

Fisica |

FitiAN,]

Fis

-

[

T

TOTAL

390.070

NN

758.310

25009.600

2]145.070

5.3037050
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2- CRONOGRAMA  FISICO-FINANCEIRO

_ . ANO
. TRIM. = 22 3
_ ITEHj ATIVIDADES INDICADORES DE PROGRESSO MES |1 [2][ 2 (415 ] 67188

0| e st o b st | - v
onamen refle rt . di B i

na distribuicio). X80 de particulas; distorcles| Publicacio de relatdrio, FISICOV /A 1LY I 1211

FINAN

Modificacao da miquing de plasma quiescente para ope
02 | racio numa configuracio de plasma triplo. ~, Geracio de camadas duplas. Fisico| | .

{(Em Crs mil)

@ﬁnep I PLASMA QUIESCENTE (PQUI)

319,590

Estudo de camadas duplas e turbuléncia acistico - idni = o
=l Publicacio ' - r
ca em plasmas com duss espicies de Tons. T FISICO [ [idardidvibig

Projeto e montagem do sistems de excitacdo de ondas s '
04 T ;
| de RF no plasss. - SIS O S s FiSICO bbb =
I = FINAN.
Fisicol [
FINAN,
FISICO|
FINAN.
1 FISICO ! s h =
FINAN! -

|

i

I

FisICO

FINAN,
FISICO |
FiNAN.
Fisicol

FINAN,
Fisicol ' 1 | r 4

FIM AN

Fisico| | | i

FINAN,

= FisIcol | |

FilAan
Fisicol | .

e S i

FitiaN, |_'

-

S R AL N A R B A RS

FISICO
TOTAL \N 196.030 | 216.050 | 753,060 | 732.030 | 1.897.170




ANEXO 1

TABELAS DAS ATIVIDADES EXPERIMENTAIS E TEORICAS DA DIVISAO DE PLASMA

DO INSTITUTO DE PESQUISAS ESPACIAIS (DPL - INPE)
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ANEXO 2
BREVE REVISAO DA SITUACAO ATUAL DO PROJETO PLASMA QUIESCENTE (PQUI)

Dentre os projetos em andamento da Divisao de Plasma do
INPE o mais antigo, projeto Plasma Quiescente, ja esta bem estabeleci

do. Assim, a Figura 1 mostra uma vista geral do laboratorio de plasma
quiescente, enquanto a Figura 2 mostra em destaque a primeira maquina
de plasma duplo construida pela Divisao e, em primeiro plano, seus sis
temas de energizacao, controle e diaghﬁstico..virios resultados de pes
quisas sobre fenomenos de carater fundamental da Fisica dos Plasmas, ob
tidos nesta méquina, foram publicados em revistas internacionais. Uma
série de experimentos sobre as propriedades de propagacao de solitons
negativos, observados pela primeira vez no INPE, vem sendo realizada
desde 1983. Presentemente, esta sendo dada enfase ao estudo de proces
sos resistivos e de difusio anomala associados 3 turbuléncia aclistico-
-ionica. Em particular, foi feita, recentemente, a priméira constata
cao experimental do papel do mecanismo de reforco, estreitamente rela
cionado com a instabilidade acistico-ionica, na formacao de camadas du
plas. Os primeiros resultados destes estudos sdo apreséntados no traba
Tho em anexo. |



Fig. 1 - Vista geral do laboratorio de plasma quiescen
te.

Fig. 2 - Primeira maquina de plasma duplo construida no
INPE.



ION-ACOUSTIC DOUBLE LAYER IN A MAGNETIC PICKET FENCE CONFIGURATION

J.L. Ferreira, G.0. Ludwig, and A. Montes

Instituto de Pesquisas Espaciais - INPE
Conselho Nacional de Desenvolvimento Cientifico e Tecnologico - CNPg
12200 Sao Jose dos Campos, S.P., Brasil

ABSTRACT

A small amplitude double layer formed across the magnetic
sheath of a picket fence configuration has been experimentally observed
in a multi-magnetic-dipole discharge plasma. The double Tayer is shown
to be associated with the anomalous resistivity caused by an ion-acoustic
instability driven by cold electrons diffusing through the confining

surface field.



Recently, there has been an increasing interest in the
study of double layers associated with the anomalous resistivity
generated by an ion-acoustic instability'”>. Computer simulations® have
shown that small amplitude (A¢ < kTe/e) double layers can be formed
over a large length scale (L > ZSOAD) by electrons with drift velocity
less than the thermal velocity (vd < ve). The evolution of such double
layers from long wavelength ion-acoustic waves in the presence of
drifting electrons has been observed in the laboratory?. A series of
these small amplitude double layers may be responsible for the

"acceleration of auroral particles?.

In this paper we wish to report the formation of a double
layer in a magnetic picket fence configuration inserted in a quiescent
plasma. The experiment was performed in a multi-magnetic-dipole device,
at the Institute for Space Research (Instituto de Pesquisas Espaciais),
as shown schematically in Fig. 1. This device contains two independent
plasmas separated by a magnetic picket fence. The plasma density at
each side can be varied by adjustment of the discharge currents (by
manual control of the heating current in the filaments) in the two
independent systems of filament cathodes. Discharges are made in argon
gas at a pressure p = 5 x 10" *mbar. Typical plasma parameters are
g ™ 1015m'3,Te ~ 3eV and Te/Ti ~ 15, Under these conditions the mean
free path for electron-neutral collisions is much longer than the
length scales of interest. A plane Langmuir probe is used to measure
the electron density and temperature. The plasma potential is measured
with an emitting probe and the results checked with the Langmuir probe.
The electron drift velocity is estimated from the shift of the electron
energy distribution function as detected by back and forward facing
disk Langmuir probes (a second harmonic detector circuit is used to
obtain the energy distribution function from the probe characteristic
curve). The ion temperature is estimated using a grid energy analyzer.
Ion-acoustic turbulent density fluctuations are measured by a spectrum

analyzer connected to the disk Langmuir probe.



The magnetic picket fence is created by rows of permanent
magnets spaced 3cm apart in such a way that the north pole of one row
faces the south pole of the adjacent row, as shown in Fig. 2. This
figure also shows the profile of the magnetic induction measured along
the z axis with a Hall probe. By turning on the filaments in the source
chamber only (refer to Fig. 1), a plasma is generated with Ne 2 2.4 x
x 10*°m~3 and Te = 2.8eV. In this situation the plasma diffuses through
the confining surface field of the magnetic picket fence into the
target chamber, where the plasma density becomes n, = 1.7 x 10**m~* and
the electron temperature Te =z 0.5eV. The electrons that diffuse across
the magnetic field are predominantly of low energy (0.3eV) as a result
of a selective collisional process® (electron-ion collisions give rise
to a diffusion process which is faster for colder electrons). Figure 3
shows the electron temperature profile (the negative part of the z axis
corresponds to the source chamber) as obtained from the characteristic
curve of the plane Langmuir probe. We verify that the low energy
electrons are sligthly heated while diffusing through the surface
magnetic field. This is the result of scattering due to ion-acoustic
turbulence in the magnetic sheath region. This turbulence extends in
space roughly from z = -3cm to z = +3cm and its effect should be
important in the diffusion process of the electrons. It may be pointed
out that this ion-acoustic instability can explain the trapping of
primary electrons in multipolar discharges by a violation of the
invariants of the motion®. The accumulation of primary electrons gives
rise to an increase of the ionization rate and results in a
concentration of density gradients near the walls of the discharge®.

In addition to the cold electron flow generated by diffusion along the
z axis, a net current of reflected hot electrons is detected along the
y axis. The peak of the current profile is located in the position

z =-2.3cm, between the peak of the temperature profile in the source
chamber, as shown in Fig. 3, and the maximum gradient of the magnetic
field. In this region of increasing magnetic field it is possible to
identify two electron temperatures. The current along the y axis is
mainly due to the grad-B drift of electrons with energies above ~ 2.8eV
(with a smaller contribution of the E x B drift, which opposes the
grad-B drift).
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Now consider a situation where both systems of filaments
are turned on and the value of the plasma density in the target chamber
is less than but close to the value of the plasma density in the source
chamber (the electron density in the source chamber can be adjusted in
the range 10'*~ 2 x 10*°m~® and the electron temperature in the range
2.0 ~ 3.0eV). In this case there is a net flow of cold electrons
directed from the source chamber to the target chamber. Figures 4a-c
show the measured profiles of the plasma potential, of the drift
velocity of the cold electrons, normalized to the local ion-acoustic
speed, and of the electron temperature, respectively. The corresponding
plasma density in the source chamber is n_ = 2.4 x 10*°m™® and in the
target chamber is e 2 1.6 x 10*°m™3, The plasma potential shows a wide
protuberance associated with the ion rich magnetic sheath. The
diffusing electrons are initially accelerated by the rise in plasma
potential and afterwards decelerated as the potential in the target
chamber returns to approximately the same level as in the source
chamber. The drift velocity of the cold electrons inside the magnetic
sheath is much larger than the jon-acoustic speed such as to drive an
ion-acoustic instability. From the temperature profile we verify that
the diffusing cold electrons are heated up to about 1.7eV by the
turbulent fields produced by the ion-acoustic instability inside the
magnetic sheath. In the target chamber a two electron temperature
plasma is formed where the temperature of the hot population is Te E:
= 3.6eV, the density ratio of the cold population to the hot population
is about 0.12, and the cold electrons drift with a velocity close to
the ion-acoustic speed (but bellow the threshold of the ion-acoustic

instability).

Finally, consider a situation where the plasma density in
the target chamber is lowered to n, = 7.1 x 10 *m~® (the conditions in
the source chamber are kept fixed). Figures 5a-c show the measured
profiles of the plasma potential, of the normalized drift velocity of
the cold electrons and of the electron temperature. In this case the
density of drifting cold electrons relative to the density of plasma
electrons is increased (density ratio = 0.31) and strong turbulence can



be detected well beyond the magnetic sheath. Fiqures 6a,b show the
spectrum of turbulent density fluctuations as detected at the position
z = 5cm. Figure 6a shows a very low level of fluctuations corresponding
to the situation depicted in Figs. 4a-c. Otherwise, Fig. bb shows the
high level of turbulence (notice the change in scale) that is attained
in the situation illustrated in Figs. 5a-c. In this case the dc
potential buildup associated with the anomalous resistivity accelerates
the electrons sufficiently to enhance the original instability
(bootstrap action)!. In the final stage of the instability a double
layer is formed which extends over a long length scale. From Fig. 5a we
verify that the double layer extends from the source chamber and across
the magnetic sheath to the target chamber, over a distance of the order
of SOOAD. The existence of a negative potential structure in front of
the double layer, as predicted by theory’, can also be observed. In the
target chamber the diffusing electrons, after leaving the magnetic
sheath region, drift at a velocity about 15 times larger than the ion-
-acoustic speed and above the threshold for the ion-acoustic
instability. The electron temperature profile in Fig. 5c showsthat the
diffusing electrons are rapidly heated to the plasma temperature Te z
= 2.4eV. This profile shows that the thermal contact between the two
plasmas is greatly reduced by the presence of the magnetic field.

From the experimental data it is possible to estimate the
average values of the electric field and of the drift velocity in the
interval z = 3 ~ 6cm (magnetic field free region), when the double
layer is formed. We have: EZ 6vV/m, Vg ® 3.4 x 10*m/s. Using Ohm's
law, the effective collision frequency is given by v* = eEZ/(mevd) =
= 3.1 x 107s71, For a plasma density n, = 7.1 x 10**m~3, we obtain
v*/we 0.021. The effective collision frequency can also be calculated
according to the spectrum derived from renormalized plasma turbulence
theory®s°, For an electron temperature Te x 2.4eV (vd/ve x 0.052) and a
temperature ratio Te/Ti = 15 (this gives Ti = 0.16eV, which roughly
agrees with the experimental value Ti = 0.2 + 0.1eV), the theoretical
result is v*/we = 0.017. This result indicates that the observed
anomalous resistivity associated with the formation of the double layer

iR
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is caused by ion-acoustic turbulence, in reasonable agreement with the
value predicted by the renormalized turbulence theory. lLastly, Fig. 7
shows what happens when a conducting grounded mesh is introduced in the
target plasma and approaches the magnetic picket fence (the discharge
conditions are the same as for the case ilustrated by Figs. 5a-c). The
system Tength has been shortened from SOOAD to about 370>\D and the
potential profile is similar (up to the position where the mesh is
located) to the profile shown in Fig. 4a, that is, when no double Tlayer
is observed. This indicates that the system length is too short and the
acceleration of the diffusing electrons associated with the anomalous
resistivity is not sufficient for the formation of a double layer'.

In conclusion, we observed a small amplitude double layer
localized in the region of contact between two plasmas with different
densities and temperatures. The double layer extends across the
magnetic sheath of the picket fence, which separates the plasmas, and
results from an ion-acoustic instability driven by cold electrons
diffusing through the confining surface field. The double layer is not
formed if the system length is reduced by the placement of a conducting
mesh near the picket fence in the target plasma. The results of this
experiment are significant for the study of the equilibrium of
multipolar discharges (ion and plasma sources), of thermal barriers
between different plasmas, of the physics of auroral-particle
acceleration and of the mechanism of inhibition of electron thermal
transport by ion-acoustic instability.
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FIGURE CAPTIONS

Fig. 1 - Schematic of the multi-magnetic-dipole device.
Fig. 2 - Magnetic induction profile across the picket fence.

Fig. 3 - Electron temperature profile when the discharge in the target
chamber is off.

Figs. 4a-c - Profiles of the plasma potential, of the normalized drift
velocity of the diffusing electrons, and of the electron
temperature. In this situation the plasma density in the target
chamber is 67% of the density in the source chamber.

Figs. ba-c - Profiles of the plasma potential, of the normalized drift
velocity of the diffusing electrons, and of the electron
temperature. In this situation the plasma density in the target
chamber is 30% of the density in the source chamber.

Figs. 6a-b - Spectrum of turbulent density fluctuations at the position
z = 5cm. The low and high levels of turbulence correspond to
the situations in Figs. 4a-c and b5a-c, respectively.

Fig. 7 - Plasma potential profile when a conducting grounded mesh is
introduced in the target plasma close to the picket fence. In
this situation the formation of the double layer is inhibited.
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ANEXO 3

BREVE REVISAO DA SITUACAO ATUAL DO PROJETO»PROPULSAO IQNICA (PION)

0s testes do prototipo do propulsor ionico, que aparece
na Figura 3 montado em sua flange de suporte, foram iniciados no final
de 1985. Como o projeto ndo dispde de uma camara de testes propria, o
propulsor foi colocado no interior de uma das camaras de vacuo do proje
to Plasma Quiescente. A Figura 4 mostra uma fotografia desta camara e
seu sistema de bombeamento por difusao. As experiencias iniciais tive
ram por objetivo determinar os parémefros basicos do plasma no interior
da camara de ionizacdo do propulsor. Constatou-se que a variacdo da den
sidade do plasma e da temperatura eletronica segue o comportaménto tipi
co das descargas termoionicas com confinamento magnetico multipolar. A
temperatura eletronica situa-se entre 3 e 4eV e o valor medido da densi
dade de plasma varia entre 1x 101 e 3x10%m=3, Utilizou-se o argonio
na produgao destas descargas. Presentemente, estao sendo realizados os
primeiros testes de extracao de ons atraves da ép]icacao de tensoes de
polarizacao apropriadas nas grades aceleradoras. | |



Fig. 3 - Prototipo do pro
pulsor ionico e
conjunto de ara
des aceleradoras.

Fig. 4 - Camara de vacuo utilizada para testes do pro
pulsor ionico. B



ANEXO 4

RESULTADOS RECENTES DO PROJETO

TEORIA DE PLASMA (PTEO)




NONLINEAR TEMPORAL MODULATION OF PULSAR RADIOEMISSION

A.C.-L. CHIAN

Instituto de Pesquisas Espaciais - INPE/CNPq
12200 - Sao Jose dos Campos, SP

Brazil

ABSTRACT. A nonlinear theory is discussed for self-
modulation of pulsar radio pulses. A nonlinear Schrodinger equation is
derived for strong electromagnetic waves propagating in an electron-
positron plasma. The nonlinearities arising from wave intensity induced
relativistic particle mass variation may excite the modulational
instability of circularly and linearly polarized pulsar radiation. The
resulting wave envelopes can take the form of periodic wave trains or
solitons. These nonlinear stationary waveforms may account for the
formation of pulsar microstructures.

1. INTRODUCTION

Pulsar radio emissions exhibit ultrashort intensity variations
within individual pulses on time scales ranging approximately from 1 us to
1 ms [1]. Since these microstructures (or micropulses) are the most
fundamental features of pulsar pulses, they undoubtedly provide important
clues concerning the physics of pulsar radio emission and propagation.

Models for pulsar microstructure formation can be divided into two
general classes: beaming models and temporal models. In beaming models,
the rapid intensity fluctuation is considered to be a geometrical
phenomenon caused by the angular sweeping of a nonuniform pulsar pencil
beam across the observer's line of sight. For example, Benford [2] views
pulsar microstructures as the sweep of the observer's line of sight
across a series of radiating plasma filaments directed along the pulsar
magnetic field lines. Ferguson [3] proposes that quasi-periodic
microstructure emission is due to bunches of particles 1located in many
periodically spaced emission regions, perhaps occupying excited locations
in a standing plasma wave of very long wavelength. In temporal models,

the intensity fluctuation is treated as the result of an actual modulation



of the pulsar radiation beam. For example, Cheng [4] suggests that small
oscillations in pulsar polar cap temperature can lead to strong
modulation of the outflowing ions and electron-positron fluxes. Harding
and Tademaru [5] consider the temporal modulation of pulsar pulses as they
propagate through magnetospheric regions of relativistic velocity shear.

In this paper we discuss a nonlinear plasma theory [6] which may
account for temporal modulation of coherent pulsar radio pulses. We
demonstrate that the nonlinearities arising from relativistic particle
mass variation may excite the self-modulational instability of strong
electromagnetic waves inan electron-positron plasma. The case of a
circularly polarized wave is first studied in Qetai1, then the treatment
is extended to a linearly polarized wave. In general pulsar radio
emissions contain both linear and circular polarization components [1].
The linear polarization originates from intrinsic emission processes
such as the two-stream instability [7, 8], whereas the circular
polarization may be converted from the linear polarization via the Faraday
rotation effect [9] or the nonuniform magnetic field effect [10] as the
wave propagates through the pulsar magnetosphere.

Strong electromagnetic waves capable of driving plasma particles to
relativistic energies have received much attention in connection with the
low-frequency pulsar magnetic dipole radiation [11, 13]. Recently Bodo et
al [14] wused the dispersion relation of a strong linearly polarized
wave to study the propagation of coherent pulsar radio emissions in the
polar cap region. The high radio brightness temperature (102* to 103 K)
[1], inferred from pulsar observations implies that high-frequency pulsar
radio waves can certainly drive the magnetospheric charged particles to
relativistic velocities. The intensity of pulsar radio emission in the
source region can be measured by a dimensionless, Lorentz-invariant,

parameter



v =-8E . 5. 585 (-SA—f)l/2 L (1)

meu)C n Y

where S = flux density in Jy, f = pulsar emission frequency in MHz, Af =
emission bandwidth in MHz, D = pulsar distance in Kpc, § = siée of
emission region in 10® cm, and n = index of refraction. Numerical
examples of the wave strength parameter are given in Table 1 for two
pulsars, PSR 0950 + 08 [15] and PSR 1133 + 16 [16] whose
microstructure prpperties have been well analyzed. In Table 1 the index
of refraction is taken to be unity, the observed peak flux densities are
used, and the size of emission region § is determined by the product ct,
where ¢ = speed of light and 1 = pulsewidth. We expect that, with the
exception of the pulsar distance, there may be several order of magnitude
variations in most of the parameters in Table 1. Hence it is reasonable
to expect that the intensity of pulsar radio emission in the source region
lies in the range 10'25 v < 10°. For such wave intensities, plasma
particles may acquire weakly relativistic to moderately relativistic
velocities. This is in contrast to the case of low-frequency pulsar
magnetic dipole radiation, for which the particles can reach

ultrarelativistic velocities with v > 10** [17].

TABLE 1

Numerical examples of the wave strength parameter

Pulsar S(Jy) | F(MHz) | aF(MHz) [ D(Kpc) { s(10%cm) | v

PSR0950 + 08 | 850 430 200 0.1 6x107° |89

PSR1133 + 16 | 300 1720 10 0.2 | 7.5x107" |47




The modulational instability of electromagnetic waves has been
extensively studied in connection with laser-plasma interaction for an
electron plasma [18, 191 and an electron-ion plasma [20]. While these
studies are surely of interest to laser fusion applications, they might
not be appropriate for pulsar applications. According to current polar-
cap pulsar models [7, 21] the pulsar magnetosphere is composed of
secondary electrons and positrons resulting from pair production induced
by high energy curvature radiation photons emitted by primary positron
or electron beams coming from the pulsar surface. In such a
magnetosphere, positrons and electrons contribute equally toward the
wave characteristics [22, 247, hence the inclusion of positron dynamics
is essential for pulsar radio emission theories. Moreover, the ion
acoustic mode is absent in anelectron-positron plasma [25], therefore
the modulational coupling between the high-frequency electromagnetic wave
and the low-frequency ion acoustic wave, heretofore considered for an
electron-ion plasma, may not be applicable to the pulsar environment.

Astrophysical applications of the modulational instability of
electromagnetic waves in a hot plasma have been studied for the situation
where the relativistic effect is caused by high plasma temperatures
[26, 277. In the present paper we adopt the model of a cold, unmagnetized
plasma in order to single out the effect of relativistic particle mass
variation originating from the interaction of electrons and positronswith
high intensity waves. Although the magnetic field is certainly not
negligible in the pulsar magnetosphere, we postpone the analysis of its
effects to another paper in order to investigate the simplest case in

detail.



2. THEORY

Consider the propagation of a circularly polarized electromagnetic
wave along the z direction in the rest frame of an electron-positron

plasma with its vector potential given by
A(z,t) = a(z,t)(X cos wt + ¥ sin wt) . (2)
In the linear regime the wave is governed by the dispersion relation

(A)2=C2k2+mp2 . w?=w 2+w 2%, (3)

where Wy = v2' “oe is the electron-positron plasma frequency, Wpe = Ypp =
2 1/2
(4nNoe /me) /2,
The nonlinear wave propagation is described by the following wave
equation
3%A

- —= - c2v?A = 4nce(pr

atz - Ne!e) ’ (4)

p
where only purely transverse fields are considered, since we may neglect
the longitudinal electric field in an electron-positron plasma [23]. The

relativistic equations of motion for electrons and positrons are

q
(2w v, 0y ) = 2 (E s 2T) (5)

where o = (e,p) and v, = (1 - vaz/cz)'l/z. From (2) and (5) we have
e A e A
= = s V. = - - s (6)
~€ mc(1 + AA2)/2 P mec(1 + AA2)t/2
where ) = ez/mezc“. Making use of the quasi-neutrality condition,



Ne = Np = No’ appropriate for a circularly polarized wave, the nonlinear

wave equation becomes

32A 52A A
__.: - c2 _.; + W 2 _ / = 0 - (7)
t2 322 P (1 4+ aA2)Y/2

Introducing a complex modulational representation

A(z,t) = [g(z,t)e'imt +c.c.], (8)

A
2

(7) can be rewritten in terms of the slowly time-varying modulation

a (with g-lag/at << )

da » 3%a w2 a
o+ e, P - =0, (9)

ot 2w 9z2 2 T 2w (1 + X[glz)llE i

where a term proportional to azg/at2 has been dropped. It can be shown
[19] that (9) admits localized stationary solutions for arbitrary wave
amplitudes, however, for the sake of illustration we shall henceforth
treat the small amplitude limit of (9).

In the Timit ala|? << 1, (9) yields a nonlinear Schridingerequation

da 3%a
i—+P—+1Qlaj?a=0, (10)
ot 5z2 -
with
2 ezm 2
P =E—" Y Q = p (11)
20 4mme2C“

An additional term, Ra (where R = (w? - mpz)/Zm), was removed from (10)
by the transformation a -~ a exp(iRt). Equation (10) is the desired wave

equation for the modulational instability. Alternatively, (10) can be



derived by a method introduced by Karpman and Krushkal [28], by which the
coefficients of the nonlinear Schrodinger equation (10) are determined

from a weakly nonlinear dispersion relation

w = olk, |a|?) , . (12)
with
2
P = —1“ '?_E > == % (13)
2 ak? dal?

The exact nonlinear dispersion relation for a circularly polarized

electromagnetic wave in an electron-positron plasma is [24]

W 2 W 2 w 2
w? = c2k? + pe + PP = c2k? + P (14)
- 2v1/2 av1/2 22 1/2
(1 + v?) (1 + v?) (1 + v2)

where v? = ezEz/mezm"‘c2 = AA%Z. Note from (14) that the positron

contribution to the wave dispersion is equal to the electron contribution
In the weakly nonlinear limit v2 << 1, (14) reduces to
2

WA
wlk,fal?) = (c2k? + w2 - B a]2)/7 (15)
2

Applying (15) to (13) we obtain precisely the same coefficients as those
in (11). It is important to observe that the Karpman-Krushkal method is
only valid for the weakly nonlinear regime; it should not be applied
directly to a strongly nonlinear dispersion relation such as (14) (see
e.g., Durrani et al., [29]). The appropriate modulational wave equation
for large wave amplitudes is (9).

Having derived the nonlinear Schrodinger equation, (10), we can now
determine whether or not the plane carrier wave (2) is unstable to a low-
frequency modulation. It has been established [30] that the modulational

instability can be excited in a medium provided the group dispersion P



and the nonlinear frequency shift Q are of the same sign, namely PQ > 0.
From (11) we see that this condition is indeed satisfied.

Consider next the dynamics of the modulated wave described by (10)
moving with a group speed V = 3w/3k. In this case we may assume a
finite value g, for the modulation as z-Vt+ + =, thus in (10) [a|? is

replaced by |a|® - |a |?

da 8%a
i =P —Z 4 qlal® - gl =0 . (16)
at 9z?
The stability of the modulation can be studied by separating a into two
real variables, p and o, representing the real and the imaginary parts

ofg

a = olz,t) ot (17)

Substitution of this expression into (16) gives for the real and

imaginary parts, respectively,

2 2 2
Qp - p) + 22 P (30)" _pdoy’ 30 g | (18)
20 92% 4p% 3z 3z ot
2 yp 2 (29 -0 . (19)
ot Y4 3z

Linearizing (18) and (19) in order to determine the instability threshold

and growth rate

e'i(kLZ - th) , (20)

©
t

‘po+p1

o = 0181(kLZ - th)

, (21)

we obtain the following dispersion relation for the low-frequency

modulation



2 _ p2L 4 _ 2
w? = PPkt - 2PQ p kP (22)
It follows from (22) that the threshold for the modulational instability

is Py > PkL2/2Q, namely
vo > CkL/mp (23)

for the circular polarization case, and the corresponding maximum growth

rate is y = on, namely
Yy = mp2 v02/4m (24)

The instability is purely growing, and therefore nonconvective in the
rest frame.

As the modulation grows, the instability can evolve to a nonlinear
stationary state that results from the balance between nonlinearity and
dispersion. The possible stationary solutions are the periodic wave

trains [31]

P =e, cn2[|§%11/2p0(z -vt)1 , (25)
or the solitary waves

o= o, sechztlz%ll/zoo(z - V)1 . (26)

The solution, (26), is called an envelope soliton since it is the
envelope of the wave packet that has the form of a solitary wave. These
envelope solitons can be shown to be stable against longitudinal
perturbations and mutual collisions.

We now apply the Karpman-Krushkal method to discuss the self-

modulational instability of nonlinear linearly polarized electromagnetic



waves in an electron-positron plasma. Although the dispersion relation
in the strongly nonlinear 1imit has been derived by Kennel and Pellat
[23] and Bodo et al. [14] it cannot be used here, since the Karpman-
Krushkal method is restricted to the weakly nonlinear regime.. The
nonlinear dispersion relation for a linearly polarized wave in an

electron plasma, in the limit v? << 1, is given by [32]

3 w e2
n2=1—(1-—-8—-v2) p2 ) (27)
w

Now, (9) suggests that the dispersion relation for an electron-positron
plasma can be obtained from the dispersion relation for an electron
plasma by replacing Ype for v2° Yoe (i.e., the electron-positron plasma
frequency wp). Hence the appropriate dispersion relation can be

obtained from (27) by replacing w o for Wy namely

P

3w 2

w(k:!C}!z) = (c2k? w2 - __g__ ’C}’z)l/z ) (28)

P
A comparison of (28) with (15) shows that, apart from a slight difference
in the numerical coefficient, the dispersion relations for linearly and
circularly polarized waves are essentially the same. Applying (28) to
(13) then gives a nonlinear Schrodinger equation (10) for a linearly
polarized wave with

2 382(»2
p = Q=—2=>P_

, = (29)
2w 16wmezc2

Evidently, PQ > 0, thus the self-modulational instability of linearly
polarized waves in an electron-positron plasma can be excited. The
equations describing the evolution of the modulational instability for

thiscase are similar to thecircular polarization casewith P and Q given by (29).



3. DISCUSSION

In the previous section we demonstrated that the self-modulational
instability of circularly and 1linearly polarized electromagnetic waves
can be excited in an electron-positron plasma. The theory presented in
this paper is compatible with the statistical model for the pulsar signal
proposed by Rickett [33]. In Rickett's model the pulsar signal is
depicted as an amplitude-modulation a(t) of a noise-like random

process n(t):
p(t) = a(t) n(t) , (30)

where p(t) is the electric field of the received pulsar signal, n(t)
describes the coherent fast time-varying emission by particle bunches,
and a(t) describes micropulses that vary much more slowly than n(t). This
amplitude-modulated noise model has been found to be consistent with the
observed pulsar spectra. According to our theory, as evidenced by (8),
the high-frequency coherent pulsar emission with a fast-time scale 2n/w
can be modulated by a slowly time-varying envelope g(z,t) due to
nonlinearities arising from relativistic particle mass variation. Hence,
the resulting modulation envelopes may account for the formation of
pulsar microstructures.

We have seen that the end products of the relativistic self-
modulational instability may be nonlinear stationary waves of either
periodic wave-train type or envelope soliton type. This is consistent
with the observed features of pulsar microstructures. Hankins and
Boriakoff [34] showed that the observed pulsar microstructures can be
put into two categories, intermittent type or quasi-periodic type,

according to their intensity structures. Most micropulses are of the

intermittent type, which have bursts of strong emission interspersed with



sections of longitude where the signal returns abruptly to the system
noise level. Occasionally, quasi-periodic string of micropulses are
detected. The intermittent micropulses can be explained by our theory as
a collection of envelope solitons with randomly fluctuating amplitudes,
whereas the quasi-periodic micropulses can be explained as periodic wave-
trains or a sequence of envelope solitons with little variation in their
peak amplitudes.

We now make use of the nonlinear envelope solutions

[ a an[%ll/z A (z - Vt)]

A(Z,t) = 9 (31)
A, sechz[lz%ll/2 A, (z - Vt)]

\

to estimate the features of microstructures produced by the relativistic
self-modulational instability. First we calculate the Lorentz-invariant
number N denoting the number of wave crests in a given modulation. From
the observed temporal pulsewidths of pulsar micropulses (~ 1 us to 1 ms)
and the frequency range of pulsar radio emission (~ 100 MHz to 1 GHz) we
see that N varies roughly from 102 to 10°. Equation (31) shows that the

envelope spatial pulsewidth for the circular polarization case is

Q AO wpvo
Thus, in the rest frame,
N=-2¢ kT (key | (33)




where k is the wavenumber of high-frequency pulsar radio waves. Equation
(33) shows that in order for N to be within the observed range it is
required that kC/mp >> 1. The weakly nonlinear dispersion relations (15)
and (28) indicate that this is possible only if w >> Wy - For example, if
v = 107% and wp/w = 10, N = 103, Therefore, our theory suggests that
self-modulational formation of microstructures takes place in regions of
pulsar magnetosphere where the pulsar radio wave frequency is
considerably greater than the local plasma frequency. Next we use our
theory to calculate the temporal pulsewidth of micropulses. Since (32)
is given in the rest frame of secondary particles it is necessary to
transform (32) to the observer's frame. Because of time dilation and
Doppler shift [7] in the observer's frame, w_ _ - 2

pe Ys “pe
the relativistic factor associated with the stream velocity of secondary

, where Yq is

electrons and positrons. Hence, in the observer's frame, the temporal

pulsewidth is

S R (34)
V2

Ys“peVo

where the relation 8 = ¢t is used, since for Yg >> 1, the soliton moves

pe
106s™' (in the rest frame) and v = 10'2, then 1 = 1 ys which is within

with relativistic speeds in the observer's frame. If Yg = 102, w =

the observed range. The above calculation suggests again that
relativistic self-modulational instability is excited in the region of
magnetosphere with relatively Tow plasma densities. Now (34) shows that
micropulses of higher intensity have narrower pulsewidths. Such
behavior was shown by Bartel et al. [35] to hold true for pulsar
subpulses and was suggested by Ferguson [3] to be true also for
micropulses. It would be interesting for pulsar observers to check this

property across the entire range of microstructure time scales.



In conclusion, we point out that the physical mechanism for
formation of pulsar microstructures discussed in this paper is expected
to take place in most pulsar magnetospheres since the wave intensity
induced relativistic effect responsible for driving the self-modulational
instability is general. However, a quantitative test of a modulational
instability theory requires the extension of the simple model adopted in
this paper to include other effects, such as large wave amplitude,
ambient magnetic field, plasma temperature, plasma inhomogeneity and
variable plasma stream velocity [36, 37]. In the meantime, our
simplified analysis indicates that the modulational instability is a

promissing direction for further investigation.
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ABSTRACT

A theof&rof Raman free-electron laser using a
circularly polarized electromagnetic pump is investigated.
Coupled wave equations that describe both linear and
nonlinear evolution of stimulated Raman scattering are
derived. The dispersion relation and the growth rate for the
parametric instability are obtained. Nonlinear processes that
may lead to saturation of the free-electron laser are

discussed.

The generation of high-power coherent radiation using
stimulated emission of backscattered radiation from intense
relativistic electron beams has received considerable
interest lately. This new radiation device called Free-
Electron Laser (FEL) has a great advantage of being readily
tunable over a wide frequency range, from submillimeter to
optical regions, by varying the pump frequency or the
electron beam energy. Many applications?! can be found for
FEL, for example, plasma heating, diagnostics, laser pellet

fusion, isotope separation and radar.



The operative mechanism of FEL is based on the double
Doppler effect. Consider a pump wave (uwo, Ko) propagating with a
wavevector antiparallel to the velocity (;b) of a relativistic
electron beam in the laboratory frame. In the beam frame,in
which the quantities are primed, the frequency and wavenumber of

the pump are first Doppler-shifted to

wy = Yb(wo + vbko), ko = yb(ko + wao/Cz), (1), (2)

where vy = (1-f;§/c2)'1/2. For a given backscattered wave, with
-5
ié antiparallel to ko, the frequency and wavenumber in the

laboratory frame are double Doppler-shifted to

ws = yb(wé + kaé)i (3)

Since typically in the beam frame wy, = w! and ké

ko, moreover
in the laboratory frame wo = cko for pump frequency much larger
than the characteristic frequencies of the system, combining

(1)-(3) then gives

wy = 4yfwo (4)

in the limit vb/c - 1. For a relativistic electron beam the
factor yé can be much greater than unity, thus the scattered
frequency can be much larger than the pump frequency. According
to the Manley-Rowe relation, the ratio of the scattered wave
energy W, to the incident wave energy W, can be as large as
W /Wy = wg/wg. As a result, intense radiation with frequency
upconversion and power gain is achieved.

FEL can operate in two distinct regimes?, namely, the

Compton regime in which the pump wavelength is smaller than or



comparable to the Debye wavelength of the electrons and the
interaction is dominated by wave-particle resonance, and the
Raman regime in which the pump wavelength is much greater than
the Debye wavelength and the interaction is dominated by wave-
wave coupling. '

Most research on FEL has dealt with a zero-frequency pump
wave?, namely, a magnetostatic ondulator since the
electromagnetic source with power density high enough to excite
the stimulated backscattering is not readily available. It has
been suggested* that the radiation generated by an ondulator FEL
can be reflected to act as a finite-frequency pump to interact
with the same relativistic electron beam. In addition, rapidly
developing high-power gyrotrons and relativistic magnetrons® can
also provide suitable radio-frequency sources to operate an
electromagnetic-pump FEL.

In this paper a theory of Raman FEL using a circularly
polarized electromagnetic pump 1s investigated. The physical
mechanism of stimulated Raman scattering can be described as
follows. The introduction of a large-amplitude electromagnetic
pump wave excites a transverse oscillation of the beam electrons. .
This transverse electron velocity coupled to electron density
oscillations (space-charge waves) produces a current, which then
genera‘tes a backscattered électromagnetic wave. The beating
between the pump and scattered electromagnetic waves produces a
density modulation and a grouping of the electrons into bunches
along the beam axis. The growth of the space-charge waves gives
increasing coherence to the scattering process, resulting in a
growing scattered wave which in turn increases the density

modulation still further. Hence there is a feedback mechanism in



this process which may give rise to a parametric instability and
exponential gfowth of both the space-charge wave and‘the
scattered radiation. The instability is terminated when
nonlinear saturation mechanisms such as pump depletion or
particle trapping set in.

Consider the interaction of an intense electromagnetic pump
wave (K, = -koZ) with a cold counterstreaming relativistic

+ - -
electron beam (vb = VyZ, n =ne). Plane wave solutions are

e

treated (v = z 3/3z), thus the transverse canonical momentum of
. . -+ -+ +

electrons is constant, i.e., Pg, = MyVe, =€ A,/c. Assume

immobile ions to serve as the neutralizing background, and

neglect self-fields associated with the electron beam.

The wave equation describing the transverse component of the

> >
vector potential (A = A,, A, = 0) is
32 > >
( - c?2 v2)A = 4ncJ. (5)
at?

Separating the electron density ne into homogeneous and

inhomogeneous parts, i.e., n, = n, +n(z,t), (5) becomes

e

2
(3 -C2V2+——E—)A=-

17 nA, (6)
Y NoY

where y = (14—56. 56)1/2

and w? = 4mnge?/m,

P

In order to cast the governing equations into the form of
coupled wave equations, one needs a corresponding wave equation

for the perturbed electron density n, which can be obtained from

the following equations:

9 > > e >
(— + v, - v)pe =eV¢ - — Vv, X (v x A), (7)

ot c



an

e ., Va(ne;e) =0, (8)
ot .
vi¢ = -4mp. (9)

For the sake of simplicity all nonlinearities in (7)-(9), with
the exception of the ponderomotive term in the RHS of (7), are
neglected. This implies that nonlinear steepening terms that may
lead to wavebreaking of space-charge waves are ignored (n/no <<1);
in addition all waves are assumed to have finite, but

nonrelativistic (v3,/c?, v?/c? << 1) amplitudes, so that
Pe; = Pog + Py » Py = m¥o V,, (10)

where yo = (1 - Vg-ve/c?) /2 = (1-+p§z/m2c2)1/2. Under these

assumptions (7)-(9) become

>

(L + Vo-mp = evp - =V, x (VxA), (11)
ot c

(2 + Vo-v)n + 2L v.p = 0, (12)
at myg

v2¢ = 4men . | a3 -

Substituting (12) and (13) into the equation resulting from
taking the divergence of (11), then yields a wave equation for

the space-charge wave

wz 2 > >
[oﬁ_ + Voev)? 4+ P } n=-22%__ g2(A.p), (14)

| ot Y, 2m?c?y}

where vy = yo 1s assumed in the RHS. (6) and (14) form a set of

coupled wave equations that describes the stimulated Raman



scattering and demonstrates clearly the feedback mechanism for
the excitation of parametric instability.

The pump is taken to be a circularly polarized
electromagnetic wave

>

Ao = Ao [X cos(koz -wot) + ¥y sin(koz - woet)] . (15)

An integration of the zero-order equation of motion

dpo _ _ 3o X (VxAg) (16)
dt mcye..
gives
Po = Pos [X cos(koz - wot) +7 sin(Koz -woet)] + Poz Z , (17)
which shows that y, = &1-+p§1-*pﬁz)1/2 is constant.

To the zero-order, the ponderomotive coupling terms in the
RHS of (6) and (14) vanish (n, v?®(Ap-As) -+ 0). Hence the two
wave equations are decoupled, yielding the dispersion relations®

for electromagnetic waves and space-charge waves, respectively,

wi - c?kp - wé/vo =0, (18)

(0, - kzvb)z - w;/yg = 0. (19)

L

A corresponding dispersion relation for the scattered
electromagnetic wave can be obtained from (18) by substituting
(wo,ko) for (w.,k. ). Note that the slow branch of space-charge
waves (19) is a negative-energy mode and plays a crucial role in
the operation of FEL.

In linear theory the amplitude of the pump electromagnetic

wave Ao, is assumed to be constant with dispersion relation given

-6 -



by (18), the backscattered electromagnetic wave is coupled to

the space-charge wave, thus (6) and (14) become

2 2 - 2 ->
(- - c2v2 + By A = - B qa,, (20)
at? Yo noeYo
2 2 *
w n,e g g
(2 s Vo2 + 2B n 2 2 v2(Ac-A) . (21)
at Y3 2m%c?yy

Fourier - analyzing (20) and (21) gives the coupled-wave

dispersion relation for the Raman backward scattering

w2 w? e? w2 (k+ko)?
(02 - c2k? - =B) {[(w-wo) - (kekodvy1? - L} = P (Ao ]2,
Yo Y5 2m2c?y;
(22)
where the following matching conditions are imposed
wo = W - W, ko = kl - kg . (23)

Note that in the beam frame wo = m; + m; (i.e., mg /we < 1)
since the energy of both scattered electromagnetic wave and
positive-energy space-charge wave is provided by the pump wave;
however, in the laboratory frame ms/m0 > 1 as evidenced in (23i
since now the scattered wave energy is provided by both the pump
wave and the negative-energy space-charge wave. In addition (23)
shows that Eo is parallel to il’ but antiparallel to §s5 thus
the electron density perturbation propagates in the direction
opposite to the beam direction.

The dispersion relation (22) shows that the backscattered

electromagnetic wave is coupled to the space-charge wave through

the pump electromagnetic wave. Since the slow mode of space-



charge waves is a negative-energy wave, its interaction with the
fast mode éf‘electromagnetic waves may lead to instability,
which develops in the regions near the intersection (wo,ko) of
the dispersion curves of the two interacting modes. An
approximate solution of (22) can be'obtained by expanding the

dispersion relation about (ws,ko¢), assuming weak interaction,

2
w

(c2k? + )2 .3 e(ko+k) Ao T
To 2/2" v/ mc(czkz/.m;n’é)l/“

- .y

w =

The real part of w gives the double Doppler-shifted frequency
(4) of the backscattered wave, whereas the imaginary part of w
gives the growth rate describing the exponential growth of
unstable waves.

The efficiency of an electromagnetic-pump FEL 1is defined
as the ratio of the scattered electromagnetic energy to the sum
of the pump electromagnetic energy and the relativistic electron
beam energy, which is determined by the nonlinear saturation
mechanisms. Saturation of the backscattered electromagnetic wave
may be due to either particle trapping or pump depletion,
depending whether the pump field is strong or weak, respectively’.”

Particle trapping occurs when the density fluctuation of the
space-charge wave becomes greater than or comparable to the
equilibrium electron density (n/no, 2 1). When this takes place,
the electron dynamics becomes nonlinear and electrons are
trapped in the potential well formed by the combined space-
charge and ponderomotive potentials (vide the RHS of (7)). In
this regime the assumptions used to derive (14) break down; a
fully nonlinear and kinetic treatment then becomes necessary.

Pump depletion occurs when the amplitude of the pump wave is

- 8 -



depleted to a level below the threshold required to sustain the
parametric inStability. Saturation by pump depletion can be
studied by adding the pump evolution equation, determined from
(6),

w? >

2
2 W -+
(2— - c?2v2 » Bya, = - —Bonea_, (25)
at? Yo noYo

to (20) and (21). The nonlinear evolution of the pump,scattered
and space-charge waves, as well as the saturation time for the
instability, can be obtained either numerically or analytically
in terms of Jacobi's elliptic functions by reducing (25), (20)
and (21) to a set of coupled-mode equations“»®8-1°9,

The three-wave Ramgn backward scattering discussed in this
paper is valid only for relatively low pump intensity. When the
pump intensity is large, the space-charge wave loses its linear
property and the wave coupling may excite the Raman oscillating
two-stream instability (or modified Raman scattering). If the
pump intensity is further increased, forward scattered
electromagnetic waves (wg = wo-w,, Kg = k, +kg) can also be
induced, leading to the Raman forward scattering (or Raman
modulational instability). Generation of these four-wave

parametric processes?»’

may modify the characteristics of a FEL.
To conclude, it worths mentioning that recent experiments on
ondulator FEL performed at MIT'!, Columbia University!? and
NRL!3?® have produced encouraging results. Further FEL experiments
using electromagnetic pump should be carried out in order to

determine the best scheme for generating stimulated

backscattered radiation.
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