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Resumo

Uma investigacdo detalhada da excitacdo do He (152) 'S para os estados de He (1snp) Ipe (n=2-5)
e da excitacdo - ionizacdo do He (152) IS para os estados de He" (2p) ’p° e He' (3p) ’P° no sistema
da colisdo de H"+He € apresentada para uma escala larga de velocidades do projetil (2.2 a.u < v <
6.9 a.u.). Especificamente, os dados experimentais novos sdo apresentados em medidas do grau da
polarizacdo linear para a excitag@o e a excitacdo-ioniza¢do do hélio depois do impacto do préton
nos comprimentos de onda no extremo ultravioleta (EUV). Estas medidas foram executadas
usando um polarimetro caracterizado de espelho de multicamadas de molybdenum/silicon (MLM).
Os resultados experimentais do préton sdo comparados com os dados tedricos da polariza¢do
usando a primeira aproximacgao de Born e os célculos atdmicos recentes de "Atomic Orbital Close-
Coupling Calculations" (AOCC) para o processo da excitagdo. Uma comparacdo detalhada de
dados experimentais para projeteis negativamente e positivamente carregados (elétrons e prétons)
em velocidades iguais de impacto é dada. Estes resultados sdo relevantes para diagndsticos
astrofisicos tal como "solar flares".

Além disso calculamos forcas de osciladores ponderada "gf" e tempos de vida para o Si IV
usando o método de Hartree-Fock. Nesse calculo os parimetros eletrostiticos foram otimizados
usando o método dos minimos quadrados, com a finalidade de melhorar o ajuste dos valores de
niveis de energia experimentais. Este método produz valores de gf e tempos de vida mais
préoximos dos valores experimentais. Nos apresentamos todas as linhas conhecidas experimentais
de dipolo elétrico do Si IV.

Sdo apresentados também os primeiros espectros da emissdo de EUV de fétons depois da
captura simples e multipla em colisdes de 80 keV de Ar®* + N,. Nossa andlise fornece a evidéncia

de processos de captura de um e dois eletrons que resultam em transi¢cdes radiativas dos estados






Ar'*(nl), n=3-6 e Ar® (3Inl'), n=3-5 dos projeteis. Além disso nés identificamos numerosas linhas
de alvo de N9(g=2,3) na escala do espectro de EUV (10-80 nm), devido a ionizagdo mdltipla da
molécula de N, e da dissociagdo consecutiva mais a excitacdo dos fragmentos. A emissdo de
féton subseqiiente vem da excitacdo para os estados altos do alvo tais como N**(1s2s2Inl’) *“L,
n=2-10 e N** (15221n1’) 1’3L,n=2—5 com energias da excitagdo até 52 eV e 78 eV, respectivamente.
Os fragmentos dissociados e excitados de N**e de N**sdo devidos aos processos multiples de

captura do elétron que envolvem até seis elétrons.
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Abstract

A detailed investigation of excitation of He (152) IS to He (1snp) Ipe (n=2-5) states and ionization-
excitation of He (1s*) 'S to He* (2p) “P° and He* (3p) *P° states in H' + He collision systems is
presented for a wide range of projectile velocities (2.2 a.u. < v < 6.9 a.u.). Specifically, new
experimental data are presented on measurements of the degree of linear polarization for
excitation and excitation-ionization of He following proton impact in the extreme ultraviolet
(EUV) wavelengths. These measurements have been performed using a characterized
molybdenum/silicon multilayer mirror polarimeter (MLM) whose polarization characteristics have
been optimized for EUV emission of He and He". Furthermore, the proton experimental results
are compared with theoretical polarization data using the first Born approximation and recent
atomic orbital close coupling (AOCC) calculations for the excitation process. A comprehensive
comparison of experimental data for negatively and positively charged projectiles at equal impact
velocities is given. These results are relevant for astrophysical diagnostics such as solar flares.

Furthermore weighted oscillator strengths gf and the lifetimes for Si IV presented in this work
were carried out in a multiconfiguration Hartree-Fock relativistic (HFR) approach. In this
calculation, the electrostatic parameters were optimized by a least-squares procedure, in order to
improve the adjustment to experimental energy levels. This method produces gf-values that are in
better agreement with intensity observations and lifetime values that are closer to the experimental
ones. In this work we present all the experimentally known electric dipole Si IV spectral lines.

We also present the first EUV Emission spectra following single and multiple-electron capture in
80 keV Ar** + N, highly charged ion-molecular collision system. Our analysis provides evidence of
single and double capture processes leading to photon transitions of Ar’* (nl) n=3-6 and Ar®* (3Inl’)

n=3-5 projectile states. Furthermore we have identified numerous N9* (g=2,3) ionic target lines in the
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EUV-spectral range (10-80 nm), owing to multiple ionization of the N, molecule and consecutive
dissociation plus excitation of the fragments. The subsequent photon emission arises from high lying
states of the target such as N2+(1s22521nl’) 241, n=2-10 and N** (15221nl’) 13, n=2-5 with excitation
energies up to 52 eV and 78 eV, respectively. The N** and N** excited dissociated fragments are due

to multiply electron capture processes involving up to six electrons.
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CAPITULO 1 : Introducao Geral

Por "Espectroscopia” nds geralmente entendemos o mapeamento experimental da estrutura dos
niveis de energia de sistemas fisicos. Para essa finalidade, os processos de transicio, espontanea
ou induzida, entre estados diferentes de energia sdo estudados e a espectroscopia
consequentemente significa a andlise de vérios tipos de fendmen, como a radiacdo eletromagnética
e a emissdo de particulas. A investigacdo espectroscOpica pode ser fundamental ou de uma
natureza aplicada. A espectroscopia 6tica € relacionada com o desenvolvimento da teoria atdbmica
e molecular e usada também como uma ferramenta dentro da pesquisa de fisica bdsica e em outros
ramos da ciéncia.

Durante os anos de desenvolvimento da mecanica quantica a estrutura atdmica e molecular
derivada dos espectros observados como também eles mesmos forneceram ferramentas de teste
para os métodos tedricos novos. A troca proveitosa entre a teoria e a espectroscopia experimental
continuou. Os poderosos computadores de hoje e os métodos computacionais permitem calcular
os detalhes da estrutura dos niveis da energia e as probabilidades de transi¢do com tal exatidao
para o caso de sistemas simples de poucos elétrons, que medidas espectroscOpicas novas sao
necessdrias para validar as diferentes aproximagdes tedricas. Enquanto para os sistemas mais
complexos, os cilculos s@o uma guia essencial a interpretacdo dos dados experimentais.

No caso da espectroscopia astrondmica, que evoluiu constantemente desde a observacdo do
espectro solar da linha de Fraunhofer, as observacdes dos foguetes e dos satélites em altura
elevada abriram a regido ultravioleta para a pesquisa astrondmica, e a necessidade de interpretar as
observacdes para os dados espectroscopicos, conduziu um crescimento também para a

espectroscopia do laboratério. As recentes demandas para dados apareceram quando as
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observagdes com o telescopio espacial de Hubble renderam os espectros ultravioletas com tal
exatidao de resolucdo de comprimentos de onda que os dados atdmicos velhos do laboratério
provaram ser inadequados para identificagdes de linhas.

Demandas adicionais podem ser esperado quando os novos instrumentos com espectrometros de
alta resolucdo para as regides de extremo ultravioleta e infravermelho serdo lan¢ados no futuro.

Nao somente os comprimentos de onda e as probabilidades das transi¢cdes serdo usadas,
derivando a informacdo sobre plasmas astrofisicos das observacdes espectroscopicas. No caso da
polarizacdo, por exemplo, as medidas podem fornecer uma compreensdao mais profunda de jatos

induzidos pelos elétrons e/ou prétons em investigacdes de "solar flares".
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CAPITULO 2 :

Estudo do Grau da Polarizacao Linear depois da Excitacao e

da lonizacao do Hélio pelo Impacto dos Prétons

2.1 Introducao

As investigacdes experimentais e tedricas do impacto do elétron e do préton em dtomos sdo de
importancia considerdvel para nossa compreensdo das colisdes de muitos corpos. Especialmente
processos eletronicos em colisdes de poucos corpos de complexos atdmicos tais como o hélio sdao
de grande significado do ponto da vista fundamental e aplicado. O atomo do hélio é o segundo
elemento mais abundante no universo e € o sistema mais simples de dois-elétron fortemente
ligados. Por estas razdes este dtomo € ideal para o estudo da dindmica das colisdes e dos efeitos

da correlacdo [1-5] em colisdes do ion-dtomo.

Além disso, emissoes radiativas dos ions de ionizagdo simples tais como He™ foram observadas
em espectros solares sob as circunstincias de "solar-flares". [6] Portanto, o estudo destes sistemas
"beam-like" em ndo-equilibrio, complexos, anisotrépicos, pode fornecer uma compreensao mais
profunda de jatos induzidos de elétrons e/ou prétons em investigacdes astrofisicas e dos "solar
flares" [7-8]. Os astrofisicos da NASA, por exemplo, querem conhecer a importancia dos prétons

e elétrons nestas colisoes (veja Fig. 1.)
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Earth shown
for size comparison

Fig.1 Grande erup¢io de He II de 304 A, com uma imagem da terra adicionada para a comparagio do
tamanho. Este erupc¢do de 24 de julho de 1999 € particularmente grande e fechada estendendo sobre 35
vezes o diametro da terra para fora do sol. As erup¢des podem afetar comunicagdes, sistemas de navegacdo,
mesmo redes de energia elétrica, e também produzir as auroras visiveis nos céus da noite.

[Courtesy of SOHO consortium. SOHO is a project of international cooperation between ESA

and NASA." — http://sohowww.nascom.nasa.gov/gallery/bestofsoho]
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2.2 Colisées de ions-atomos

Uma colisdo de um préton com um dtomo de hélio pode resultar nos seguintes estados finais:

[ H*+

H+

H" +
H++He—>J

| H'+

He Excitacdo
— He+hv
He" Transferencia de Carga

He" Dupla Excitagado

— He+hv

> He"+¢
He" +e Ionizacao- Excitagao
> He"+hv

He™ +2e Dupla Ionizagio

ey

O trabalho atual € uma investigacao detalhada da excitacao do hélio para os estados de (1snp)

Ipo (n=2-5) e ionizagdo-excitacao do hélio para os estados de (2p) ple (3p) 3P’ em sistemas de

colisdes de H" + He para uma escala larga de velocidades do projetil (2.2 u.a.< v < 6.9 u.a.)

usando nossa técnica de andlise da polarizacdo. Especificamente, tais estados podem

principalmente ser formados pelos seguintes canais da reagao:

H* + He (1s%) 'S — He  (Isnp) 'P° + H*
| He (1% 'S + hv,

2)

envolvendo a emissdo da radiacio com os comprimentos de onda de A = 517 a 584 A paran=2 a

5, respectivamente; e:
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H' + He (Is%) 'S —> He* (np)’P° + H' + ¢
|He* (15)%S + hv, 3)

envolvendo a emissdo da radiacio de Lyman-o (n=2) de A = 304 A e a emissdo de 256 A de

2 . , ~ s . . , 1
Hell (3p) P’. De agora em diante, nds usaremos a notacao espectroscopica, isto €, o hélio neutro

+
serd etiquetado como " He I " e o hélio ionizado (H ) serd etiquetado como " He II ". Um

diagrama esquemdtico dos niveis de energia para os estados de He I e de He II é mostrado na

Fig.2, onde os comprimentos de onda de emissdo mais fortes do He I (1snp) p0 (152) ISeHell

(np) ?PY — (1s) *S sdo indicados.

ns2Siz  np*Pinan nd Dsszsr2

o 2nd lonization Threshold
75 |
He--(313r1)
i po e
70 1 .
I 13: = = spo
8s |
[ He**(2121)
| 21 2 8
S 60 2°'D__ 2p*°P
3 [ —
3 26218 282p P
&
(=
i
24.59
24 s §— - § ==
s— 7§°
22
v 2
./ :
20 ’O‘?“' 2
L He (1snl)
|
15818, np'P nd'D: ns S, np *Pos2 nd D1 2»

Fig.2. Diagrama dos estados excitados do hélio neutro e ionizado
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2.3 Polarizacao

Quando um projetil negativamente ou positivamente carregado colide com um atomo de hélio
em energias intermedidrias e altas de impacto, os mecanismos dominantes da colisdo sdo excitacao
e ionizacdo-excitacdo simultanea do alvo com deteccdo subseqiiente dos fotons e/ou elétrons
ejetados [9-10]. Na simetria cilindrica, a radiacdo emitida das transi¢des das linhas entre subniveis
magnéticos pode ser polarizada linearmente quando observada em 90 graus com respeito a eixo
central da quantizacdo definida pelo feixe do projetil. Isto é devido a distribuicao ndo-isotropica,
nido-Maxwelliana da populacdo dos elétrons entre os subniveis (isto é, alinhamento nivelado da
populagdo). Por sua vez, este efeito do alinhamento resulta na emissdo polarizada da linha que

pode ser caracterizada pelo grau da polarizacao linear P definido pelo,

4)

onde o I” ¢ a intensidade da radiacdo com os vetores do campo elétrico orientados ao longo do

eixo do feixe (eixode z) e I | € aintensidade da radiagdo perpendicular ao eixo

» Feixe do Projetil
y &
Alvo de \
Gas
X
> Diregdo da
¥; ' Observacao

| 4
Fig. 3: Representacdo esquematica da distribuicdo dos dipolos elétricos para um ensemble de 4&tomos
excitados ou ions em dire¢@o de x,y e z.
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central da quantizacdo (eixo y) como mostrado na Fig.3 [11-12] .
O eixo x aponta ao longo do sentido da observagdo (a radiagdo dos dipolos orientados ao longo
deste eixo ndo € observada). A medida e a andlise do grau da polarizacdo ou da distribui¢io

angular da emissao do foton podem consequentemente revelar a anisotropia da fonte emissora.
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2.4 O Experimento

As experiéncias foram realizadas na Universidade de Nevada, Reno, Estados Unidos.
Uma vista esquemdtica do experimento usado para as medidas da polarizacdo é mostrada na Fig.
4. Os prétons foram extraidos com auxilio de uma fonte de RF e acelerados por meio de um
Acelerador Van de Graaff de 2 MV. (Ao longo deste trabalho uma revisio geral do acelerador foi
realizada, incluindo a limpeza de fonte de ions.) Estes fons foram focalizados e dirigidos por uma
lente quadrupolo magnética em um feixe estdvel e intenso (analisador de massa e momentum).
Ap6s a passagem através da fenda incorporada na cAmara do alvo (a qual possui um sistema de
controle) onde o feixe é colimado antes de atravessar a célula do gds que contem o gas do hélio é

coletado finalmente por um copo de Faraday para a normalizacdo da carga (veja Fig. 5)

' Controle de Acelerador '

Analyzing

Protector da Radiagao Reciclagem do Gas

Sistema de  Acelerador de Van de Graaff

A Cdmera do alvo Bombeamento

Sistema de
bombeamento DI

O Sistema de aquisicdo e controle de dados (CAMAC)

Fig. 4. O acelerador da Universidade de Nevada, Reno, Estados Unidos, a camera de alvo e o

monocromador de EUV.

A instalagdo experimental inclui trés componentes principais: (1) o polarimetro de EUV; (2)
a celula do alvo e um copo de Faraday; e, (3) um monocromador de incidéncia rasante de 1.5 m.
O polarimetro consiste de um elemento 6tico: 0 Mo/Si MLM (Multi-layer-Mirror) (veja Fig. 5),

um detetor do channeltron, o filtro espectral, e uma base rotatéria. O MLM é montado em uma
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cunha, que fixa o angulo de incidéncia com respeito a superficie do espelho. Uma abertura
removivel, que prende um filtro espectral de VYNS-3 ou um filtro de Aluminum/Titanium (ALl/T1)

[veja trabalho 1 do apéndice], ¢ montada na frente do MLM. Esta abertura restringe o angulo de
incidéncia dentro de =1 % correspondendo a uma largura de faixa do comprimento de onda da

ordem de £12 A em 304 A. O sistema é descrito em mais detalhes por Bailey et al.[9-13].

Precision
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I
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: Stepper
, Motor
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X —“ Fixed Angle

IChanneltron Mirror Mount

1 — = —
IDetector [ | Quartz Substrate
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I — |
- .
! Q | || | II— VYNS Filter
1
: 1
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. I Aperture/Filter Holder  Shield
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|

To Preamplifier | ‘
|
|

+
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T “PALS
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|
I B T T——_——
|
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| Cur}ent
I Current Digitizer
Meter
| T |
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Incidence
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Channeltron
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Fig.5. Vista esquematica do instrumento usado para medidas de polarizacdo e da aquisicdo de dados.
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2.4.1 Dependéncia do grau da polarizacao linear da pressao.

Os processos colissionais da excitacdo/desexcitacdo, da absorcdo, e da repopulacdo devido as
colisdes secunddrias afetam o grau da polarizag@o linear observado. Por causa disso, realizamos
medidas para caracterizar a dependéncia da pressdo com o grau da polariza¢do da emissdo do hélio

excitado e ionizado-excitado usando o polarimetro.

Hell (2p) P>~ (1s) °S
0.25 |

—r—
A

020} } ; ]

A 1]
015 Eletron 4 4]
Proton

e »

0.10 | E

0.05 i

06} E }I Hel (1snp)'P>—(1s9)'S A

RS g

05

Grau da Polarizagéo Linear

0.2 i

0.1

[
I

® 3 |
0.0} L ® i

0.1 1 10
Pressao no Alvo (mTorr)

Fig.6 A dependéncia do grau da polarizag¢do da radiagdo de He I e He Il com a pressdo no alvo depois de
impacto de 60-eV-elétrons e 220-keV-protons ( correspondendo a um velocidade compardvel de = 2.1 € 2.9

a.u respectivamente).

Na Fig. 6, nés indicamos o grau da polarizacao linear em funcio da pressiao do alvo para estados

de He I e He II no caso do impacto de prétons. Incluimos dados para impacto de elétrons com He I
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e He II para efeito de comparagdo. A fracdo da polarizacdo mostra uma mudanca gradual quando
a pressdo se torna maior do que 1 mTorr para impacto de elétrons e prétons com He 1. Entretanto,
vé-se claramente que a fracdo da polarizagdo é constante entre 1 e 37 mTorr para prétons,
enquanto mostra uma diminui¢do acima de ImTorr para o projetil de elétrons no caso do He II.
Consequentemente, estes dois sistemas apresentam mecanismos diferentes de colisdo. Isto pode
ser explicado pelo fato que os prétons sdo muito mais pesados do que os elétrons, assim envolvem
angulos menores de espalhamento durante as colisdes, mesmo apos multiplos processos de
colissoes. As pressoes de gds de 30 mTorr e 1 mTorr foram usadas para as medidas de impacto de

préton.

2.5 Resultados e Discussao
Antes de discutir os resultados experimentais apresentamos as mais relevantes expressdes da
polarizacdo de Percival and Seaton [14] e as relagdes correspondentes com o parametro de

alinhamento integral correspondente, A [15],

—o(1 3A
P(IPO)ZG(O) c(): 0 5)
c(0)+o(l) Ag-2
3(c(0) —o(1 3A
P(zpo): (0(0) —o(1)) _ 0 ©)
76(0) +11c(1) AO -6
Ag - (1) - c(0) o
c(0) + 25(1)

onde 6(0) e 6(1) sdo as subsecdes de choque magnéticas para os sub-estados magnéticos My, = 0

e My = %1 no acoplamento LS.

O parametro de alinhamento pode ser determinado pela medida da distribui¢do angular

anisotrépica dos fétons emitidas pelo conjunto de estados excitados.
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Polarizacédo do He I (1snp) 'P°

Os resultados da polarizacio do He I (Isnp) 'P” sdo mostrados em Fig.7 para as energias do
impacto de préton de 121 keV a 1.19 MeV. Os correspondentes dados do elétron [11,12], sdo
descritos também nesta figura para comparagdo. (Os valores experimentais para os protons sao
dados na tabela 1.) Ambos conjuntos de dados experimentais ndo foram corrigidos para efeitos
cascata [12]. E evidente na Fig. 7 que o grau da polarizagio linear se comporta diferentemente
para o impacto dos elétrons e dos prétons para velocidades equivalentes. A fracdo da polarizagcdo
alcan¢a mais do que 50% em uma velocidade de aproximadamente 2 a.u. no caso dos elétrons, e

s6 7% no caso dos prétons.
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Fig.7.. Polarizacdo da radiacio de He I (1snp) 'P° —(1s%) 'S como funcio da velocidade dos projeteis para
o impacto de elétron e préton. As curvas pontilhadas sdo dadas para facilitar a visualizagdo.

Além disso, os dois conjuntos de dados experimentais exibem um valor zero do grau de P em
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velocidades distintas do impacto ao comparar o elétron e o préton em velocidades intermédias.
Em velocidades mais elevadas (7 a. u.), os valores para prétons e elétrons apresentam ainda

diferencas.

Tab.1: Polarizacdo da radiacao de He I (1snp) pe —>(1s2) IS e incerteza para energias de préton

de 121 até 1190 keV (v = 2.2 - 6.9 atomic units) na colisdo de H" + He.

nergia do Préton [keV] Velocidade do Préton [a.u.] Grau da Polarizacio Erro
121 2.20 0.072 0.010
158 2.51 0.061 0.010
184 2.71 0.053 0.010
225 3.00 0.048 0.010
278 3.34 0.027 0.010
310 3.52 -0.002 0.010
340 3.69 -0.010 0.010
369 3.84 -0.027 0.010
400 4.00 -0.034 0.010
460 4.29 -0.063 0.012
552 4.70 -0.118 0.012
626 5.01 -0.116 0.012
734 5.42 -0.157 0.012
823 5.74 -0.166 0.012
916 6.06 -0.185 0.014
1190 6.90 -0.222 0.017

Na Fig. 8, nds retracamos os resultados experimentais do He I-préton junto com a primeira
aproximacao de Born (B1) [16] e célculos tedricos mais avangados, baseados no método de atomic
orbit close-coupling calculation (AOCC) [17].Como pode ser visto da figura, nem B1 nem o
AOCC reproduzem nossas medidas. O P=0 acontece em velocidades diferentes para o AOCC e o

experimento.
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Fig.8. Polarizacdo da radiagdo de He I (1snp) 'P° —(1s* 'S como a funcdo da velocidade dos projeteis
comparado com os calculos de "AOCC" e "first Born". A curva pontilhada é dada para facilitar a

visualizagdo.

E evidente, na Fig. 8, que a teoria de AOCC é diferente em energias baixas da primeira
aproximacdo de Born e aproxima melhor nossos resultados experimentais. Os resultados de
AOCC apresentados aqui sdo executados com os estados excitados limitados do alvo. Um cdlculo
mais exato, incluindo mais estados do alvo pode ainda melhorar a convergéncia aos dados
experimentais. Tais cdlculos mais sofisticados estdo sendo executados agora.

Em velocidades elevadas de impacto, até 7 a.u. que correspondem ao impacto do préton de 1.19
MeV, resultados de AOCC também mostram uma aproximacdo melhor com a experiéncia do que
a de Bl. Em resumo, ndés mostramos nesta secdo que o grau da polarizacdo linear depende

fortemente do sinal da carga para projeteis dos elétrons e dos prétons. Estes resultados muito
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interessantes podem ser usados como uma ferramenta diagndstica nova para estudos dos "solar

flares" e outras aplicagdes da fisica de plasma e da astrofisica.

Polarizacdo do He li(np) 2P°
Os resultados da polarizag¢ao de He II (2p) P'e da polarizacdo de He II (3p) *P sdo descritos na

Fig. 9, para o impacto do préton no hélio. Os resultados da polarizacido de He II (3p) 2p?
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Fig. 9: Fracdo da Polarizagcdo P e parametro de alinhamento integral A, da radiacdo de He II (np) P (1s)
’S como fungio da velocidade de impacto de prétons. As curvas pontilhadas sdo dadas para facilitar a

visualizacao.

nesta figura ndo foram corrigidos para efeitos cascata porque as se¢des de choque parciais dos
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subniveis magnéticos para os subniveis magnéticos mais elevados de He II (nl) ndo sdo ainda
exatamente conhecidas. Entretanto, devido as vidas muito mais curtas dos estados excitados de
He II em comparagdo com os de He I, efeitos cascata associados com a repopulacdo magnética dos
subniveis esperam-se ser menores do que para He I [5].

Os resultados da polarizacio de He II (2p) *P° mostrados em Fig. 9 sdo ligeiramente mais
elevados do que aqueles para He II (3p) *P (os valores experimentais sao dados na tabela 2). Nao
obstante, os dois jogos dos dados concordam muito bem dentro de nossas incertezas

experimentais. O acordo similar foi encontrado no exemplo do impacto do elétron no hélio.

Tab. 2. : Polarizacio da radiacdo de He II (np) “P°— (1s) *S, n=2,3 e incerteza para energias de
préton de 184 ate 915 keV (v = 2.71 - 6.05 atomic units) na colisdo de H" + He.

Energiado Velocidade rau da Polarizacdo Erro rau da Polarizacao Erro

Préton do Préton He II (2p) *P° He II (3p) *P’

[keV] [a.u.]
184 2.71 0.115 0.012 0.131 0.007
222 2.98 0.110 0.012 0.099 0.010
257 3.21 0.101 0.007 0.096 0.012
278 3.34 0.081 0.012 0.071 0.007
321 3.58 0.046 0.006 0.052 0.007
369 3.84 0.052 0.007 0.021 0.008
413 4.07 0.035 0.007 0.006 0.008
460 4.29 0.013 0.007 -0.006 0.007
552 4.70 0.010 0.006 -0.004 0.008
643 5.07 -0.019 0.015
734 5.42 -0.015 0.006
830 5.76 -0.009 0.010
872 591 -0.019 0.011
915 6.05 -0.024 0.007
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Fig. 10. Fracdo da polarizacdo da emissdo de He II (2p) *P°— (1s) *S como funcdo das velocidades de

impacto de elétrons e prétons. As curvas pontilhadas sdo dadas para facilitar a visualizacio.

Os dados da polarizacdo de He II (2p) “P° para projeteis do préton e do elétron (veja Fig. 10)
indicam diferencas pronunciadas. Ambos os valores de polarizagdo para elétrons e proétons,
diminuem com o aumento da velocidade, mas os dados do préton sdo substancialmente diferentes
dos dados do impacto do elétron para todas as velocidades da colisao. Além disso, a dependéncia
da polarizacdo da velocidade para He I é completamente diferente da de He II, isto é, os
mecanismos dos canais da excitacdo e da ionizacdo-excitagdo exibem distribui¢cdes angulares
completamente diferentes da emissdo de EUV. Nao temos conhecimento de nenhum cdlculo
tedrico exato para a polarizagdo de Lyman-o e de B usando a aproximagao sofisticada de muitos-
corpos. O estudo atual pode servir como um exemplo importante para o futuro avanco dos

célculos tedricos para este muito interessante problema da colisdo.
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CAPITULO 3 :

Forcas de Osciladores Ponderadas e Tempos de Vida para o

Espectro do Si IV

3.1 Introducao

A estrutura de um sistema multieletronico com N elétrons é obviamente muito mais dificil de
calcular que um sistema de um elétron. Para sistemas puros de dois corpos, como o 4tomo
hidrogénio, é possivel solucionar a equacdo de Schrédinger analiticamente. Sistemas de muitos
corpos, onde o movimento de cada elétron € acoplado com o movimento de todos os outros
elétrons, precisa-se um modelo de aproximacao. Um método de aproximacdo € o de Hartree-Fock.
Este € baseado na aproximacdo que cada elétron se movimenta no potencial médio criado pelo
ntcleo e todos os outros elétrons. Esta hipdtese leva para o modelo das particulas independentes,
que essencialmente reduz o problema de muitos corpos para a problema que soluciona um ndmero
de equacdes de particulas singulares.

Estas equacdes sdo solucionadas iterativamente. Hartree fez seus primeiros célculos a mdao em
1928, mas célculos deste tipo sdo certamente mais apropriados para computadores. Hoje vérios
codigos computacionais estdo disponivel gratuitamente.

Neste projeto nds trabalhamos com o Cédigo de Cowan [1] . Calculamos forcas de osciladores
ponderadas e tempos de vida para o espectro do Si IV. Este trabalho faz parte de uma série de
trabalhos sobre o silicio do Laboratorio de Fisica Atdmica e Molecular no Instituto de Fisica da

Unicamp, Brasil [2-6]. O silicio é um elemento importante em astrofisica e as forcas de
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osciladores e os tempos de vida sdo importantes no estudo de espectros solares e dos obtidos em

laboratorios [7,8].

3.2 A Probabilidade de Transicao de Einstein e o Tempo de Vida

Um dtomo em um estado excitado j de Energia E; pode espontaneamente fazer uma transi¢do

radiativa para um estado i de menor energia E;, com a emissdao de um féton da energia

thi = Ej -E ., (1)
correspondendo a uma linha espectral de nimero de onda
Gji = 1/7\tji = (EJ - E[)/hC (2)

A taxa de transi¢do espontinea de Einstein é definida como a probabilidade total por unidade de
tempo de um dtomo em um estado especifico j fazer uma transi¢do para qualquer dos g; estados do

nivel da energia i:

Aji = 2 &ji. (3)
M;
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Se no tempo t existem N;(t) 4tomos no estado j, a taxa de variacdo da populagdo do N; devido a

transi¢des espontaneas para todos estados do nivel i, é dada por

dNj(t)/dt = -A;Nj(0).

A intensidade de uma linha espectral é:

I(t) = heojigiAjiN;(b).

A probabilidade e Transicao ponderada para emissdo espontinea

4)

(&)

(6)

A taxa de variacdo total da populacio N; é dada pela soma das taxas correspondentes a todas as

transi¢Oes possiveis para estados de menor energia:

dN.(1)

]
=N.(OIA..,
dt J()§ ji
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com a solucdo

-t/T.
N;(0=N;(0)e I, 8)

onde
TJ:(%AJ]) 9)

€ o tempo de vida .

3.3 Forcas de osciladores

A outra quantidade usada para descrever probabilidades de transicao € a forca de oscilador f. Esta
quantidade tem o origem na explicacdo cldssica da absorcdo e dispersdo como oscilagdes forcadas
e amortecidas dos osciladores atdmicos por uma onda magnética. O valor de f foi introduzido
para representar a fracdo de osciladores atomicos efetivos para cada freqiiéncia de ressonancia.
Como a forca de oscilador € um nimero conveniente sem dimensdo, que € aproximadamente um

para fortes transi¢oes de ressonancia, ela € muito usada, especialmente por astrofisicos[9].
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A forga de oscilador no caso da emissao € definida como:

2 .2 —E.
8 meayo _(Ez E])

= — = 10
Ji 3h(2J +1) 3(2J +1) {9
onde E ;—E j ¢ a energia de transi¢do e S € a forca do dipolo elétrico, dada por
2
S= Ky] HP(D Hy’J >‘ (1)
Como A ¢ definido como
6471'46261863
A=——""—S§ (12)
3h(2J '+1)
e a forga de oscilador ponderada como
o 87r2mca36 3
gf__(‘]+)fji_TS’ (13)
nds temos a seguinte relacao entre os dois:
22 2
8n“e“o
gA=T O o (14)
mc
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3.4. Codigo de Cowan

O cédigo de Cowan, que nds usamos para o cdlculo das for¢as de osciladores ponderadas e tempos
de vida é composto por quatro programas:

"RCN" usa o método de Hartree-Fock para calcular as fun¢gdes de onda radiais de todos os
elétrons.

"RCN2" usa as fungdes de onda radiais para calcular as energias médias para as
configuracdes, as integrais de Slater e as integrais de spin-orbita.

"RCG" calcula os autovalores de energia (Método de Matriz de Slater-Condon). Se
incluirmos as configuragdes pares e impares no célculo, o programa entdo calcula as transi¢cdes do
dipolo elétrico, comprimentos de ondas, forcas de osciladores, probabilidades de transi¢cdes
radiativas e tempos de vida radiativas dos niveis.

"RCE" : Este programa toma as integrais radiais como parametros ajustdveis para dar o
melhor “fit” possivel com os valores experimentais de energia.

Todas as informagdes sobre o cddigo de Cowan e a teoria podem ser encontrado no livro de

Robert D. Cowan [1], especialmente nos capitulos 8 e 16.

44



3.5 Determinacao semiempirica das forcas de osciladores ponderadas
e tempos de vida

Neste trabalho sobre o Si IV nds juntamos todos os dados experimentais disponiveis sobre o ion,
como: Comprimentos de onda e intensidades das linhas e niveis energéticos conhecidos. Depois
n6és usamos o programa "Elcalc" (energy level calculation) [10]. Este Programa leva em
consideracdo as transi¢des, respectivamente os comprimentos de onda obtidos experimentalmente
e os niveis de energia experimentais, para ajustar os valores de niveis de energia. Como o0s
comprimentos de ondas sdo de origem de trabalhos experimentais diferentes, o programa agrega
pesos diferentes para cada transicdo de acordo com o erro experimental. A seguir rodamos o0s
programas RCN e RCG para obter os valores de gf e os tempos de vida (ab initio). Rodamos o
programa RCE com os valores dos niveis de energia ajustados e fizemos um ajuste dos parametros
para obter o menor desvio quadritico possivel. Finalmente nds inserimos os parametros

otimizados no programa RCG para obter valores de gf e tempos de vida com mais exatidao.

3.6. Forcas de Osciladores Ponderadas e Tempos de Vida para o

Espectro do Si IV.

O estado fundamental de silicio trés vezes ionizado, Si IV, é 1s22s22p63s com o termo °S. Si IV
pertence 2 seqiiéncia isoeletrénica do Na I. O potencial de ionizacdo é 364093.1 cm ™' (45.142

eV).
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Seu espectro foi analisado pela primeira vez por Millikan & Bowen [11], McLennan &Shaver
[12], e Fowler[13], que estudou o espectro de silicio em detalhe, incluindo Si IV, na regido de
1400-6700 A.

Edlén & Soderqvist [14] melhoraram e estenderam a andlise de Si IV na regido de comprimento de
onda de 815 - 4328 A. Shenstone [15] observou linhas de Si IV na regido de vicuo, mas ele ndo
as publicou. Valores podem ser encontrado no Toresson [16] ou Kelly [17]. Toresson [16]
estudou Si IV na regido de 400 - 10 000 A e ele forneceu todos os niveis conhecidos do fon
(também publicado por Martin & Zalubas [18]). Beyer et al.[19] trabalhou com a técnica de beam-
foil e ele deu transi¢des ndo classificadas. Kelly[17] resumiu todos os comprimentos de onda
publicados de Si IV na regido de VUV.

Foram utilizadas 89 transi¢cdes sendo que 29 configuragdes deram origem a estas transi¢des. As
configuracdes sdo: 2p°(3s+4s+5s+6s5+7s+8s), 2p°(3d+4d+5d+6d+7d), 2p°(5g+6g+7g+8g) e 2p° 7i
(pares), e 2p°(3p+4p+5p+6p+Tp+8p), 2p°(4f+5f+6f+7f+8f), 2p°(6h+7h).

Os valores de energia experimentais, que foram introduzido no programa RCE de Cowan foram
calculados pelo programa ELCALC [10]. Os valores dos parametros utilizados no cdlculo para as

configuracdes sdo apresentados nas tabelas 1 e 2.
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Tab.1 : Valores dos parametros de Hartree-Fock para as configuragdes pares do Si IV

Configuracoes Parametros HF Ajustados HF/Ajustados
cm’

2p%3s Eay 0 0

2p°4s E.v 195533 193979 1,008

2p°5s Ea.v 267030 265418 1,006

2p°6s E.v 301287 299677 1,005

2p°7s E.v 320347 318743 1,005

2p°8s E. 332041 330440 1,005

2p®3d E. 160607 160376 1,001
Caa 5

2p°4d Ea.v 251424 250009 1,006
Caa 2°

2p®5d E. 293042 291498 1,005
Csa 1*

2p°6d Ea.v 315489 313915 1,005
Ced I*

2p®7d Eu 328946 327362 1,005
Cra 0

2p°5g E.v 295411 293838 1,005
CSg 0

2p°6g Eu 316877 315305 1,005

Cég 0
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Tab.1 : Valores dos parametros de Hartree-Fock para as configuragdes pares do Si IV

Configuracoes Parametros HF Ajustados HF/Ajustados
cm’

2p°7g Ea.v 329826 328250 1,005
C7g 0

2p°8g E. 338231 336651 1,005
CSg 0

2p°71 Ea.v 329852 328261 1,005
Cri 0*

* parAmetros foram mantidos fixos
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Tab 2.: Valores dos pardmetros de Hartree-Fock para as configura¢des impares do Si IV

Configuracdes Parametros HF Ajustados HF/Ajustados
1000 cm™

2p°3p E., 71667 71595 1,001
Cap 267 307 0,870

2p%4p E.y 219924 218375 1,007
Cap 94 108 0,870

2p°5p E., 278164 276554 1,006
Csp 44 50 0,880

2p°6p E. 307279 305667 1,005
Cop 20°

2p%7p E., 323935 322329 1,005
Cap 15°

2p°8p E., 334357 322754 1,036
C7p 9

2p%Af E., 255410 254128 1,005
Car 1*

2p°5f E., 295136 293719 1,005
Cst 0°

2p°6f E., 316721 315230 1,005

Cot 0*
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Tab 2.: Valores dos pardmetros de Hartree-Fock para as configura¢des impares do Si IV

Configuracdes Parametros HF Ajustados HF/Ajustados
1000 cm’!
2p°7f E.v 329728 328200 1,005
Cor 0*
2p°8f E. 338166 336617 1,005
Car 0
2p°6h E.v 316910 315317 1,005
Con 0*
2p®7h E. 329850 328257 1,005
Cm 0

*parAmetros foram mantidos fixos

Os valores calculados de forcas de osciladores ponderadas para as transi¢des e os tempos de vida

para os niveis energéticos estudados do Si IV encontram-se no trabalho 2 do apéndice.
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CAPITULO 4 :

Espectroscopia de Emissao de Fotons para o Diagndstico da

Captura Simples e Multipla em Colisdes de 80 keV de Ar®* + N,

4.1 Introducao

As investigacdes dos processos de um e dois elétrons em colisdes rdpidas fon-dtomo e electron-
atomo com poucos elétrons no alvo (tais como o hélio) atrairam interesse considerdvel na década
passada [ 1.2. ]. Também, as colisdes lentas que envolvem fons altamente ionizados tém sido

estudadas recentemente incluindo o sistema de Ar*+He [ 3-5 ]. Alem disso as investigagdes

espectroscopicas de sistemas de fon-molécula tais como Ar 8+ \H 2 e Ar 8+ N 2 foram

executadas para elucidar processos como a transferéncia mdaltipla de carga do elétron, a
dissociacdo molecular e a dindmica da excitacio [ 6-9 ]

Neste trabalho nés apresentamos os primeiros dados obtidos do sistema de Ar™ +N, em colisdes
Unicas que utilizam a espectroscopia do extremo ultravioleta (EUV). Este sistema de colisdo é de
interesse particular devido ao alvo molecular de muitos elétrons, que permite reacdoes multiplas de
captura de elétrons e fragmentacdo e excitacao subseqiientes de complexos moleculares altamente

ionizados de N,” . Estes fons moleculares sdo instdveis e dissociam rapidamente através dos

processos da explosao de Coulomb que conduzem aos estados ionizados e altamente excitados do
nitrogénio. A espectroscopia de fotoemissio de EUV € a ferramenta ideal para analisar

seletivamente estes estados ionizados e excitados de N*. Estes estados fornecem informagoes
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colisionais detalhadas sobre os novos canais de dissociagdo que seguem processos multiplos de

captura de elétrons com alvos moleculares de muitos elétrons.

4.2 O Experimento
As experiéncias foram executadas na Universidade de Nevada, Reno, (UNR), Estados Unidos
usando o "14-Ghz Elétron Cyclotron Resonance (ECR) multicharged ion source facility" que é

mostrada na figura 1.
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Fig. 1: A instalag@o experimental de fonte de ion de ECR da Universidade de Nevada, Reno, E.S.U.

O coragao de sistema € uma fonte de ion CAPRICE electron-cyclotron-resonance (ECR),
confinado magneticamente e gerado por ressonancia ciclotronica dos elétrons por uma fonte de

microondas. A " garrafa magnética " que confina os elétrons superaquecidos consiste de um par
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de bobinas solenoidais que formam um espelho magnético axial, e de um hexapolo de ima
permanente que fornece o confinamento radial. Um gds ou vapor de metal de pressdo baixa é
admitido no garrafa magnética, e torna-se altamente ionizado por colisdes sucessivas com 0s
elétrons quentes. Os fons sdo extraidos da garrafa magnética através de uma abertura pequena por
um campo externo. O feixe de ions € colimado e selecionado por carga/massa e dirigido para as
experiéncias.

Como pode ser visto em Fig. 2 o experimento, ¢ composto de um monocromator de incidéncia
rasante (modelo 247 de Mc Pherson) de 2.2 m , uma cimara do alvo com uma célula de gés, o
sistema do colimador, a lente quadrupolar para focalizar e dirigir o feixe de fon, e um copo de

Faraday para a normalizacdo do feixe de fon. A célula do alvo é operada em uma pressdo de
aproximadamente 0.7 mTorr e a pressdo do fundo da cAmara do vdcuo é aproximadamente 5 x 10 ~

7 torr. A pressdo de gas na célula do alvo € controlada através de um mandmetro (Barocel 655).

Grating Entrance  Glass Capillary
Housing Slit EUV Converter m«f Faraday
1 Cup

Gas Target
Cell

Quadrupole
Triplet Lens

Ion Beam
Collimation and
Differential
Pumping

Detector Exit Slit
Assembly

ECR Ion Source

2.2 m Grazing-Incidence Spectrometer 1 :
Beamline

Fig. 2. O Experimento para Espectroscopia no EUV de colisdes de fons altamente ionizados com

moléculas.
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Os fétons emitidos sdo observados sob um angulo de 90° com respeito ao sentido do feixe do ion
da incidéncia e as intensidades medidas da linha foram realcadas substancialmente (veja figura 3b)

com o uso de um sistema capilar de vidro sofisticada de conversor (GCC: Glass Capillary

Converter) [10-11, fig. 3a].

1 e Ve
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LT T T
2 —
5 Top Yiew

e M >,
R 7

=
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Fig. 3: (a) Espectrometro de EUV com GCC; (b) Espectro de EUV com e sem GCC [11]. 1. GCC, 2.
Célula de gas, 3. Monocromador de incidéncia rasante, 4. Flexible housing, 5. Fenda de entrada do

Monocromador, 6. Camera do alvo, 7. Copo de Faraday, 8. Feixe de fons, 9. Radia¢do de EUV

Os fotons, que foram emitidos na célula de géds, sao guiados, concentrados e focalizados pelo
GCC na entrada da fenda do monocromador de incidéncia rasante de 2.2 m, que fica

aproximadamente 60 cm do centro da célula de gds. O GCC consiste de 170 monocapilares de

quartzo com um diametro de 390 um.
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O monocromator de incidéncia rasante de 2.2 m é equipada com uma rede de 600 linhas/mm. A
aquisi¢do de dados e o controle sdo realizados com um sistema computadorizado de PC-CAMAC,
e as contagens dos fétons sdo normalizadas com respeito a quantidade de carga coletada no copo
de Faraday. A largura da fenda do monocromator de incidéncia rasante foi ajustada para 400 L m
e a radiacdo curta do comprimento de onda € detectada por um "channeltron multiplier" (CEM).
Nos calibramos relativamente nosso monocromator da incidéncia rasante de 2.2 m pela curva

estabelecida da eficiéncia [ 12 ] obtida na universidade de Bochum, que pode ser visto na Fig. 4.

Sensitividade Relativa

Comprimento de Onda (nm)

Fig. 4: Curva da eficiéncia para o monocromador de incidéncia rasante de 2.2 m.

N6s medimos os espectros de sistema de colisdes de Ar**+N, no intervalo de comprimento de
onda entre 10 -80 nm. Aqui nds apresentamos os resultados da identificacdo experimental das

linhas do alvo e do projetil.
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4.3 Resultados e Discussao

Em Fig. 5 n6s exibimos o espectro de EUV entre 10 e 80 nm que foi executada sub condi¢des de

colisdes unicas do sistema Ar8++N2.
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Fig.5.: Espectro de EUV para colisdes de Ar**+N, no intervalo de comprimento de onda de 10 a 80 nm.

Os espectros mais detalhados se encontram no final deste capitulo. N6s fornecemos a evidéncia
para mais de 150 linhas espectrais; muitas delas nds poderiamos identificar como linhas de
projetil, especialmente fons de Ar’* e Ar®* devidos aos processos de captura simples e mltipla dos
elétrons. Para a identificacdo das linhas do projetil nés utilizamos a tabulacdo detalhada de EUV

do Kelly [ 14 ]. Para este fim nds executamos também cdlculos extensivos de niveis de energia,

comprimentos de onda, e probabilidades da transi¢do para Ar T+ (nl), n=3-6 e Ar 6+ (nln'l"), n'=3-

5, estados do projetil usando o cédigo atomico da estrutura de Cowan [ 13 ]. O "classical over-
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barrier model" foi utilizado para prever que niveis de nimero quantico principal de projetil serdo
povoados durante o processo de colisao.

[O "classical over barrier model": Quando um projetil carregado se aproxima de um alvo
neutro, uma barreira impede o elétron do alvo de mover facilmente para dentro do potencial do
projetil, mas essa barreira de potencial diminui gradualmente. Existe uma distancia interatomica
Ry onde a energia de ligacdo de elétron coincide com a altura da barreira, entdo o elétron é
"compartilhado” entre os dois parceiros de colisdo. Nas colisdes lentas com um projetil altamente
ionizado, o "classical over barrier model" assume que para todas as distancias menor que Ry o
elétron é capturado pelo projetil. Portanto uma estimativa para a secdo de choque é: Gy = TR.
As secOes de choque determinadas assim normalmente concordem com os experimentos dentro de
um fator dois.]

Os valores experimentais de comprimento de onda para as linhas de Ar’* + Ar®* sdo mostrados
nas tabelas 1 e 2. Nessas tabelas nos mostramos também os resultados de nossos célculos tedricos
e resultados de experimentos anteriores. E evidente na identificacdo dos espectros, que o0s

seguintes processos simples e multiplos sdo 0s proeminentes:

A + Ny, — A (nl, n=3-6) + N,* (1),

A+ N, - Ar® Blnl, n=3-5) + N2 (2),

Estes sdo os canais principais que se estabilizam através das transicoes radiativas.
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Fig. 6. Diagrama de correlacio para os processos de captura de elétrons simples de Ar®* + N utilizando o
"classical over-barrier model".

Nos estabelecemos diagramas da correlagdo para os processos simples e duplos da captura de
Ar**+N indicados em Fig. 6 e 7, respectivamente. E importante notar que nés usamos um modelo
simplificado que substitui os potenciais de N, pelas curvas atdmicas do nitrogénio e supusemos

que as secoes de choque sdao aproximadamente a metade da secdo de choque para

6ra Captura Dupla g
r Ar*(15°25°2p%) + N—= Ar*'(15°25°2p°%)(3In/); n=3,4,5
4 - _

- 2+ E
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Fig. 7. Diagrama de correlaco para os processos de captura de elétrons duplas de Ar®* + N utilizando o

"classical over-barrier model".
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estados N,. Usando esta aproximacgdo, nds predizemos que para a captura simples dos elétrons, os
estados de Ar7+(nl) com n=3-5 estdo povoados o mais abundante.

Além das linhas do projetil nés identificamos numerosas linhas do nitrogénio (usando a tabulac¢io
de Kelly) que originam de estados de N** e de N* que estabilizam-se pelas transicdes
radiativas.

Estas linhas surgem nos espectros pela fragmentacdo dos complexos multiionizados de N,",
g=1-6 e da excitacdo dos fragmentos de molécula consecutivos da dissociacdo. Na tabela 3 nds
resumimos as transi¢des principais de EUV que originam dos ions de N*** e de N°>*" na escala de
10-80 nm. De acordo com Remscheid et al.[7] tais ions de nitrogénio gerados em colisdes lentos

de Ar"'+N, sdo produzidas mais provével pelo:

Ny S NT+N** 3)

onde na dissociagdo de N, a distribui¢do simétrica da carga de ambos os fragmentos € preferida,
isto é que para N22+, N24+ e N26+os fragmentos muito provavelmente t€m a mesma carga, visto que
para os estados impares da carga tais como N,>* e N,™* eles diferem principalmente por uma
unidade de carga. Em nossa experiéncia nds observamos a emissdo do foton de EUV- dos
fragmentos ionizados do nitrogénio, isto € estados altamente excitados do alvo como
N*(1s*2s2Inl’) *L, n=2-10 e N** (1s*2Inl’) '°L, n=2-5 N** com energias da excitacio até 52 e 78
eV, respectivamente (veja a tabela 3). Por exemplo os fragmentos excitados do nitrogénio de N**
e N**podem resultar de mecanismo de captura de quatro e seis elétrons.

Ao comparar as intensidades relativas das linhas para as transicdes Gticas de N** e N**, nés

encontramos que 60% das linhas de alvo identificadas sdo de estados excitados de N**" visto que

40% originam de linhas de emissdo de N**"em nossa regido de comprimento de onda. Da tabela 3,
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é 6bvio que as configuracdes de N** (2s2p3d, 2s 2

3d, 2s2p4d, e 2s2p 2) sdo povoadas de forma
mais abundante em processos de captura de 3,4, e 5 elétrons. Além disso, para os canais da

fragmentacio de N**", as configuragdes N**" (2s2p, 2sdp, 2s4s, 2pdp, 2p5s, 2s4s) dominem na

escala espectral medida.
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Tab.1. Identificacdo das transi¢des de Ar’* depois da captura simples de sistema de Ar**+ N,. Para
a comparacio € mostrado também nossos cédlculos tedricos e resultados experimentais anteriores.

ico Inten- Transicao A (nm) A (nm) A (nm) A (nm) A (nm)
51dac'1€ Este Teorica® Kelly’ Bruch er.al* Bliman er al’
Relativa
trabalho

1 48 3s°S1,—6p P3p 1055  10.645
2 62 35 2S1,-5p *Psp 11.99 11.981  12.009
3 39 3p?Pin—6s°S;,  12.86 12.783
4 60 3p ?Py2 -5d *Dsp 13.58 13.764  13.793

129 3p *P3 -5d *Dsp 13.84 13.810  13.844 13.82
6 25 3pP3p—5s°S1,  14.98 14957 14.873
8 57 3s %Sy, -4p Py 15.80 15.845  15.892 15.90 15.9
13 79 3p *P3 -4d *Ds) 18.03 17.973  18.025 18.00 18.0
14 63 3d *Ds), -5f *Fypy 18.41 18.396  18.432 18.4
16 78 3d *Ds), -5p “Psp 19.98 19.937  20.003 20.0
27 50 3p *P3, -4s %Sy 23.09 23.006 23.088 23.10 23.10
34 151 3d 2Dsp — 4 2F7p 26.03 26.009  26.033 26.00 26.030
54 43 3d *Ds), - 4p *Psp 33.80 33.551 33.726 33.80 33.8
69 98 45 S/ -5p *P3p 38.91 38.917 38.943 39.0
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80 71  4p’P3p-5d°Dsp 4233 42369 422

111 447 3p *Pyy» -3d D3 51.90 52.004 51.943 51.943
582  3pP3p-3d?Dsy  52.65 52620 52.646 52.666
147 1200  3s’Sip-3p°Pyn  70.0245  69.914  70.0245 70.0245
689 38 2S12-3p *P1p2 7136 71.144 71.3812 71.3812

150 147  4d°Dsp—5p Py, 73.81 73.940  74.00

*Cowan, R.D., The Theory of Atomic Structure and Spectra, Univ. of California Press (1981).
bKelly, R.L., Atomic and Ionic Lines Below 2000 fi, H through Ar (1982).

“Bruch, R., et al., Rev. Sci. Instrum., 68 1091 (1997).

Bliman, S., et al., Phys. Rev. A., 60 1 (1999).
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Tab.2. Identificacdo das transicdes de Ar® depois da captura dupla de sistema de Ar**+ N,. Para a
comparagdo sao mostrados também nossos cédlculos tedricos e resultados experimentais anteriores.

Pico ntensid Transicao A (nm) A (nm) A (nm) A (nm) A (nm)
ade Este Tedrico” Kelly® Bruch et Bliman et
elativa trabalho al.c al?

7 82 3s3p P, — 14.98 15.162 15.226

3s5d *D;
10 47 3s3p P, — 16.60 16.575
3s5s °S;
12 30 35218, - 17.54 17.682 17.657 17.54 17.54
3s4p 'P,
15 53 3s3p °P; - 19.18 19.128 19.264  19.20
3s4d °D;
31 44 3s3p “P; - 24.87 24956  25.0940 25.10
3s4s %S,

41 36 3s3d °D; — 29.81 29.844 290700  29.800  29.766

3s4f °Fy

59 50 3s3d 'D, - 35.07 34.871

3s4f 'Fy
98 282 3s3p Py - 47.3938
3s3d °D,
3s3p P, - 47.61 47353  47.5656
3s3d °D,
3s3p P, - 47.78 47370  47.573
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3s3d °D;

3s3p °P; - 47.95 47.671  47.9379
3s3d °D;

3s3p “P; - 47.697  47.949
3s3d °D,

105 146 3s3p 'P; - 49.08 50.107
3s3d 'D,

114 110 3p4d °D, — 53.88 53.520
3d4d 3G,

129 311 352 1S,- 58.51 57.987 58.575 58.575
3s3p 'P,

135 158 3s3p °P; — 62.92 63.031
3p2 3P2

140 100 3s4p °P, — 66.98 67.434
3s5s °S;

141 157 3s4d °D; — 67.42 67.714
3s5f *Fy

155 294 3s4f3F, — 77.99 78.109
3s5g *Gs

*Cowan, R.D., The Theory of Atomic Structure and Spectra, Univ. of California Press (1981).
bKelly, R.L., Atomic and Ionic Lines Below 2000 A, H through Ar (1982).

“Bruch, R., et al., Rev. Sci. Instrum., 68 1091 (1997).

Bliman, S., ef al., Phys. Rev. A., 60 1 (1999).
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Tab.3. Principais linhas ionizadas de alvo devido a fragmentacdo mais excita¢do depois da captura
multipla de elétrons em colisdes de Ar®* + N, de 80 keV.

Pico ntensida Ion Transicio A(mm)* A (nm)®  Energia
de (eV)*
Relativa
30 25 N**  282p “P3;, — 252p5p “Dsp 24.63 24.6249 50.374
33 56 N** 282p” *Ps; —2s2p15d Dy 25.70 25.7502 55.260
35 17 N**  2s%2p *P3;, — 25710d “Ds) 26.89 26.8473 46.206
36 37 N**  252p**Ps, — 252p6d *Ps 27.44 27.4374 52.299
37 46 N** 25%2p Py - 25°7d *Dspy 27.70 27.6326  44.894
38 40 N**  2s%2p *P3, — 25%6d *Ds) 28.22 28.2209 43.959
42 26 N**  28%2p *P3p — 25755 *Sip 29.98 29.9818 41.378
2+ 2 2 2 2
48 19 N 25”2p *P3p — 25°4d “Dspp 31.50 31.4850  39.402
53 16 N 25%2p *P3p — 25%4s %S 33.20 33.2333 37.332
61 92 N 2s2p” *P — 2s2p3d ‘P 35.79 35.8578 41.688

62 112 N**  2s2p®*P3p — 252p3d *P3p 36.06 36.1288 52.420

65 109 N**  2§2p *P3, —2573d *Dsp 37.28 37.4441 33.136
68 77 N**  2s2p*2S;; —252p4d *Psp 39.35 38.7483 48.243
74 94 N 282p* Py — 252p4d Py 40.91 41.1056 48.252

144 200 N**  25%2p Py, — 252p° Py 68.43 68.5816 18.101

154 116 N 252p” *Psp, — 2p” *Sap 77.14 77.2385 23.162
19 38 N** 252p *P, — 2555 °S; 21.04 20.9471 67.552
22 52 N** 2s2p 'Py - 2p4p 'Sy 21.73 21.7218 73.287

24 49 N 2p* P, - 2p5s °P, 22.22 22.1789 77.695
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28 52 N 252p °P, - 2s4s°S, 23.80 23.7991 60.460

39 36 N** 2s2p 'P; - 2p3p 'P, 28.53 28.5561 59.626
49 25 N** 2p*'So - 2s5p 'Py 31.87 31.7596 68.224
50 27 N** 2s2p °P, — 2835 °S; 32.26 32.2722 46.780
64 57 N** 2p* 'S — 2s4p 'P 36.78 36.8108 62.868
153 194 N** 25 'Sy — 2s2p 'P, 76.540  76.5148 16.205

“Esse trabalho. "Dados de Kelly [14]. ©Energia de Excitacdo é obtida dos dados de Kelly [14].
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CAPITULO 5 :

Conclusao Geral e Perspectivas Futuras

Os resultados de He I (1snp) po (n=2-5) e He 1I (np) 2p0, apresentados para a excitacado mais a
excitacdo-ionizacdo do hélio pelo impacto de préton neste estudo, representam as primeiras
medidas detalhadas da polarizacdo destes estados. NO&s fornecemos a evidéncia que as emissoes
de EUV de He I e de He II associados com os mecanismos de poucos corpos conduzem as fragdes
completamente diferentes da polarizacdo para os sistemas da colisdo do préton e do elétron. Estes
valores fundamentalmente diferentes poderiam ser usados como diagnostico na anélise dos "solar
flares", onde tais projeteis positivamente e negativamente carregados sdo os mais abundantes.

Em comparacdo com cdlculos tedricos, o B1 (first Born) nio reproduz os dados da polarizacao
para o impacto do préton no caso da excitacdo (He I). Cdlculos mais elaborados (AOCC)
mostram uma convergéncia melhor, embora o acordo total ndo seja ainda inteiramente satisfatorio
com respeito aos resultados experimentais. Daqui, cdlculos mais detalhados, usando AOCC e
outros métodos, sdo planejados.

No caso da excitagdo-ionizacdo (He II) nenhuma teoria detalhada existe, porem nossos dados
podem ser usados como referencia para testar aproximagdes tedricas mais avangadas que
incorporam pouca dindmica do corpo.

Experiéncias adicionais sdo atualmente executadas para investigar projeteis moleculares dos fons

(H," + He e H;" + He) para elucidar os processos mais complexos.

No caso do trabalho sobre Si IV nds completamos mais um trabalho na série do silicio. Agora

falta o trabalho sobre Si I planejado no futuro préximo e sobre Si XIV, nesse caso como nao
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existem dados experimentais sdo planejados experimentos em Lund, Suécia, com a intencdo de

publicar uma compilacdo completa sobre o silicio, que é um elemento importante na astrofisica.

Nés estudamos processos simples e multiplos de captura de elétron em colisdes lentes de 80
keV entre Ar’™ e nitrogénio molecular usando a espectroscopia de EUV. No caso das linhas
medidas de Ar" e Ar’" sdo planejados trabalhos de cdlculo teérico de forgas de osciladores
ponderadas e tempos de vida. Os processos exdticos da captura de até seis elétrons na colisdo
poderiam explicar os estados ionizados altamente excitados de Rydberg observados do nitrogénio
do tipo N**(1s*2s2Inl’) *'L, n=2-10 and N** (1s*2Inl’) "L, n=2-5 . Assim, a captura de quatro
elétrons pode conduzir & produgio de ions excitados de N°*". Se cinco elétrons forem capturados,
este pode conduzir a criacdo de estados excitados de N*" e N, Visto que, na reacdo da captura
de seis elétrons, muito provavelmente sdo criados ions excitados de N*"  Estes resultados sdo
consistentes com nossas intensidades relativas medidas das linhas do alvo. Para completar o
presente trabalho sdo planejados experimentos de "target ion TOF (time-of-flight) spectrometry"”

em futuro proximo.[1]
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ABSTRACT

A detailed investigation of excitation of He (1s2) 'S to He (1snp) 'p° (n=2-5) states and ionization-excitation of He ( lsz) 'S to
He (2p) *P° and He (3p) P° states in e~ + He and H* + He collision systems is presented for a wide range of projectile
velocities (2.2a.u.<v<69a.u.). Specifically, new experimental data are presented on measurements of the degree of

linear polarization for excitation and excitation-ionization of He following proton impact in the extreme ultraviolet (EUV)
wavelengths. These measurements have been performed using a characterized molybdenum/silicon multilayer mirror
polarimeter (MLM) whose polarization characteristics have been optimized for EUV emission of He and He". Furthermore,
the proton experimental results are compared with theoretical polarization data using the first Born approximation and recent
atomic orbital close coupling (AOCC) calculations for the excitation process. A comprehensive comparison of experimental
data for negatively and positively charged projectiles at equal impact velocities is also given in order to elucidate differences
in the collision mechanisms of two electron targets. It is important to note that these results are relevant for astrophysical
diagnostics such as solar flares.

Keywords: EUV radiation, Degree of Linear Polarization, Electron and Proton Impact on He, Multilayer Mirror, Polarimeter

1. INTRODUCTION

Experimental and theoretical investigations of electron and proton impact on atoms are of considerable importance for our
understanding of many body collision dynamics. In particular, electronic processes in few body atomic collision complexes
such as helium are of great significance both from a fundamental and an applied point of view. The helium atom is the
second most abundant element in the universe and it is the simplest strongly bound two-electron system. For these reasons
this atom is ideally suited for the study of collision dynamics and correlation effects'” in ion-atom collisions. Furthermore,
radiative emissions from singly charged ions such as He* have been observed in solar spectra under solar-flare conditions®.
Hence, study of such complex non-equilibrium, anisotropic, beam-like systems may provide a deeper understanding of
electron and/or proton induced jets in solar flare astrophysical investigations’®.

When a negatively or positively charged projectile collides with a helium atom at intermediate and high impact energies,
the dominant collision mechanisms are excitation and simultaneous ionization-excitation of the target with subsequent
detection of photons and/or ejected electrons’'’. The emitted radiation from line transitions between magnetic sublevels is
linearly polarized when observed at 90 degrees with respect to the quantization axis defined by the projectile beam. This is
due to the non-isotropic, non-Maxwellian distribution of electron population between the sublevels (i.e., level population
alignment). In turn, this alignment effect results in polarized line emission which can be characterized by the degree of linear
polarization P defined by,
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* For further information and correspondence:
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83



where I} is the intensity of radiation with electric field vectors oriented along the beam axis (z axis) and I, is the intensity of
radiation perpendicular to the quantization axis (y axis) as shown in Fig.1 "% In addition, the x axis points along the
direction of observation (radiation from dipoles oriented along this axis is not observed). The measurement and analysis of
the degree of polarization or the angular distribution of the photon emission can therefore reveal the anisotropy of the
emitting source.

e.
Beam
Gas N
Target
X
— Observation
z ‘ Direction

Fig. 1: Schematic representation of a distribution of electric dipoles for
an ensemble of excited atoms or ions in the x, y and z directions.

The present work is a detailed investigation of excitation of He to (1snp) 'p° (n=2-5) states and ionization-excitation of
He to (2p) *P° and (3p) ’P° states in e~ + He and H" + He collision systems for a wide range of projectile velocities
(22a.u.<v<69a.u.) using our polarization analysis technique. Specifically, such states can be principally formed by the

following reaction channels:

e +He (1s®) 'S — He (1snp) 'P° + &
| SHe (1) 'S + hv, (2)

H* + He (1s%) 'S — He (Isnp) 'P° + H*
| SHe (1) 'S + hv, 3)

involving the emission of radiation with wavelengths from A=517 to 584 A for n=2 to 5, respectively;

and
e +He (Is) 'S - He" (np) P° + e + ¢
|_sHe* (1s)>S + hv, 5)

H*+ He (1s) 'S — He' (np) *P° + H' + ¢
|_SHe* (15)S + hv, (6)

involving the emission of Lyman-o radiation (n=2) at A=304 A and the 256 A emission from HelI (3p) *P°. In the following,
we will use spectroscopic notation, i.e., the neutral helium will be labeled "Hel" and the ionized helium (He") will be labeled
"Hell". A schematic energy-level diagram for the states of Hel and Hell is shown in Fig.2, where the wavelengths of the
strongest emission lines of the Hel (1snp) 'P° > (lsz) 'S and Hell (np) p° (1s) ’S series are indicated.

In this study, intensive polarization measurements for the extreme ultraviolet (EUV) emission have been performed. The
photoemission has been measured for proton impact on He from 121 keV to 1.19 MeV (2.2. a.u.< v <6.9 a.u.) and compared
with previous electron impact polarization results at equal velocities. The optical device used for these experiments is a
multilayer mirror (MLM) polarimeter (see Fig. 4) whose reflection characteristics have been optimized for the Hel and Hell
emission in the EUV wavelength range".
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Fig.2. Energy-level diagram for the excited states of neutral and ionized helium

In the following, we first describe the experimental setup, including the MLM polarimeter (Section 2) and the 1.5 m
grazing incidence monochromator used for optical filters characterization. Then, in Section 3, we discuss our experimental
results and compare the degree of linear polarization for electron and proton projectiles at equal velocities for both excitation
and ionization-excitation mechanisms. Moreover, a comparison with theoretical predictions, namely the first Born
approximation'* (FBA) and atomic orbital close-coupling'>'® (AOCC) calculations, is presented in the case of the excitation
process.

2. EXPERIMENTAL SETUP
2.1. The Apparatus

A schematic view of the experimental apparatus used for polarization measurements utilizing our 2 MV Van de Graaff
accelerator is shown in Fig. 3. The protons were extracted from an RF-ion source and accelerated by means of the 2 MV Van
de Graaff. These ions were focused and steered by a magnetic quadrupole doublet lens into a stable and intense beam, which
was then mass and momentum analyzed. After passing through a slit control system they entered the target chamber where
they were collimated before traversing the differentially pumped gas cell containing the helium gas and were finally collected
by a Faraday cup for charge normalization (see Fig. 4). The Van de Graaff accelerator has been energy calibrated using the
well energy defined nuclear reaction F'*(p,a. 7)O'® resonance at 340.0 + 0.3 keV'” and 872.11 + 0.2 keV'’. This way, proton
energies are known within a 1% uncertainty.

The experimental setup includes three main components: (1) the EUV polarimeter; (2) the internal electron gun or the
external Van de Graaff accelerator beam-line, the target cell, and a Faraday cup; and, (3) an intensity calibrated 1.5 meter
grazing incidence monochromator. The polarimeter consists of the Mo/Si MLM optical element (see Fig. 4), a channeltron
detector, spectral filter, and a rotational base. The MLM is mounted on a wedge, which fixes the angle of incidence with
respect to the mirror surface. A removable aperture, which holds a VYNS-3 spectral filter or an Aluminum/Titanium (Al/T1)
filter, manufactured by Luxel Corp.'®, is mounted in front of the MLM. This aperture restricts the angle of incidence to
within % 1°, corgr%sponding to a wavelength bandwidth of the order of 12 A at 304 A. The system is described in more details
by Bailey er al.”
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Fig. 3: The University of Nevada Reno Van de Graaff accelerator, target chamber and EUV monochromator.

The MLM and EUV filter are fixed in a box that was shielded with aluminum foils in order to prevent stray light and
particles from entering the polarimeter. One side of the box containing the mirror is open to accommodate a channeltron
detector mounted in a separate housing. Two different wedges were used with this setup to provide an angle of 50U for
measuring Lyman-o; (Hell (2p) *P°) emission and an angle of 40° used to measure Hell (3p) *P° and Hel (1snp) 'P° emissions.
In addition, the position of the detector housing could be varied in order to adjust for different angles of incidence and
reflection.

The MLM and detector housing are mounted to a precision rotational base. This rotational base is driven by a small
vacuum compatible stepping motor. The angular position of the polarimeter is monitored with a calibrated potentiometer
placed on the rotational axis of the mirror mount. The compact polarimeter can be rotated with incremental steps of 0.2
degrees. For the purposes of alignment, the rotational base is attached to an adjustable mount, which can move in three
mutually perpendicular directions. Alignment of the polarimeter is easily achieved by removing the potentiometer and
spectral filter and viewing the emission window of the gas cell through a small channel drilled in the base of the mirror
housing. This channel is coaxial with the axis of rotation and the removable aperture in front of the filter. After traversing
the target region, the projectile beam was collected in a Faraday cup for normalization purposes.

2.2. Pressure Dependence of the Degree of Linear Polarization

Collisional excitation, absorption processes, and repopulation due to secondary collisions may affect the observed degree
of linear polarization. Consequently, a detailed pressure dependence of the emission from both excited and ionized-excited
helium was obtained with the EUV grazing incidence monochromator and the MLM polarimeter. In Fig. 5, we have indicated
the polarization fraction for 60 eV ¢ + He and 220 keV H* + He collisions as a function of the target pressure corresponding
to the excitation process. In this case, the polarization fraction exhibits a gradual change when the He pressure becomes
greater than 1 mTorr. However the polarization appears to reach a constant value for pressures at 1 mTorr and below.
Therefore a gas pressure of 1 mTorr was adopted for the Hel (Isnp) 'P° decay for polarization measurements following
electron impact on He whereas a pressure of 0.25 mTorr was used before for the electron impact case'’. The corresponding
pressure dependence of the polarization fraction for the 304 A radiation, associated with ionization-excitation of He by
electron and proton impact, is depicted in Fig. 6. This figure exhibits the corresponding polarization target pressure
dependence for 220 keV proton impact on He and 69 eV electron impact for the 304 A Hell emission corresponding to the
ionization-excitation mechanism. It is clearly seen that this polarization fraction is constant between 1 and 37 mTorr for
protons while it shows a strong decrease above ImTorr for electron projectiles. Therefore, these two collision systems
present different collisional mechanisms. This may be expected since protons are much heavier than electrons, thus they
involve smaller scattering angles during the collisions. Consequently, a gas pressure of 30 mTorr and 1 mTorr were used for
this type of measurements for proton and electron impact, respectively.
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Fig.4. Schematic view of the apparatus and data acquisition used for polarization measurements.

2.3. Optical Filters

In order to accurately measure the EUV polarization of Hell radiation following electron and proton impact on He, it is
necessary to suppress the dominant Hel emission. To obtain the necessary selectivity between these two spectral regions, a
filter material known as VYNS-3 * was used. This VYNS-3 is a copolymer material containing a 90% vinyl chloride, 10%
vinyl acetate mixture and is produced by Union Carbide (VYNS-3 is a specific formula of this copolymer) *.
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Since sufficiently strong magnetic fields can lead to a depolarization of the observed radiation by the Hanle effect, the gas
cell used in this study was mounted inside a cylindrical magnetic shielding. With this shielding at the interaction region of the
gas target a magnetic field smaller than 0.05 Gauss was achieved '°.

In particular, the effect of filter thickness and absorption was explored. The energy region for this comparison was chosen
such that the polarization fraction was nearly constant. The (2p) *P° threshold measurements performed in the earlier study of



electron impact on He were initially obtained with a 25% VYNS transmission filter *, providing a 1000:1 transmission ratio
for 304 A radiation versus the dominant 584 A radiation from neutral helium. However, a review of our detailed electron
impact differential cross section data for the excitation of the Hel (1s2p) 'P° and Hell 2p) 2P° levels of neutral and ionized
helium revealed that the ratio of these cross sections at energies just slightly above the Hell (2p) *P° threshold exceeds by far
1000:1'"""°. Hence a 25% transmission filter would transmit roughly equal amounts of Hel (1snp) 'P° and Hell (2p) *P°
emission intensities. Therefore, this type of filter is not adequate for an accurate determination of the threshold polarization
and associated alignment parameter. We further note that a 10% VYNS transmission filter provided a transmission ratio of
100,000: 1 insuring that the polarization measured with this filter contained only a 1% contamination due to the Hel (1snp) 'P°
decays at threshold.
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Fig. 5: Gas target pressure dependence of the Hel radiation following 60 eV electron impact on He
and 220 keV proton impact on He measured with the EUV MLM polarimeter.

For EUV polarization measurements of Hel radiation following electron impact, no filter was necessary because the Hell
emission contribution is negligible in comparison with Hel emission. On the other hand, the Hel polarization measurements
for proton impact were not possible without a filter because of the high background due to scattered electrons, protons and
recoil ions, in addition to the low Hel to Hell excitation cross sections ratio’. Hence a AUTi filter with a two to one Hel/Hell
transmission ratio was used for these measurements'®.
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Fig. 6: Gas target pressure dependence of the 304 A Hell radiation following 69 eV electron impact
on He and 220 keV proton impact on He measured with the EUV MLM polarimeter.
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3. RESULTS AND DISCUSSION

Before discussing our experimental results, we provide here the most relevant polarization expressions from Percival and
Seaton'? and their relations to the corresponding integral alignment parameter, A,

p('P")=2 - )
(0

2p0 3(0-(0)_0—(1)) 3A0
PCP ):70'(0)+110(1):A0—6 ®)

where 6(0) and 6(1) are the magnetic subcross sections for the M = 0 and M| = +1 magnetic substates in LS coupling.

In the following a short description of the atomic-orbital close-coupling (AOCC) calculations is given while full details
are given elsewhere '°. Then, the proton polarization data are discussed and compared with measurements associated with
impact electron on He at equal velocities (2.2 a.u. < v < 6.9 a.u.) for both excitation and ionization-excitation of helium.

3.1. Atomic —Orbital Close-Coupling (AOCC) calculations for H" + He collisions

For H' + He collisions the excitation cross sections and polarization fractions for He (1snp) 'P° states are calculated
using the standard close-coupling expansion method. By treating the Schrodinger equation for the two electrons in the
Coulomb fields of the two moving nuclei, one expands the time-dependent wavefunction in terms of the eigenstates of He. In
the energy region under study, charge transfer processes are not important such that the basis functions included are all
centered around the target atom. In other words only the helium eigenstates are used in the expansion. Following the standard
procedure, the resulting expansion coefficients satisfy a system of linear first-order differential equations for each collision
impact parameter. The excitation cross section to each magnetic substate is calculated by integrating the excitation
probability P(b) over the impact parameter plane. Details of such calculations can be found in the review by Fritsch and
Lin'>. In this calculation, basis states consist of singly excited states up to n=3 and some pseudostates for each total angular
momentum L.

3.2. Hel (1snp) 'P° Polarization

The Hel (1snp) 'P° polarization data measured earlier for electron impact energies ranging from 22 to 350 eV are shown
in Fig. 7. These data have been obtained taking advantage of the surface reflectivities of our polarimeter. Included in this
figure are the previous experimental results of Hammond ef al.*' which extend down to 0.8 eV above threshold at 22 eV. The
comparison with the earlier work of Hammond et al. demonstrates the accuracy and reliability of our MLM EUV polarimeter
in the wavelength region above 500 A. The measured polarization is observed to drop rapidly from unity close to threshold
to a value of approximately 0.48 at 25 eV. The polarization rises again to a secondary maximum value of approximately 0.57
at 40 eV and then decreases gradually with increasing electron impact energy.

As can be seen, our results are in excellent agreement with the earlier measurements of Hammond and co-workers
measured with errors of less than 1%. Included in the figure are first Born approximation calculations' which show very
good agreement with both experimental data sets even at a low impact energy of 80 eV. In Fig. 7, we have also plotted more
elaborate theoretical results obtained using the first-order many-body theory (FOMBT) by Csanak er al.’. Again, these
theoretical data match very well our experimental polarization fraction at energies close to threshold while they agree with
the first Born at relatively higher energies.

The polarization data for excitation of He near threshold exhibits two interesting features. First, the threshold model for
single excitation of helium predicts a threshold polarization value equal to one, i.e. (M =%t1) = 0 at threshold corresponding
to a pure s wave for the outgoing electron®?*. This prediction has been verified experimentally by Norén er al.”>. Second,
the pronounced dip in the polarization at an impact energy of 25 eV appears to coincide with the peak of the cross section for
the production of metastable helium (1s2s) 'S and (1s2s) *S states measured by Mason and Newell”®. A similar feature is
observed in the Hell polarization data from this work at the threshold energy for the ionization-excitation of helium (see
section 3.3). From these and other observations of polarized EUV light'?, it is clear that the polarization can be noticeably
affected by the presence of competing excitation channels arising from core excited or doubly excited states decaying in a
first step via autoionization to an excited residual state which is subsequently depleted via E1 emission.

Now, let us consider the H* + He collision system. The Hel (1snp) 'P° polarization results from this study for the full
range of impact velocities, corresponding to an energy range from 121 keV to 1.19 MeV proton impact, are shown in Fig.8.
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The corresponding previously obtained electron polarization data'? are also depicted in this figure for comparison. Both sets
of experimental data have not been corrected for cascade effects. It is evident from Fig. 8 that the degree of linear
polarization behaves differently for electron and proton impact. While the polarization fraction following electron impact
reaches more than 50% at a velocity of about 2 a.u., it decreases to 7% in the proton case. Furthermore, the two sets of
experimental data exhibit a zero value of the degree of P at distinct impact velocities when comparing electron with proton
projectiles. At higher energies, we have found a more pronounced decrease of the polarization fraction in the case of protons
below 7 a.u. impact velocities, whereas the polarization results corresponding to electrons appear to have clearly smaller
polarization values.
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Fig. 7. Polarization fraction of Hel(1snp) IP° — (1s?) 'S radiation as function of the electron impact
energy ranging from 22 to 350 eV.

The electron Hel polarization data have been found to agree well with the first Born approximation (see Fig. 7). Hence,
we might expect a similar trend for H" + He collisions system. In Fig. 9, we have replotted the Hel proton experimental
results along with first Born approximation and our more advanced theoretical calculations, based on the atomic-orbital close
coupling (AOCC) method. As can be seen from this figure, although both theoretical results predict a like velocity
dependence when compared with our experimental polarization fraction, neither the first Born nor the AOCC reproduces our
measurements. It is interesting to note that our polarization data approach zero at an impact velocity of 3.5 a.u.; whereas P=0
for the AOCC prediction occurs at about 4 a.u. This velocity shift corresponds to a 90 keV difference for the proton impact
energies, which exceeds by far our experimental energy uncertainty ( AE = 8 keV at 400 keV, see Section 2.1).

It is evident from Fig. 9 that the AOCC theory deviates at low energies from the first Born approximation and better
approaches our experimental results. We further note that deviations observed between our measurements and theoretical
data is relevant at these lower impact energies. The AOCC results presented here are performed with limited excited target
states. A more accurate calculation, including more target states may improve the convergence to the experimental data.
Such more sophisticated calculations are now being performed. At high impact velocities, up to 7 a.u. corresponding to 1.19
MeV proton impact, AOCC results show a better agreement with experiment than first Born.

It is known that the first Born approximation is generally well suited to describe the excitation cross sections of helium
by both electron and proton impact™'®*"** in the high impact energy limit. Nonetheless, experimental deviations from the
first Born theory predictions have been observed in the measured polarization for the (1s3p) 'P° — (1s2s) 'S transition and in
several (n=4 — n=2) and (n=3 — n=2) transitions in helium which occur in the visible and near ultraviolet wavelength
region®’. This effect may be partially due to transfer of alignment via cascades from higher lying states™'.

In summary, we have shown in this section that the degree of linear polarization strongly depends on the charge sign for
electrons and protons projectiles. These very interesting results may be used as a new diagnostic tool for solar flare studies
and other plasma physics and astrophysical applications.
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3.3. Hell (np) *P° Polarization

The Hell (2p) *P° and Hell (3p) *P° polarization results along with their integral alignment parameters A, are depicted in
Fig. 10, for proton impact on helium. The corresponding electron impact data are also included in this figure for comparison.
The Hell (2p) *P° polarization results in this figure have not been corrected for cascade effects because the partial magnetic
substate cross sections for the higher Hell (nl) magnetic sub-states are not accurately known. However, due to the much

91



shorter lifetimes of the excited Hell states in comparison with those of Hel, cascade effects associated with magnetic substate
repopulation are expected to be smaller than for Hel °.

The Hell (2p) *P° polarization results shown in Fig. 10 are slightly higher than those for the He (3p) *P° level.
Nevertheless, the two sets of data agree very well within our experimental uncertainties. Similar agreement was found in the
case of electron impact on helium. This confirms the hypothesis that the degree of linear polarization is approximately
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Fig. 11: Polarization fraction of Hell (2p) 2p°_ (1s) %S emission as a function of electron and
proton impact velocities. The dashed lines are plotted to guide the eyes.
independent of the principal quantum number n. In contrast, the Hell (2p) *P° polarization data for proton and electron
projectiles (see Fig. 11) indicate pronounced differences. These prominent deviations may be understood in terms of second
order Born contributions and coherent superposition of first and second order scattering amplitudes. Indeed, using a semi-
empirical model based on the first and second Born approximation, Bruch ez al.*' were able to decompose the He* (np) (n=2-

5) cross section data, summed over M;=-1,0 and 1, in leading order terms which are proportional to Zf,, ZZ and Z‘; where
the Z, is the projectile charge. In particular, these authors have found a strong Z‘; dependence, which may represent

quantum interference effects. Such a strong Zf) dependence may also affect the magnetic sub-level cross sections and,

therefore, the observed degree of linear polarization following excitation plus ionization of helium by electron and proton
projectiles. Furthermore, while both experimental polarization curves for electron and proton impact start with a positive
value and decrease with increasing impact velocity until reaching negative values, the proton data are substantially different
from the electron impact data for all collision velocities. In addition, the velocity dependence for Hel is completely different
from the one for Hell states, i.e., the mechanisms of excitation and ionization-excitation channels exhibit completely different
angular distributions of the EUV emission. To our knowledge, no accurate theoretical calculations for He Lyman-o and 3
polarization have been performed using sophisticated many-body approach. The present study may serve as an important
prototype test case for future more advanced theoretical calculations including few body dynamics such as excitation plus
ionization of helium to this very interesting collision problem.

4. CONCLUSION

The degree of linear polarization of radiation from the decay of excited Hel (1snp) 'P°, Hell (2p) *P°, and Hell (3p) *P°
states following proton impact on helium at EUV wavelengths has been measured, with a characterized Mo/Si multilayer
mirror at a wide velocity range (2.2 <v< 6.9 a.u.). Such optical devices provide significantly enhanced reflectivities in this
wavelength region in comparison with traditional optical flat mirrors.

While previously measured Hel (1snp) 'P° electron polarization fractions have been found to agree very well with first
Born approximation below 7 a.u. impact velocities, this first order approach fails to reproduce the polarization data for proton
impact associated with these singly excited states within the investigated velocity range. More elaborate calculations based
on atomic orbital close-coupling (AOCC) show better convergence, although the overall agreement is still not fully
satisfactory with respect to the experimental results. Hence, more detailed calculations, using AOCC and other methods, are
envisaged. In this work, the comparison of the degree of linear polarization following excitation of helium by electron and
proton projectiles exhibits completely different velocity dependence. Such prominent differences may be understood in terms
of higher order Born contributions and coherent superposition of the scattering amplitudes as proposed by Bruch and co-
workers®! for the integrated excitation cross sections in the e- + He and H* + He collision systems. Especially, the observed

ZZ dependence may explain such alterations in the observed polarization fraction.

The Hell (2p) *P° and (3p) *P° results, presented for ionization plus excitation of helium in this study, represent the first
detailed polarization measurements of these states. While no comprehensive theory exists for the simultaneous ionization-
excitation mechanism following electron and proton impact, our data can be used as benchmark cases to test more advanced
theoretical approaches incorporating few body dynamics. Moreover, we have provided evidence that both Hel and Hell EUV
emissions associated with excitation and ionization-excitation mechanisms lead to completely different polarization fractions
for the proton and electron collision systems. These fundamentally different values could be used as a new diagnostic tool in
solar flare analysis, where such positively and negatively charged projectiles are most abundant. Additional experiments are
currently underway to investigate molecular ion projectiles (H," + He and H;" + He) to elucidate excitation and ionization-
excitation processes of helium where the effects of multi-centered molecular projectile excitation and excitation-ionization
will be explored.
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Abstract

The weighted oseillator strengths (gf) and the lifetimes for Si IV presented in
this work were carried out in a multiconfiguration Hartree-Fock relativistic (HFIR)
approach. In thi= caloulation, the electrostatic parameters were optimized by a least-
squares procedure, in order to improve the adjustment Lo experimental energy levels.
This method produces gfvalues that are in betler agreement with intensity obscerva-
tions and lifetime values that are closer to the experimental ones. In this work we
present all the experimentally known electrie dipole 51 IV spectral lines,
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1. INTRODUCTION

The ground state configuration of three times ionized silicon, 51 IV, is 1s? 2s* 2p% 3s with
the term 25, 51 IV belongs to the Na 1 isoelectronic sequence. The ionization potential for
Si IV is 364093.1 e~ (45.142 &V).

The first observations of Si IV spectra were made by Millikan & Bowen [1], MeLennan
& Shaver [2], and Fowler [3], who studied in detail the spectra of silicon, neluding Si TV,
in the region 1400 - 6700 A . Edlén & Stklerqvist [4] improved and extended the analysis
of 51 IV in the wavelength region 815 - 4328 A. Shenstone [5] observed 8i IV - lines in the
vacuum region, but did not publish them, Values can be found in Toresson [6] and Kelly [7).
Toreszon [6] studied 5i TV in the region 400 - 10 000 A and he gave all known levels of the Si
TV spectrum {also published by Martin and Zalubas [8]). Beyer et al. [9] vsed the beam-foil
technique and gave unclassified 5i IV lines. Kelly [7] summarized all wavelengths published
for the 51 IV spectrum in the vacuum -ultraviolet range.

The purpese of this work is to present a review of all known electric dipole transitions
of 5i IV, their oscillator strengths caleulated from fitted values of the energy parameters
and the lifetimes, caleulated by the same method, for all known experimental enerey levels,
Ozcillator strength and lfetimes are important in the study of laboratory and solar spectra,

as 5i IV is an astrophysically important ion [10,11],

2. CALCULATION

The cscillator strength [ {v+") is a physical quantity related to line intensity { and transition

probability W{yy'), as given by Sobelman [12]:




a9
W) = 22€

') (1)

met

with,

I gWiyy) s g |f (') = .

Here m = electron mass, e = electron charge, -y = initial quantum state, w = (B{y) -8/,
E{~) = initial state energy, g = (2J 1) is the number of degenerate quantum states with
angular momentum J (in the formula for the initial state). Quantities with primes refor to
the final state,

In the eqguation above, the weighted cscillator strength, gf, is given by Cowan [13]:
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where o = |E(v) — E{+)| fhe, h =Planck’s constant, c=light velocity, ay = Bohr radius,

aned the electrie dipole line strength 8 is defined Ty:

S =|<7 [P =] (3)

This quantity is & measure of the total strength of the spectral line, including all possible
transitions between m, m' different J; eigenstates. The tensor operator P! (first order) in
the: roduoed matrix element is the classical dipole moment for the atom in units of -caq.

To obtain gf, 8 s caleulated first, or its square root:

172
Sy =<yt [P > {4)
In & multiconfguration calenlation we have to expand the wavefunction | 40 > in terms

of single confignration wavefunctions, | 47 =, for both upper and lower levels:




|vd ==2 3, | 67 >. (5)
g

Therefore, we can have the multiconfignrational expression for .‘?,Jlfr?:

11,2 i
Sy = 32 s < BT [P BT > o (6)
E &
The probability per unit time of an atom in a specific state +J to make a spontaneons

transition to any state with lower energy is

P(yd) =3 Alyd A T), (7
where: AlvJ, 7' J") is the Einstein spontaneous emission trapsition probability rate for a
transition from the .J to the ' J state. The sum is aver all +'J' states with E{+' J') < E{~.J).

The Einstein probability rate is related to gf through the following relation given by
Crovwan [13]:

. g ]
gA=ZT (8)

e

Sinee the natural lifetime 7(.J) is the inverse of the probability F{vJ), then:

rivd) = (3 Alyd, ) (9)
Natural lifetime is applicable to an isclated atom. Interaction with matter or radiation will
reclies the lifetime of & state.
The values for gf and lifetime given in Tables 1 and 2 respectively were caloulated ac-
cording to these equations.
In order to oblain betler valnes for oscillator strengths, we caleulated the redueed matrix
elements P! by using optimized values of energy parameters which were adjusted from a

least-squares caleulation. In this adjustment, the code tries to it experimental energy values



by varying the clecirostatic parameters. This procedure improves & values used in eq. (2)
and 1.-';_';; and }'}I values used in eq. [G). The energy parameters of this ealenlation are given

by Siems [14)].

3. DISCUSSION

The theoretical predictions for the energy levels of the conligurations were obtained by
diagonalizing the energy matrices with appropriate Hartree-Fock relativistic (HFR) values
for the energy parameters. For this purpese the computer code developed by Cowan [13]
was used. The program allowed us lo caleulate energy levels, wavelength, lifetimes and
transition probabilities. For the even-parity confizurations we have the following picture:
2p (Js+As4-5s+6s+Ts+8s), 2p° (3d+4d+5d+6d+Td), 2p° (He+Ge+Te+8z) and 2pF 71, Tor
the odd-parity case we study the 2p%(3p+dp+Hp+6p+Tp+ip), 2p% (H-50H6{47E-8D), 2p°
{Gh+Th) configurations. The interpretation of the configuration level structures was made by
a least- squares fit of the ohserved levels, More details of the caleulations and the tables with
the theoretical Hartree-Fock parameters and their fitting values can be found in Siems [14].
The energy level values were determined from the observed wavelengihs by an interactive
optimization procedure using the program ELCALC , Radsiemski and Keufman [15], in
which the individual wavelengths are weighted according to their uncertainties. The energy
levels adjusted by this method were used to optimize the electrostatic parameters by a least-
sqquares procedure, and finally these optimized parameters were used again to calculate the
af- and lifetime values, This method produces gf-values that are in better agreement with
line intensity observations and lifetime values that are closer to the experimental ones. Cur
sermiermpirical caleulations for lifetimes are in good agreement with beam-foil measurements
from Bashkin et al, [16] with following results: 4d *D{r = 2.0 £ 0.2 ns), Sp*PYr =21+
0.3 ns), 5z *G{T = 1.2 &£ 0.2 ns).

We have thus presented oscillator strengths and lifetimes for all known electric dipole




transitions in 5i IV. The present work is part of an ongoing program, whose goal is to
obiain weighted oscillator strength and lifetimes for elements of astrophysical importance,
The works for Si II1, 5i 'V, 51 VI, 51 VII, Si IX and Si X have been concluded, Callegari
and Trigueiros [17], Trigueiros and Jupén [18], Coutinho and Trigueiros [19], Coutinho and
Trigueires [20], Orleski, Cavaleanti, and Trigueiros [21], and Cavalcanti, Luna, and Trigneiros
[22]. In this particular work on Si IV, the results are part of Siems’ PhID. thesis that is in

preparation [L4].

This work was financially supported by the Fundagao de Amparo 4 Pesquisa do Estado
de Sao Paule (FAPESF), Brazil, and by Conselho Nacional de Desenvolviments Clentifico ¢
Tecnoldgico (CNPq), Brazil. Computations were carried out at the Prol. John David Hosers

Computational Center, UNICAMP.
REFEREMNCES

L. Millikan RA and Bowen IS, Phys Rev. Extreme nltra-violet spectra. 1924;23:1-34.

2. MeLennan JC and Shaver WW Trans Roy Soc Canada.1924:18:14.

3. Fowler A, I Bakerian Lecture.- The spectrum of Silicon al Successive Siages of Tonization
Phil Trans Roy Soc 1025,225:1-39.

4. Pditn I3 and Siderqvist J. Neune Berechnung des Termsystems von 81 IV, 2 Phys
19353,87:217-218,

5. Shenstone AG. Tnpublished Data 1958

6. Toresson Y. Spectrum and term system of trebly ionized silicon. Ark Fys 1959:17:179-
193,

7. Kelly RL. J Phys Chem Ref Data, 1987;16:275-270.

& Martin WC. and Zalubas R Energy levels of silicon, Si I through Si XIV. J Phys Chem
Itef Data 1983;12:323-380.




8. Beyer LM, Maddex WE, Bridwell LR, Duncan DD, Ringham LL, Ashell JC. The beam-
gnz speclra ol silicon, sullur and ocygen. Nuel Instr Meth 1973;110:61-67,

10, Kempner JC, Richards MT. Analysis of the 51 IV ullraviclet spectra of U Sagittae.
Astroplys J 1999:512:345-350.

11, Ahmed 5, Pinfeld 1M, Mathioodakis M, Keenan PP, Phillips KJH, Curdt W. Elee
tron temperature diagnostics for the guict Sun using 5@ IV lines.  Astrom and Astroph
1O90:346: LOO-LT2.

12, Sobelman 1. Atomic spectra and radiative transitions. Berlin:Springer, 1979

13, Cowan RD, The theory of atomic strueture and spectra. Berkeley: Univ California
Press. 1981,

14, Siermns A. Pho) thests in preparation. Instituto de Fisica " Gleb Wataghin , Universidade
Estadual de Campinas, UNICAMP, SP, Brazil. 1999,

15, Radziernski LJ, and Kaofrnan V. Wavelength, Energy levels, and analysis of neatral
atomic chlorine (CLI). J Opt Soc Arn, 1969:50:424-443

16. Bashkin 5, Astner G, Mannervik 5, Ramannjam P5S, Scofield M, Huldt S, Martinson L
Lifetimes for excited levels in 81 I-5i IV, Phys Ser 1980;21:320-824.

17, Callegari F, Trigueires AG. Weighted oscillator strength and lifetimes for the Si 10T
specirum. Astrophys T Suppl S 19698;119:181- 188

18. Trigueiros AG, Jupén C. Weighted oscillator strengths for 51 V spectrum. J Quant
Spectrosc Radiat Transfer, 1996;56:713-723,

19, Coutinho LH, Trigueiros AG. Weighlod oscillator strength and lifetimes for the 8 VI
spectrum. Astrophys J Suppl § 19949:121:591-5397.

20, Coutinhe LH, Trigneircs AG, Weighted oscillator strength and lifetimes for the 51 VII
spectrom. Astrophys J Suppl § 198:115:515-319.

21, Orloski BV, Trigueiros AG, Cavaleantl GIL Weighted oscillator strength and lifetimes

for the 81 IX spectrum. J Quant Spectrose Ra 1999:61:665-659,



22, Cavaleanti GH, Luna FITT, Trigueitos AG. Weighted oscillator strength and lifetimes

for the 51 X spectrum. J (uant Spectrose Ha 2000:64:5-135.



TABLE 1. WEIGHITED OSCILLATOR STRENGTHS AND SPECTRAL LINES POR THE 3i IV SFECTREUM

ef-VALUE® T WAVELENGTHS (L) LEVELS(em 3¢ CONFICURATIONST TERMES 3-4¢ EEF
Crbaerwed  Caleslazed Lowas Uppsa

[T L 5E1.560 351,560 0,080 TTESTR.OLE  FpPEe 2p%ep g Fplr 11352 1
A4 5 L0—F ] FECRTT 457818 .65 FISTSGI 1R 5p%ip Ig Tpd 178-57% 1,56
307 x 10~F 3 [RE AL 153,185 0.0 nFeeLes  1p%Es pip 5. ¥R 1/3-15% ']
388 = 1077 2 LILNA L] SEA. 118 TLIST.ETO Fe50LT.0EE  2pfap 2pa iy 171152 &
708 2 0¥ 3 LL8.3e8 SLE.HA TLTAS.623 ICEITRET Tp%Ep Tpita 2pl g EIE15% &
.80 % 10~ a 559,533 550533 TLRET.EM pea00E118  2p%Ep zpd plin T 5
Lo 10 F [ LE0.550 50,950 TLTAB.GED FEI00T.006  2p%ap 2pMa LAl R T Y H 15
175 = 10! 3 L5480 AN ARG BEAATH A5 3I5700,930  7p¥ag poTE in Tpo £F1-TFT ¥
255 % Lo~? ] A5 TED £48. 782 BEGATH .45 315130.273  3p%a ET | I Tpl EFT-TFE 26
LA T q Ea5.194 55,185 REOATEAT] 05637065 2pTad Tp%p iR ape 51-371 5
dE0 % 1o~ & 4941 TAR.93T 2EAAT 5D FRITLROEE  Fpiaa Tp958 IpApn £51-TF% 2.6
W30 x Lo~ L TI0E0 TILES 10AUTE £ AT EIs s Tp9Tp ig.Fpl 18T &0
235 % 10! 7 EL5.049 BSOS TLEET.ET0 193975528 2p%ap 2pia Ipl.ig 14307 134506
EESERT i 18.120 LIEREL TLT4R62 19TEEE  2p%ap Fpin Fpl.ig 511002 13458
747z L0E [ 8881 LE0.4582 TEAATLAGD FTESTROIA 3pTAd Tpnp Ip. Fpl BIE50F 5
155 % 10— % ] E5L. 118 EELLLE 150378 884 FTdans.Ess  2pT8d p%5p gy Tpl AP0 5
&30 x 10" i 1085520 1066616 16ODT4 450 PSLTREEE  2paa Fpit T T X T TR I E
L85 x L0% ] 1LY 4B 1122 456 TLRET.STH 16zaTeRes  2p%Ep Fp¥aa Ipt.2n 1/530F 1,5,4,58
258 w109 1o 1038340 1029.990 TLTAE.ENE 16ITHADE  2pTap %54 Il g L FER AL IR XY
308 = 10-F a TIL0.557 1318,651 FARTE 535 ITEITROLA 23 Fplp g 7pl 12512 T
duk x 0% 4 13155408 FEEE T 1] FIRIGE 550 FRRETHRTE  FpTip Tp%6a el g 1/3-17% 1.7
500 % L0 2 1345549 1385.54% FLEEL.SLY IPLaETARS  2pTip Tpna I 13T T
a0 x 10— 1 1368.571 [EEE S TE T TSN Fonearess  2pfip 1pfd R T R T Y H
LT = 10 L& 13T 139,780 0000 TIT45.603  Tp%3s Tpap g Fpa /337 133458
535 % 107 12 1482760 1402788 0620 TIBT.ATE  IpCEa p%sp 2g5.2p0 143143 1,034,506
LA4 w109 1 1£34.607 1534615 FRE1PE.EI0 2153084104 2par Tpllig iplig TS-07% &
#39 x 1077 & 17T 1722.530 REQATH A5 FISATE03R  TpURa Tpip p.Tpo BfI-3fY 1,05 4,0.6
485 2 10t & 15T 17aATe 1EETE. NS naceses 2% p®up Ip. 2pl T LIAASE
1.55 % 107 L 1795.152 1796 185 FEO00T. S8 spuasTass  2pfea p%6p T 3p LYE S Th 34
F8L x 10=T a 1TETAE 179T.4RT L0005 111 3s6E100  Fpiia TpS6p In dpd 10T X
i1 x 10t 4 070 30172 FIEZEE. AL ELATIE L - T T Fping pl.Ig 10300 A6
231 % 1ot 4 FLETART FLIT.ATI FLE PG TESRITEET  2pTup Ip%ea Tpl iy 3f2-1/2 F AL
104 x 100 Lk FIR7.041 HAT04F  HAO00T.HLE FITLR0EE  2pTia Fpfiag T T T Bl
s x 10t iH TIIE.AED TIIE.LER ITATIRL4D 3MS6L0.6RE  TpTEr TpEE Fh.ig TITRT [
260 % 1077 3 FRE TR 8782 FIRL G5 S1aTarT0T  2p%p TpP7a Ipl g 13173 &
L34 x 1t 1 FIT0.985 TITO08F  RIESTIOLE FIETRTOT  2pT8p 170 R T TR T '
TN x 10T a TARLHIE TARZ.HLL AL THID I0SE5T.058  TpPis Iptep ig Fp TR 6
L3 = ¥ i 435978 458,954 TAR41 T8 SESEL1.084  2pTeg 1p%p Ty dpn 1313 &
BTN 7 FELTA0E THLTAOT THE12T.0 TFHET.ONE par Tpg gag £f2-Tf2 A8
10.2@ x 10 5 TELT.H60 WITHE6  FEELEESI9 FHISRR00T  gpfer ptg 2pl.3g 1A 54
930 x 10 1 AT 672183 IT6S05.630 mIEss 3pTnp p%a B 14137 [
.00 x 0~ [} HETE. 120 TR FEE12T.003 FELEDT.AEE par FpTia R 5iaon il 4.8
(RIS ] IETHAE THE ARSI FRLenT.Ees  pTur pfa Eplin T8 ¥
LEE x 10°F 1 bl bamd  ATTATO TTTBED  ITELTROLE awsoTs 3pfep 1058 Ip.in 3/7-5/7 15
.00 % 10! 3k ATI8.41% LR T AAL4HT.E4E 33200358 $p¥ig ey 5.3 83-1 /% AL
1,76 10 Akl #8131 TWINA EATLEND F2SEAT  2pUB0 2T dplig T80 EXE
L% x 167 Ta 1904470 1904500 IFARRE0T IIRIBT.ETd 9pTne FpOTh T Eyd 9531142 iE
.08 % 107F 1k LR LM TATISONA SITAELeTd 2pfer T ] B ] T/1-5/7 [
2.47 = 1% 7 FL49.561 3Le0.56F  FLETELSEA Faao0sa1e 2pSap Tpaa o L FREE TS AL
4.34 % 107 a IENTIO MARTIS FISAEREW F000TEE 2 pid e T T AL




TABLE 1 = Costizned
E-VALUES Tt WAVELENGTHE(A)® LEVELS{em ="y CONFIGURATIONS® TERME® 1.3* EEF.
Cabaarved Calomlaved Loweg Tppet

2.88 % 107 w 5010 INLETY FHLATd  TRLAOT.GE - SPRERRAME  Tpfd - 2ptnp I Ips ajza/2 [
230 x 100 = S0 ATLAIT ABALENE FRIATRAER AWIFITELE W4 - 2t Ip.2pl LY T U
133 x 10—t ik EFIERL S Ad44194 FRAOTAEE - AEERg0R TpBha T Ty 2p0 51210 ]
178w 10® 5 ATET AL ITETATL  BBEOTHLE - TEETAOLY  2pfad - 2pfsp in.2p0 L BT} 34,6
PR T & ATTIA5L ITTRIST  SSMO0B111 - STEMA.ER0  TpfMd - 2p%p Ip. gt ETE RS H4,6
LL2 2107 % 1 & bl basd £0ELA%0 L05L 385 SeSSE1.0M - IFRMIAEIT TpfEp - gptas Iplig 175172 ]
294 x 10~* 2 AOFEAET L0FEASE SeE85FIRE - AEImIE Bpfp - pTEs Tpo g IE1IE [
15T = 107 e EnEE BN ANES. A% IFMTEERE - 2438830 dp%a - 23pfp g gl LFES TH 34,6
752 w1070 ] 116357 £116.093  1FWTEARE . 2ISHEEESE  Ix%s . 2pfup g Aps 12102 34,6
356 x 10Y Thi LT ANT sErTaLL Fpa9TSES - dsmaRTs o apfsa - mptse I 20 BITTIE 4.6
BAEx 108 :] 304,004 EFIA095  FTESOREED - 20BETEN2E  p%r . 2pTa TPy 172108 L
L1E = 10% ] EEIRATH E3IEATE RTESTRAOLL - 29RETEORE  2pMp - 2p%a PRy ETERNE 1
988 x 1070 ael L4k PP IAIL0TE - IBEELS.TOE TplEd - gpai Iptpo BITTE ]
.00 x 107 Tk 411552 411553 FEETEORE - arrEs p%a - mptip g.3pT 1535 G
1.0 x 107 w0 15506 SI650T  FERETOLE - ATERLAO0P  2x%a . 2p¥ip g 1j3142 6
13T x 10 F O SEDTATE 602577 IS6E1,000 - BPTIGLAOOL T - 2ptTM Tpl 2 115378 i
08 x 107 i h AG1LETO AENL204 SREASRALE . ARTEELOT4  1pfp - dpy4 Tpo. gy AEnSE [
5.9h x 10% (R Y] L63LL EGILISS  ERITLEOME - S1S05.ML4 fptmr . 2peg TP TiTaT B4,6
LEL = 107 10 b 4654.373 1654332 IFIIIFNLT - FLEMTASE IplEg 2p5h ig.3ge WELE BB
189 = 1o% iH LOET. 140 SEET_LAD Z0E3A0.37% - A%ddad.ess g% - 2p%Ep Tpl 2 TiTRiE ]
a3 % 10 F Th GRTLEFT O AGTRISY  TRESS.ONT - 218M0.TE fpfsp - 2ptme g Ipe YRGS 6
400 = 1070 i HH.L0s ARSO0N6  TRATIROER - JI3RISOTE  gpme %64 Tpip BT 6
321 % 10" Th BE0AATL 5504962 E1FIL.0TS - AsrTEnaTE 1pfsd - zpTEp Ip.3p0 LT3 T [
176 w100 Ik BREF AT LBRAST  FNILLELE - BRETAA06 Tpf6d - 2ptap Ip¥p0 aiE102 6
0% = 107 L EELT.NNE EELT.N49 STESONEN0 - FRLART.ARE TpfEp - gpfhd Iplip 1/3.9/% [
550 = L0Y T BTOL T ATHL.L94 ITESTI0L4 - DpnadTsER 2p%Ep - 2pfad Iph g A38T [
230 x 109 ih GOREEIS  GUEEM1  BIFLEOTE - S2ERO.280  Ipfed . gptwm Tp.2go LYEX L [
266w 10" L3 TOT AR TOATATA IRIGTAES - DDSEELAGE  IpSsd e Ip3p? BiTAE 5
Lag = 1o% 4k TOEE A28 TOEEATL F1A9TEEE - d0BEALOM TpBsa - gpfep . 2pt AT [
778 x 100 Th TERPAST  TGRRAOM  BOBSMLOI4 - BIETLTOT  Tp™p - 2ptn peig 152142 1
Lad = 1o i3 LT 7654531 IDEEST. 158 AETARTOT It T paig AR 3
451 = 10% ikl TETE. TS TETETAT S18380.978 - AdER4RS4T 2pSEE - dpfy ipo.dg Ti28)2 ]
RS 51 TTIRTES  TTIETES  DIEOS.L4 - AIEBSTAT  Ip%Er - 2% G TRR 9T [
235 x 10! ks 77REIS TTIRALE JNSILT.AES azepe0.7a6 It b P TR INENET 6
734 x 1077 1A TTSDALT TTIRAGD INIILTAES - IEEBARAET 1pfEn - 2pfie b TRt ] L1383 [
2138 x 107! 1h TTELEEE TTEIANY msMsal4 - aeneaciso tpfep - 2ptne g dph FYER LS &
655 % 100 Ik ELTER 22 STEELL  FIEII0NATR - DTIELATL  TefEl - P TpLip 5 G
204 x 19 Ta KRLT. TS KRLT. 34T PEEALT.RIZ - ITELRTRALL IptEs - e g 2p 1/3-3/8 [
L2 x 1% th EIOER TS EIE ST dhnar7a: - dTEsdd 1pfaa - dptup e M_I.:l:!-llﬂz L

*\Weighted cecillator strengths for atomic iransition obtained by the method described in § 20
bﬂ?\-mw-ﬁd line imtansities and shapes [ B = hlindad by, b = hasy, H = wory hazy, | = shaded o langer waves, m = masked
by, = = shaded to shorter waves |,

I=‘:-"li'n:l\.-vebt:u.gl:'l'l. corremponding to the energy bevels difforence hetwosn the ooperimental adjusted energy bevel walues, Abosea 2000



A wavelengibs are given in air.
Ttumerteal values of tha apargy ovals aro thoes obiained by an optimized procedure usiog the program ELCALC,
“Lavel designations for the fransition, incleding configuration parcntage, term, and total angular momentum. For pratical

purposes, we show them in throo separate colomns.

TABLE 2. LIFETIMES FOR THE &i [V SPECTREUM

Configuration Terma  Energylem™?}  Lifotimes {ne)®  Conligorsticn Terme  Energy(om ']:I Lifetimes {na)®

Ipbas &= 0000 0000 Ity Py IBEANOESE  AALD
2pbid Digsa VECETH.400 0484 Ep®ip Fre TIZ8T.5T0  1.102
i g2 IGCETAELE 0370 2pfip e TITABE03 1081
2p% s = 193078,525 0,293 pap Py ZIB2G6.558 1625
2pldd Dgsm 50007916 LB4E Zpfdp G ZYRADE ES0 1008
2plad g 20008111 L824 apfat *Fam ZEALET.08 D62
2p"5a *y 2H8417.932  0.751 epfar e SRALER.000 D252
2p%5d Dy TOLAPTASE  5.331 p5p Py ITESTROL 24D
2plsd Dy n 2IU45T.585 3256 IptEp Py ITES0RE30 2462
sy G POERATO0E 0524 ZpeEd *TFypp FATIH.041  0.483
2phsg o HEALIL01T 0524 2pS *Pasn MOGESZLLE 608
2ptes T WUARTHAEE 445 el o MEH4L03 620
2pled Dgm F13914.955  4.656 86 ¥z 315230.273 0807
2pled D 313015078 4.71L 2p5Eh My 31531T.385 2376
2pbdg g ey HIBA06.414  LOED 2 Tp *Poga POERIDG08 G0N
7= T8 FETHETOT 2557 2% T "Paga Eat e E R ]
0% Dam FETIELAM 6159 26070 Frpn BAE00,230 1253
2pird Dingg SITIELOTL  6.183 2p8Th THyyye 338357274 3.750
apfig g FIB40 64T DAB4 2pfin Py 352743008 0167
apfTi liagz FERESOLTRE 50267 2pfiEn a2 BRETEOOTG 0167
dptas Ty AMMILELE 1069 2ptar TFrpe AAGEIGTS 184

* Lhfptienes for the energy bewvel abtained by the method desceibes in § 2.
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Single And Multiple-Electron Capture Processes In
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Abstract. We present the first EUV emission spectra following single and multiple-electron capture for the 80 keV
Ar® + N, multi charged ion-molecular collision system. Our analysis provides evidence of single and double capture
processes leading to radiative deexcitation of Ar'** (nl) n=3-6 and Ar®"* (3Inl’) n=3-5 projectile states. Furthermore
we have identified numerous N** (g=2,3) ionic target lines in the EUV spectral range (10-80 nm), owing to multiple
ionization of the N, molecule and consecutive dissociation plus excitation of the fragments. The subsequent photon
emission arises from high lying states of the target such as N*** (1s*2s2lnl’) **L, n=2-10 and N*** (1s*2Inl’) "*L,n=2-
5 with excitation energies up to 52 eV and 78 eV, respectively. The N** and N** excited dissociated fragments are due
to multiply electron capture processes involving up to six electrons.

INTRODUCTION

EUV photon emission spectrometry of one- and two-
electron processes in fast ion-atom and electron-atom
collisions with few electron targets such as helium has
attracted considerable interest over the past decade
[1,2]. Recently, slow collisions involving highly
charged ions have been studied including the Ar*+He
system [3-5]. Furthermore spectroscopic investigations
of ion-molecule systems such as Ar“+H, and Ar"+N,
have been performed to elucidate multiple electron
charge transfer, molecular dissociation, and excitation
dynamics [6-9]

In this work we present new data obtained from
A1r8*+N2 single collisions utilizing EUV spectroscopy.
This collision system is of particular interest due to the
many electron molecular target, which allows us to
study multiple electron capture reactions and
subsequent fragmentation and excitation of highly
charged N," molecular complexes. These highly
charged N," molecular target ions are unstable and
rapidly dissociate via Coulomb explosion processes
leading to highly excited ionic nitrogen states. EUV
photoemission spectroscopy is the ideal tool for
selectively analyzing these excited ionic N states.
These states provide detailed collisional information
about new dissociation channels following multiple
electron capture processes with many electron
molecular targets. In a recent publication Bliman ez al.
[9] has addressed the importance of Non-Frank-
Condon dissociation mechanisms caused by large space

and time dependent electric field effects which may
lead to large intermolecular interactions.

EXPERIMENTAL SETUP
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FIGURE 1. Experimental set-up for EUV spectroscopy of
highly charged ion-molecule collisions.

In order to obtain a deeper understanding of the
many-electron correlation effects and molecular
fragmentation in AT+ N, collisions, we have
measured EUV spectra over a large wavelength range
from 10 to 80 nm at a projectile energy of 80 keV (v =
0.29 a.u.). The experiments have been performed at the
University of Nevada, Reno, 14-Ghz Electron
Cyclotron Resonance (ECR) multi-charged ion source
facility.

* Corresponding author: H. Merabet, email: hocine @physics.unr.edu
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FIGURE 2. EUV Spectrum for Ar**+N, collisions in the

wavelength range from about 14-19 nm. The dominant

spectral features arise from single and double electron capture
processes.
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FIGURE 3. EUV Spectrum for Ar**+N, collisions in the

wavelength range from about 23-29 nm. The dominant
spectral features arise from ionic projectile and target lines.
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FIGURE 4. EUV Spectrum for 80 keV Ar**+N, collisions in
the wavelength range from about 68-74 nm. The dominant
spectral features arise from ionized projectile and target lines.

As can be seen in Fig. 1, the experimental apparatus
is composed of a 2.2. m grazing incidence
monochromator (Mc Pherson Model 247), a target

chamber with a differentially pumped gas -cell,
collimator system, quadrupole lens for focusing and
steering of the ion beam, and a Faraday cup for ion
beam normalization. The target cell is operated at a
pressure of about 0.7 mTorr and the background
pressure of the vacuum chamber is approximately 5 x
107 Torr. The gas pressure in the target cell is
controlled via a capitance manometer (Barocel 655).
The emitted photons are observed under an angle of 90"
with respect to the incident ion-beam direction and the
measured line intensities have been substantially
enhanced through the use of a sophisticated Glass
Capillary Converter (GCC) system [10-11]. This GCC
device collects, guides, and focuses the emitted
radiation onto the entrance slit of the 2.2 m grazing
incidence monochromator equipped with a 600
lines/mm grating. Data acquisition and control is
accomplished using a PC-CAMAC computer system,
and the photon counts are normalized with respect to
the amount of charge collected in the Faraday cup. The
slit width of the grazing incidence monochromator has
been set to be 400 um and the short wavelength
radiation is detected by a channel electron multiplier
(CEM). We have relatively calibrated our obtained
spectra by dividing by the established efficiency curve
for the monochromator [12]. Here we present an
overview of the experimental results and identification
of the most prominent target and projectile lines.

RESULTS AND DISCUSSION

In Fig. 2,3, and 4 we exhibit some of our measured
characteristic EUV spectra following single Ar®* + N,
collisions. We have provided evidence for more than
150 spectral lines; many of them have been identified
as projectile lines arising from Ar’* and Ar®" ions due
to single and double electron capture processes. For
the identification of the target and projectile line
structures we also utilized the comprehensive EUV line
tabulations of Kelly [13].  Especially, we have
identified numerous ionic nitrogen lines originating
from N*** and N*** states stabilizing by radiative
decay. We also established correlation diagrams for
Ar® + N single and double capture processes indicated
in Fig. 5 and 6a and b, respectively. It is important to
note that have we used a simplified collisional model
replacing the N, potentials by the atomic nitrogen
curves and assumed that the cross sections are
approximately half the cross section for N, projectile
states. Using this approach, we predicted that for
single electron capture, the Ar’t® (nl) states with n=3-5
are most abundantly populated. Furthermore we have
performed extensive calculations of energy levels,
transition wavelengths, and transition probabilities for
Ar"*#(nl), n=3-6 and Ar®**(nln’l’), n,n’=3-5 projectile
states using the Cowan atomic structure code [14]. In
addition we have utilized correlation diagrams for the



single and double capture processes based on the
classical overbarrier model to receive more detailed
information about the complex Ar** + N, system. It is
evident from the identification of the observed line
spectra, that the prominent single and double electron
capture processes:

A + N, = Ar'™* (nl, n=3-6) + N,* (1)
AP+ N, = A" (Blnl, n=3-5) + N, (2)

are the main channels that stabilize via radiative
transitions, whereas the higher lying doubly excited
Ar® (nlnl’) states are expected to decay
predominantly via autoionization. These results will be
discussed in detail elsewhere [15].
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FIGURE 5. Correlation diagram for Ar** + N single
electron capture processes using the classical over-barrier
model.

In this work we have focused mainly on the
fragmentation of multi-charged N,**, g=1-6 molecular
complexes and excitation of the consecutive
dissociation fragments. In Table 1 we have summarized
the main EUV transitions originating from N*** and
N** jons in the 10-80 nm range. According to
Remscheid et al.[7] such nitrogen ions generated in
slow Ar®* + N, collisions are most likely produced by :

N = N + N** 3),

where in the dissociation of N, the symmetric
distribution of the charge to both fragments is
preferred, i.e. that N**, N*, and N® fragments most
likely have the same charge, whereas for odd charge
states such as N°* and N°* they differ mainly by one
charge unit. In our experiment we have observed the
EUV- photon emission from such ionic nitrogen
fragments, arising from the highly excited target states
N? (1s?282Inl’) *'L, n=2-10 and N*** (1s?2Inl’) °L,
n=2-5 with excitation energies up to 52 and 78 eV,

respectively (see Table 1). For example N*** and N***

excited nitrogen fragments may result from four and
six electron capture mechanisms. The importance of
non-Franck-Condon dissociation processes in such
highly charged ion-molecule collisions has been
suggested by Bliman et al [9]. In particular they have
estimated that the electric space and time-field
variation for Ar®* + H, collision system is of the order
of 1.5 x 10” V/ms leading to dissociation processes
deviating from the Frank-Condon Principle.
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FIGURE 6a and b. Correlation diagrams for Ar** + N
double electron capture processes using the classical over-
barrier model.

When comparing the relative line intensities for N***
and N>+ optical transitions, we have found that 60% of
the identified target lines stem from N*** excited states
whereas 40% originate from N*** emission lines in our
wavelength region. From Table 1, it is obvious that the
N*** (252p3d, 25°3d, 2s2p4d, 2s2p”) configurations are
most abundantly populated in 3,4, and 5 electron
capture processes. Furthermore, for the N*"*
fragmentation channels, the configurations N*** (2s2p,
2s4p, 2s4s, 2p4p, 2pSs, 2s4s) dominate in the measured
spectral range.



CONCLUSIONS

We have studied single and multiple electron capture
processes in slow 80 keV collisions between Ar®* and
molecular nitrogen using EUV spectrometry. Exotic
electron capture processes with up to six electrons in
one collision could explain the observed highly excited
jonic nitrogen Rydberg states of the type N***
(1s*2s2Inl’) **L, n=2-10 and N*** (1s22Inl’) "L, n=2-5.
Thus, capture of four electrons may lead to the
production of N*** excited ions. If five electrons are
captured, this may lead to the creation of N*** and N***
excited states. Whereas, in the six electron capture

reaction, N*** excited ions are most likely created. These
findings are consistent with our measured relative target
line intensities. These measurements will be
complimented in the near future by target ion TOF
spectrometry.
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TABLE 1: Observed main ionic target lines owing to fragmentation plus excitation following multiple electron

capture processes in 80 keV Ar®* + N, collisions.

Peak Relative Charge Optical Transition Wavelength® Wavelength®  Energy (eV)*
Position  Intensity State A (nm) A (nm)
30 25 N 2872p P, — 252p5p “Dsp 24.63 24.6249 50.374
33 56 N 252p” *Ps» — 252p15d Dy 25.70 25.7502 55.260
35 17 N** 25%2p *P5p, — 25%10d “Ds), 26.89 26.8473 46.206
36 37 N 252p**Ps), — 252p6d *Ps)» 27.44 27.4374 52.299
37 46 N 2522p *P3p — 25*7d *Ds) 27.70 27.6326 44.894
38 40 N 2522p 2Py, — 25%6d *Ds)» 28.22 28.2209 43.959
42 26 N 2522p 2Py — 25755 %S 29.98 29.9818 41378
48 19 N 2522p 2Py, — 25%4d *Ds) 31.50 31.4850 39.402
53 16 N 2522p 2Py — 25%4s %Sy 33.20 33.2333 37.332
61 92 N 2s2p® *P — 252p3d *P 35.79 35.8578 41.688
62 112 N 252p*P3), — 252p3d 2Py 36.06 36.1288 52.420
65 109 N 25%2p *P5, —25°3d *Dsy 37.28 37.4441 33.136
68 77 N** 252p*2S,, —252p4d 2Py, 39.35 38.7483 48.243
74 94 N 252p* 2Py — 252p4d 2P 40.91 41.1056 48.252
144 200 N 25%2p 2Py — 252p* Py 68.43 68.5816 18.101
154 116 N 252p**Ps, — 2p° 4S5 77.14 77.2385 23.162
19 38 N** 252p P, — 2555 °S, 21.04 20.9471 67.552
22 52 N* 2s2p 'Py - 2pdp 'Sy 21.73 21.7218 73.287
24 49 N* 2p*°P, - 2p5s °P, 22.22 22.1789 77.695
28 52 N* 2s52p °P, - 2s4s 7S, 23.80 23.7991 60.460
39 36 N** 2s2p 'P, — 2p3p 'P, 28.53 28.5561 59.626
49 25 N** 2p* 'S, - 2s5p 'P, 31.87 31.7596 68.224
50 27 N** 252p P, - 2535 7S, 32.26 32.2722 46.780
64 57 N** 2p* 'S, - 2s4p 'P, 36.78 36.8108 62.868
153 194 N** 25 1S, - 252p 'P, 76.54 76.5148 16.205

*This work. bKelly data [13]. “Excitation energies are derived from data of Kelly [13].
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Auger Decay of Triply Excited States of Li and Be”
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Abstract [n this study, wee present high resolution electron spectm and pew identifications of nzmerous inply excited stales of
the Li-isoclectronic sequence produced by intermediste velocity L7 and Be' projeciiles interacting with CHy molecules under
single collision conditions. In panicular, we show here as Gypical examples high msolution lthinm amd baryllinm projectile
Awger electron spectra fellowing double K-ahell excitation in 200 ke Li7 + CHa and 300 ke Be™ + CH, collisions. For the
beryllinm case, the impact velocity is 1.15 a.n. Many new lines appearing in these spectra have been assigned to triply excited
Li and Be” and douldy excitest La° amd Be'™ siztes. Omly recently due to the pioneering theoretical predictions by Chung and
coworkers (1), such collisienal lme strectures can new be umambigieously identified, We have not anly identified the lowest
lying, mast promineot 2532]}, 232]::: and 2[:.’ riply excited states (27, bat alse pew excitation and deexcitation channels of higher
lying 252" hallow stamfien Rydberg states following ion-molecabe collisions.

INTRODUCTION
Trply excited states in Li and Be', also referred to as
“hollow  atoms,”  represent  [undamental  highly-

corrclated few-body dvnamical systems (3-10).  In
carlier studies of foil excitation of Li, such states were
observed by Auger-electron projectile  spectroscopy,
however the resolution was limited due to Kinematic
cffects (4).  Using projectile beam-gas excitation,
higher resolution electron spectra from double K-shell
vacancy states in Li and Be™ were oblained (3-7).
Furthermore, Simons o ol (8) were the first 1o
calculate the Auger and radiative decay rates of the
25%2p level in Li using many-body perurbation theary.
The first comprehensive descriplion of hollow atoms in
Li and Bc™ was presented by Rodbro er ol (5-7)
Auwger decay channels of triply excited three-¢lectron
systemns using beam-gas spectroscopy were reviewed
by Bruch and Chung (5). Extensive calculitions of
even and odd parity triply excited Li-like states were
provided by Chung af af (1, 9-10,18), and Conneely
and Lipsky (3). In addition, optical emission from the
(2p2p2pd *5° states in thres-clectron systems has bean
studied both experimentally and theoretically for He',
Li, Be", B, and € (11-12).

Eacently, photosleciron and photoion spectrometry
studies of the troiply excited states of Li have becn
conducted using synchrotron rmdiation sources {13-17),
The sclectivity of such photo-cxcitation techniques

populate only pe symmetry states from the ground
state of Li (1s25) °5. States of different symmetry and
parity have been examined by means of laser excited
{1572p) *P* states from which synchrodron radiation has
produced even-parity triply excited statcs (17). Photo-
excitation by synchrotron radiation has proven to be a
very successful method to study energics, widihs, and
branching ratigs of such states in Li.

In this study, we provide a new cxamination of our
double-hole K-shell vacancy Li°, Li, Be™ and Be'
high-resolution electron specira oniginating from Li~
and Ec” ion beams ineracting with He and CH, under
single-collision  conditions. When  compared  to
synchrotron radiation experiments, we have obscrved
numereus additional new transitions arsing from both
doublet and quanct states of even and odd panty not
previously discovered,  Sewveral of the triply excited
Be' results presented here are the first reporied in the
literature. These results are comparcd with theoretical
predictions of Li-like tnply excited hollow atoms {9).

EXPERIMENTAL METHOD

The gjected clectron spectra of highly excited
resonance slates of Li and Be were studied by using the
projectile-electron  spectroscopy  method. High
resoludien was  obtained by sclecting a4 small
observation angle with respect to the beam axis,

* Corresponding author: H. Merabet, eaail: hocineg@plysics.unr.edu



The apparatus used in this study consisted of & GO%
ke heavy-ton accelerator, equipped with a universal
iom source of the Mielsen ype, and targel chamber
with 2 lagh resolution electron spectrometer, which can
be continuously rotated between 07 and 1507 The
cxcitation of the observed hollow atoms took place in a
differentially pumped gas cell. Before entening the gas
cell, the fon beam was carefully collimated using
different aperiures.  The pressure in the differentally
pumped gas cell was kept low engugh (Lypically 107
o) o ensure  single-collision  conditens.  For
normlization purpeses, the ion beam was collectad in
a Farday cup. The detals of the experimental seup
were described by Rodbro ef of (6-7). Since projectile
electrons are ejected from fast moving particles, the
laboratory energies E were imnsformed to energies E,
in the soureg-particle fruome.

FORMATION OF TRIPLY EXCITED
Li-LIKE STATES IN ION-ATOM AND
ION-MOLECULE COLLISIONS

The projectile Auger electron spectra of Li and Be
were siudied for incident beam energies from 1) 1o
500 ke excited in single collisions with He and CH,.
Double-hole vacancy states were weakly excited in
collisions with helium, whereas strong lines appearcd
when CHy was used as the target gas, Therefore, we
prmarily focused on molecular targets such as CHy to
oblain high cxcitation probabilitics for helivn- and
lithinm-like doubly core-cxcited states (hollow atoms),
The formation of trply excited doublet and quarict
prajectile states involves both direct excitation, clectron
capture, and or clectron exchange mechanisms, For
instance, Li (202000 "L sates may be formed by twa-
clectron double K-shell excitztion processes  plus
clectron capture, ©n the other hand, Be™ (2020 %) 'L
slates muy be formed by double K-shell cxcitation plus
addiional outer shell excitation  andfor  eleclron
exchange.

RESULTS AND DISCUSSION

Fig. 1, shows the high-energy portion of the Li
electron spectrum obtained in 200 ke Li' = CH;
collisions in the cnergy mnge from &6 to 93 ¢V, The
observed spectral features {peaks 13-48) and the
additional satellite lines (labeled - are associated
with doubly corc-excited states and their decay in Li
and Li . Several inply excited resonance clanncls arc
indicated in this figure and the ling identification is
summarized in Table 1. In this table, we have
idemlificd resonance states and decay channels of
cighleen lines originating from iriply excited states.
Especially, we have seen numerons decay channels of
(22l L resonances with n =2, 3, and 4. Itis
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Fipure 1. High-resolution projectile  Anger  eleciron
spocimar. Tor the 200 ke LiT + CH, collizsion system
observed At am angle of G4 The structures shown
commespand fo dowbly coreewcitad L7 amd nply excited L1
slates (hollow atoms).

inferesting to note that both even and odd parity triply
excited states contribute 1o the specinim

In Fig. 2, we have schematically shown the Auwger
decay path of Li-like friply cxcited states. As can be
seen, saome of the (21207 nf™) states can not only decay to
the lowest {1520 'L continua, but alse to higher lying
continua such as (1530 'L and (1547 'L, The Auger
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Figure 2. Schematic of different Auger decny channels of La-
like traply excited states,



rates of such triply excited series have been examined
theoretically by Verbockhaven and Hansen (19%;  in
particular, they have found that the Auger rtes of
triply excited Auger serics behave rather differently
when compared to doubly cxcited series. For example,
the Auger decay rates for (22 Rydberg series
with 11 2 2 are expected 1o be nearly independent of n,
while typical (2/s'y decay rates decrease with
increasing values of n. As demonstrated in Fig. 1, the
Li" (2} douhly excited states for n = 4-7 agree with
this predicted trend.  Furthermoee, all the observed
transitions from triply excited resonances are in close
agreement  with  the predictions of Chung  and
coworkers (1,9 10,18} In this work, we have alse
observed Auger transitions to Li Rg-db&rg states
inchuding (1s3p) 'F, (1s3d) *'D, (1sds) *5, and (1s5s)
8. According to Fig. 2, the higher Iving (2w}
Fydberg states can also decay to doubly excited (20"}
**L. manifolds, which in tum can decay further to the
Li*" (15} *S ground state. Hence, some of the measured
contributions of the doubly excited Li* (2M) states
(see Fig, 1) may arise from the decay of such triply
excited states.

The high energy portion of the 300 ke Be' + CH;
gpectrum, in the projectile encrgy range from 120 1o

+—-
Shia 00 k¥ Bat—CHg
5| » ®ELL LLE < 2
: = o 223 i L
£ 5 ': L 5;*';*.;"-?-1»-&1-. i i
5l \JLnind
g | FR I L
L | A i ﬁ:ﬁﬂghs
= i 12
B Iuﬁ*‘r{zh x
! A FL 08 [ L uler
I WSO
T ATl m&!’ -l
[F] 0 W WO

0]
Prajectile Energy {e%)
Figare 3. High-resolution projectile Auger electron spectrum
for 300 keV Be” + CH, collisions observed at an angle of
6.4° The structures shown cosrespond to doubly core-exeited
Be™ and triply exeited Be” states (hal low stoms),

160 eV iz illustrated in Fig, 3. The observed spectral
features (peaks 30-62) are attributed to Be' and Be®
states with double E-shell vacancies. In Table 11,
fitteen lines, labeled 32-48, are associated with triply
cxcited resonances. They are identified via resonance

Table L. Observed Avger transitions of triply excited 2020 ' ™ (7=2-4) states in L following Li™ + CH, «ollisions,

Line Resonance Decay Theoretical
Number Stute Channel Prediction {¢V)
A [(2s2p) P 3p] 5 REETE T1LEN
B (235°45) °§ (1s45) '8 71857
d (2p" P (1=3p) 'P? 737308
21 2552 {1s2p) 'F* 464607
22 [(2s2p) P 3p] %8 {1s3p) P 754330
23 [(2s2p) P 3d) = (1534} D 7597V
23 [{2s2p) °F 3d) P° (153} "> 73970
24 (2527 °D {Is2p) 'r* 781407
25 (2s2p% 0 (1525} 'S 78.45%"
33 (25735 78 (1s2p) P 2667
34 (2:%35) %5 (1525} 'S 81025
35 [(2e2p) *P 38] P {1s2p) P° 83,1707
] [(2=2p) *P 35] °P* {1s2) ' £3.5307
37 [(2a2p P 3p] D (1525} '8 83.502°
38 [i2s2p) P 34) P {Is2p) R4.2707
41 [(2p") *P 3] (1s2p) 'P" 85.453°
42 [i2p™) P 45] %P {152 'P° &5.910°
44 [i2p") P 45]°P {152 P 86850

“Zhang and Churg { 10}, "Kicenan er al. 13}, "Ching and Gouw (9], "Chung (1.



Table IL._Obsrrved Auger irsmsitions of iniply excited 20/ " states in Be” following Be” + CHy collisions.

Ling Resomance Decay Feak Theoretical Brnoching
MNomber Siate Channed Positlon Prediction Ratio
{eV] (%) (%%)"

32 (25°2p) T {1s3p) ' 1269 +0.1 126,496 16

36 (2572 P {1529 '8 128944001 128913 n

36 (2s2p™ P {1s2p) P 12859 +0.1 12402 100

39 {252 °D {1=2p) 132.4 £ 0.1 132.514 34

40 (2akpty XD (1s24) '8 13281000 132783 12

41 (2s3p%) (1s2p) 'P° 1340101 133.913 135

41 2ot (152 'P° 1340 £ 0.1 134,132 21

4z (252pT 5 {12 '8 1354 0.1 135477 20

43 (2s2p) P {1s2p) e 135.8 2001 135,660 65

43 (25207 °D {1s25) *8 1358 0.1 135439 53

42 2phy o {k=2p) ' 135.5 0.1 135679 79

44 (2p'1 P {1s2p) 'P? 1370 %01 137.094 14

43 (253 '8 (152575 1385201 138,532 e

45 (2 {1s2p) P 1388201 138841 2

48 (2P (1525) 8 1424202 142.166 |

“iow and Chang (9),

states, decay channels, and branching ratios. As can be
soen from this table, the experimental Auger peak REFERENCES
positions of the observed triply excited (2F2020) stales
are in excellent agn::tmcnt with preﬂiﬂinni from Gou ; gz‘ﬂinhjlljrhi:d 'Tm !I? 5-:5;7% tggzj-ﬁijw 199
and Chungs (9).  We nobe it tho peak 36 may be - o mmi e L e e 6 256

composed of trunsitions arising from Be™ (25%2p) ‘P
and the Be" (252p™) *P states, where the quartet state
decays to the [{152p) P ep] *P continuum,

CONCLUSION

In this work, we have presented an experimental
study of triply excited states of three electron systems
formed by intermediate energy impact of Li and Be"
projectiles on CHy.  We have demonstrated that the
triply excited states are populated in im-molecule
collisions under single collision conditions. LJsing high
resolution  electron  spectroscopy  individual  lines
arising from Li and Be' o called “hollow atoms™ with
twa K-shell vacancies were resolved and identified.
Theoretically, excitalion energies, probabilities for
Auvger decay, and branching ratios have been derived
from the literature and compared with our cxperimental
resuelts, Excellest agreement has been found between
our experimental results and predicted non-radiative
transilion energies.
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Abstract. The first experimental magnetic substate scattering angle-integrated cross sections following excitation of He (1s%) 'S
to He (1snp) IP° (n=2-5) in e- + He and H* + He collision systems have been determined using our differential cross sections
and polarization fraction data in the extreme ultraviolet (EUV) range. The derived magnetic sublevel integrated cross sections,
G,and G, for M;=0,£1 have been studied over a wide range of projectile velocities: 1.4 to 8.5 a.u. and 1.4 to 7.5 a.u. for

electron and proton impact on helium, respectively.

In addition, the electron and proton collision data are compared with

theoretical predictions using our improved first Born approximation (IFB), convergent close coupling (CCC) calculations for
electron impact, and our recent atomic orbital close coupling (AOCC) calculations for protons. We have found that the electron
results match very well the CCC predictions at all energies. However, the experimental proton data slightly deviate from the
AOCC approach at intermediate velocities. Such findings are relevant to plasma and astrophysical applications.

Introduction

Two electron atomic systems are of fundamental
importance to the investigation of complex many-body
problems in physics (1). In the past, great effort has
been devoted to the study of atomic and molecular
collisions using helium atom as a target (2-5). Helium,
is the simplest two-electron system, therefore it is well
suited for studying the electron correlation effects (1,6-
8). Previous research concerning excitation, ionization,
double excitation and ionization-excitation of He has
produced an extensive experimental and theoretical
database  necessary for achieving a deeper
understanding of the collision dynamics in electron,
proton, and multielectron ion impact on He at
intermediate and higher energies (1-11).

We have measured differential excitation cross
sections (DCS) & for Hel (1snp) 'P° states, n=2-5, in
e- + He and H* + He collisions using EUV
spectrometry (11). These absolute cross sections do
not provide direct information about the magnetic
substate  populations, while linear polarization
measurements yield only the magnetic sublevel

scattering angle-integrated cross section ratios G,/ G,.

These ratios are directly related to the degree of linear
polarization (11) as:

_L-L 5,-6, 1-r
I[+1, ©,+0, l+r

ey

where [ is the intensity of radiation with electric field
vectors oriented along the beam axis and I, is the
intensity of radiation with a transverse electric field
vector (perpendicular to the plane formed by the
incident projectile beam and the direction of
observation); r=0,/0G,, is the cross section ratio.

Moreover, the differential cross section G is the sum of
the three magnetic sublevel angle-integrated cross
sections,

G=0,+20,

@
Thus, by combining Eq. 1 and Eq. 2, the magnetic
sublevel integrated cross sections can be obtained.

Another procedure has been employed, where the
ratio of the magnetic sublevel (scattering) angle-
differential cross section, G, to the differential cross

" Corresponding author: H. Merabet, email: hocine @physics.unr.edu
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section, called the parameter A =6,/(c,+20,), is

determined experimentally using electron-photon
coincidence techniques (12). The A parameter,
combined with available double differential cross
section (6 = 6, +20, ) data, yields 6,. This approach

has been utilized by Chutjian et al. for the excitation of
Hel (1s2p) 'P° level, at 60 and 80 eV electron impact
energies (13), and Hel (1s2p) 'P° level at 80 and 100
eV (14); whereas Hummer et al. (15) have directly
obtained the relative G, for the excitation of the Hel

(1s3p) 'P° state at 70 eV as a function of the scattering
angle. Furthermore, Harris and co-workers (16) have
measured triple differential cross sections for Hel
(1s3p) 'P° for electron impact energy of 40 eV. In
addition, Csanak ef al. (17) have used the A parameter
procedure to extract Hel (1snp) 'P° (n=2-3) triply
differential cross sections and have computed the
corresponding theoretical integral values for n=2-6
with incident energy in the 25-500 eV range, using
first-order many-body theory (FOMBT) (18). To our
knowledge, no experimental data are available for Hel
(1snp) 'P° n > 4 levels.

In this work, we have combined measurements of
two  experimental techniques, namely EUV
spectrometry and EUV polarimetry, to determine
experimental cross section results for Hel (1snp) 'P°
(n=2-5) excited states following electron and proton
impact at a wide range of projectile velocities. These
experimental data are compared with our IFB as well
CCC results for electrons, and first Born (B1) (19)
along with the AOCC predictions for protons, in an
attempt to shed more light on the excitation processes
of helium during the collision at intermediate and high
energies. The CCC and AOCC methods have been
described in detail by Fursa and Bray (20), and Fritsch
et al. (21), respectively, whereas the IFB method is
essentially similar to the first Born approximation,
however with a better target description.

RESULTS AND DISCUSSION

The experimental setup used in this work consists of
three main components: an EUV polarimeter; an
electron gun or a 2 MV Van de Graaff accelerator,
target cell and Faraday cup; and a 1.5 meter grazing
incidence monochromator. A PC controlled data
acquisition system has been used to operate the
apparatus and to record the data. A detailed description
of this experimental setup is given by Bailey et al.
(7,22). In brief, the polarimeter utilizes a
molybdenum-silicon (Mo/Si) MLM whose surface
reflection has been used for radiation with a
wavelengths A > 584 A at an incidence angle of 40°
corresponding to the Hel (1snp) P’ 5 (1) 'S (n=2-5)
transitions. It is assumed here that the degree of linear
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polarization does not depend on the principal quantum
numbers n. The corresponding differential cross
sections G measurements have been conducted using a
1.5 m high resolution grazing incidence
monochromator (7-8). These results have been put on
an absolute scale by normalizing our data to the Bethe-
Born cross section values (23), for electron and proton
impact, at high velocities. This normalization
procedure has been described in more details in Ref.
(7). In this work, the obtained cross section data have
also been corrected for alignment effects using (9),

6(0)=ox{l+A,P,(cos0)} 3)

where G(0) is the measured cross section, =90° is the
observation angle of the emitted photons, G is the
cross section for an isotropic distribution, P,(cos 0) is
the second Legendre polynomial, and A, is the
alignment parameter related to the degree of linear
polarization by:
3A,
Ay-2
In the following, we have analyzed the obtained
cross sections for electron, and proton projectiles as a
function of impact velocities for Hel (1s2p) 'P° states.
The complete set of data for higher Rydberg states,
with the quantum number n=3-5, are available and will
be published in the near future. A preliminary
comparison of both experimental and theoretical results
is also given.
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A. Electron Impact on Helium

Using equations (1) and (2), we have derived G,
following Hel (Isnp) 'P° — (1s) 'S, (n=2-5),
transitions in e- + He collisions at impact energies
ranging from 30 to 980 eV (1.4 < v< 8.5 a.u.). As an
example, we have shown in Fig. 1, 6, and o, for Hel
(1s2p) P° states along with our IFB and CCC
predictions. We have used our polarization and DCS
data for v=>=3au. The shown lower velocities

magnetic substate cross sections G,, for electrons have

been extracted by combing the DCS of Westerveld et al
(4) with our polarization results. As can be seen, both
theories and experimental results are in excellent
agreement in the high-energy range. At relatively
lower energies, the IFB predictions diverge from the
experimental data, while our CCC values coincide with
the measured results. This confirms that the CCC is an
excellent approach for describing the e-He scattering
problem.

Furthermore, the G, cross sections are all equal to
the theoretical predictions within experimental
uncertainties. However, the G, cross sections slightly
deviate from theory. Fig. 2 exhibit our G, compared
with o, for electron impact. The velocity dependence

of these cross sections reveals a strong anisotropy of
the photon emission originating from the Hel (1s2p)
'P° states at v <4 a.u.. From Fig. 2 it is also evident
that the population of the sublevels with M =0 is
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o0 [ A v =0f
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s [

[&]

S 30 —4 ‘—4 4\$ .

g 20 /‘A/‘ ‘Aué-.é‘%"ﬁ n

© ols AARe ]
10 _é 1 1 1 1 1 1 ﬁ| -%
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Veloctiy (a.u.)
Figure 2. Comparison of MSICS G, with G, for electron
impact on He. Fitted curves are provided to guide the eye.

greater than those with My = £1 at impact velocities
below 5 a.u. The cross sections G, and G, are equal

at approximately v=5 a.u. For high electron velocities,
the situation is reversed, i.e. G, is little larger than G,
leading to a nearly isotropic photon emission.

B. Proton Impact on Helium
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The cross sections G, and &, for Hel (1snp) 'p°

states following proton impact have been extracted
using the procedure outlined above at energies ranging
from 50 to 1400 keV (1.4 < v< 7.5 a.u.). We have
plotted in Fig. 3 the obtained experimental results in
comparison with AOCC and B1 theoretical calculations
corresponding to Hel (1s2p) 'P° — (15 'S transitions.
In general, our experimental findings deviate from the
B1 approximation at intermediate projectile velocities.
The AOCC theory is somewhat closer to experiment
than the first Born results, but it also partially fails to
reproduce the measured values at lower velocities.
Specifically, G, values match well the B1 and AOCC

results in the studied velocity range. However, the 2
a.u. impact velocity point disagrees completely with
both theories. We further note that in the case of M; =
0, this lower impact velocity point is in excellent
accord with the AOCC prediction and also in good
agreement with the B1 approximation. In the high-
energy limit, our experimental cross sections converge
with both theories.

The AOCC calculations, presented in this paper,
have been performed utilizing limited target states and
they are, therefore, not expected to completely
reproduce the experimental. data in the intermediate
energy range. A more accurate calculation, including
extended target states may improve the convergence to
the experimental data. = Such more sophisticated
calculations are now being performed.
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Figure 3. 0 (a) and O, (b) f(()ar(ﬁ‘L X-(I?Ig c)ollisions, compared
with CCC and IFB calculations.



Now let us compare the G,, proton cross sections.
Fig.4 shows these cross sections for My = 0 and M =
*1. In the vicinity of v = 3.5 a.u., 6, is equal to G,.
At lower proton velocities, G, is slightly larger than
G, , however the error bars are large. Above v =4 a.u.,
o, overtakes G, and it clear that, for impact velocities

higher than 5 a.u., an anisotropic population of the
magnetic sublevel cross sections occurs.
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Figure 4. Comparison of G, with G, for proton impact on

helium. Fitted curves have been provided to guide the eye.

It interesting to study the charge state dependence for
electron and proton projectiles in order to gain a better
understanding of the excitation process. This is the
main focus of the following section.

C. Comparison of Electron and Proton
Cross Section Results

We have depicted in Fig. 5, 6, and &, for electron

and proton impact. Fig. 5(a) compares G, cross
sections. From 2.5 to 6 a.u., the electron and proton
cross sections deviate, i.e., the electron results are
greater than the protons. For higher impact velocities,
they converge, whereas at the lower velocities, they
appear to be approximately equal. Fig. 5(b) indicates
that the electron and proton cross sections are clearly
unequal below 3.5 a.u., but they coincide at higher
velocities. This excellent agreement in the high-energy
limit is expected since both experiment and theoretical
results agree very well for electrons and protons and
confirm, therefore, that the excitation cross sections are
independent of the charge-state and mass of the
projectile.

In summary, excellent agreement between theory and
experiment has been found for electron impact,
although this is not quite the case for the H" + He
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collision system which requires a more
theoretical description to elucidate the
dynamics of the excitation process.
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Abstract

M optical methods of swrface sensitive instrumentation foe diagnostics of extrerne wtraviolet (EUV), soft X-ray
[5XR) and Meray radiation have been developed. [n particular, sur optical techrology 15 af great importanee for studies of
micron sice struclures, plasma and bismedical diagnostics stodies and 15 based on glass capillary converters (GOOs),
These optical GOC devices pravide guiding, focusing and polarzation analysis of short wavelength radiation within a large

bandwidth,

LINTRODUCTION

As the semiconductor industry is pushing
miniaturization of electronic devices, new compact
short wavelength radiation sources and analytic
detection systems are becoming indispensable in
manufachiring facilitics of micro and nanostmacture
devices [1]. Al this stage, pattern dimensions in
nanoclectronics will shrink towards 10 nm [2). In
the near futere such single electron struchures will
place demanding requirements on nanalithography.
Potentials and challenges for EUY [3] and X-ray
applications for lithography today are concerned
with the (.13 pm cutlook,

Recenily capillary optics has matured as a now
toal for mere efficient investigations of surface and
bulk analysis and numerous other applications [4-8]
including nondestructive, noninvasive diagnostics
methods and non or minimally invasive treatment
of cancerous tissue [#], where the X-rays could be
guided, and focussed via a polycapillary collimating
optic system. Another application is concerned with
neufron optics for example for tanemuotation of
nuclear waste [10, 11].

Furthenmore in investigations of labomtory
experiments with EUV, 3XR and X-rays sources we
arz frequently challenged by spectroscopic and
polarization measurements in the (i) extreme
ultraviolet (EUY) 10 nm< & <100 mn, (i) soft X-

ray (3XR) 04 nm < L < 10 nm, and (iii) X-ray
wavelength regions & < 0.4 nm. In these types of
investigations the greatest challenge generally is:
(a) The analysis of radiative sources, (b} the
development of wery compact, lightweight and
versatile  optical instrumentation in the short
wavelength  range, and {g) high resolution
spectroscopic and polarization measurements in the
EUY, SXK and X-ray range.

Therefore the objective has been: to gencrate,
analyze and detect extrame ultraviolet (EUV), soft
Xeray (5XR) and X-ray signals with high spatial
resolution and (i} to image a source area or volume
onto 3 defection system with a specific cross
sectional area. Recently we have tested for the frst
time new types of glass capillary comverlers (GOCS)
for the (EUV) repion to increase the spectral
sensitivity of our short wavelength speciroscopy
instrumentation,  Such devices can  concentrate,
guide and focus short wavelength radiation from a
Source onto a detection system, and at the same time
optimize the shape of the cross section of the photon
beam for a specific configuration of the aperture of
the analyring system. Traditionally utilized optical
systerns  consist of grazing incidence toreidal
mirrors r multilayer mirrors {(MLMs) to collect and
focus  oplical signals in the shon wavelength
region. They are more difficult (o apply for imaging



applications, whereas GOCs ane very wersatile even
for complex imaging oplics. These wide band
oplical systems arc cost effective, relatively simple
and have the potential to enhance the flux density of
radiation by a factor of four to several hundred.

_The major goal of this study has been the
creation  of modern  optical  devices  and
instrumentation  for  diagnostics  of  surfaces,
biomedical microscepy, fuerescence techniques in
the EUNY, 5XR, and X-ray regions, photon-induced
fluoresconce spectroscopy, imaging, and X-ray and
SXR lithography. Specifically, we hsve beon
involved in the development of compact, ullra
sengitive, high throughput spectrometers  for
analysis of SXP. radiation based on sliced multilayer
gratings (SMG), compact spectrometers and
polarimeters based on MLMs, small size grazing
incidence spectrometers for SXR imaging systems
and Schwarzschild microscapes for surface imaging
applications [12]. All these devices can fake
advantage of plass capillary optics.

2. GLASS CAPILLARY OPTICS

An integral part of our advanced
instrurnentation  program  at the University of
Hevada Reno and ACSPFECT Corporation, Reno are
glass capillary converters (GOCS),  specifically
designed for EUY, 5XE or X-Ray spectroscopy and
fluorescence  techniques.  The  basic  optical
propertics of these GOC optical elements are
illustrated in Fig. 1.

Some Optical Properties of GCC

1. Glass capillary
2. Sovree of SXE, EUY or X-rays
5. BXF, EUNY o1 X-rays beam

4. Dietector

Fig. 1: (a) Propagation of short wavelength radiation
along a bellow channel of a glass capillary. 1.
Menocapillary, 2. Source of EUV, SXE or X-Ray
radiation, 3. EUTY, SXF, or X-Ray beam, 4, Deleclar or
irradisted ehject. (b} Schematic dingram of a focussing
glass capillary eoncentrator (GCC) 1. Capillaries, 2.
Souarce, 3. Foows, 4. Detectos or Surf@ee.

In Fig. 2 we depict schematically the principle
for internal total reflection for x-ray radiation. Also
shown is a diagram for the reflection cocfficient R

as a function of the angle of incidence 8, It is
evideot that at @ = 8, the reflectance B decreases
rapidly. In addition we have lisicd in this figure the
critical angles for two typical X-ray sources, namely
Cu K, (E = 8 ke'V) and Mo K. ( E = 17.4 keV),
respectively. The detailed characteristics of the X-
ray capillary optic applications arc discussed by
Langhoff and coworkers [13-16],

EFFECT OF TOTAL REFLECTION

ﬁ% .;77-"'36

INDEX OF REFRACTION:
n=l-c+if, 0=, f<<1

8 < B

CRITICAL .P;\'GLE OF TOTAL REFLECTTON:
Ber = 2.

Ber = 0.024p/E, p-[gem3], E- [keV]

FOR GLASS
Ber = dmrad fiir E= §keV (CuKy)
Oer=1.8 mrad fiir E=17.4 ke¥V (Mo Kg)

[ —
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s
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] s Lo 15 20 Bl
INDEX OF REFLECTION FOR - § keV

Fig. 2: Schematic view of the prinsiple of tatal internal
refleciion ot grazing incidence inside a hollow glass
capillary. n is the index of reflection, Sy the critical
angle of total reflection, E the pheton energy in ke, p
the diensity of the optical plass material, and B the
imternal reflection  coeflicient.  Also shown s the
reflection coefficient versus GV, for Cu K., mdiation,

In Fig. 3 a comparison of different types of more
complex GCC devices for enhancement of eadiation
and image formation is provided. As can be seen
such devices can for example concentrate, guide,
and focus short wavelength radiation from a source
ante a monpchromator or detector system, and at
the same time optimize the shape of the cross
section of the photon Mux for cach spesific
configuration of the cmirance windew of the
analyzing detection system.

In contrast to froguently used optical devices
such as grazing incidence toroidal mirmors 1o



enhance and focus weak optical signals in the ELY,
SXR and X-ray region, GCCs can be more casily
adapled 1o complex imaging problems,

These wide-band optical systems are cost
effective, relatively simple, and have the potential to
enhance the flux density radiation by a factor of
about 4-100, depending on the complexity and the
wavelength range. Such GCCs generally consist of
a bundle of capillaries and (he guiding propertics
arc based on the effect of tetal external reflection of
radiation from the smooth surfaces of  these
capillaries at grazing incidence. Especially, for X-
rays the critical angle of incidence is smaller than
0.1 degrees, whercas for SXR radiation this angle
warics between 2 and 3 degrecs, and for EUW
application this angle is slightly larger,

GLASS CAPILLARY OFTICS
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To test the efficiency of such new oplical devices
we have studied EUTY spectra adsing Trom AT +
He ¢ollisions [5] as indicated in Fig. 4. It is cvident
from this figure that the radiation from the targa
arca is enhanced by our GOC optics by a factor of
about ten. In this experiment the EUY plotons
amitted ba:.' multicharged Argon ions exit a target
cell at W07 with respect to the ion beam and they are
collected, puided and focused by our new GCC

device onto the entrance slit of a 2.2 m grazing
incidence monochromator. The monochromator
entrance slit is &0 cm away from the target arca, In
this experiment the GCC  system  images a
horizontal {cylindrical) ion beam segment (“line™ -
shaped source) and focuses the radiation onte e
vertical entrance slit of the monochromator.

ENFANCEMENT CF LINE RADIATEIN WITH GLASS
CAPILLAIY QOMVERTERS (3C0]

B0 ke
AP+ Ha

Counls

]
S

]
Wavihangih {ren

Fig. 4: (EUW) spectrum in the wavelength range from 32
10 3% aum follawing Ar™ + He collizions at 80 keV: — the
measurement has been performed with complex GOC
aplics, — without (CC oplics,

For alijnment purpases the GCC is mounted on
a (X, Y.Z) helder in a vacuum chamber and can be
meved  along  three  mutvally  perpendiculac
directions. The intrinsic focal distances of the GOC
at the entrance and exit plane are 50 and 60 mm,
respectively. Another important application of the
capillary optics is associated with concentration of
Keravs. A combination of a polvcapillary conic
collimator with an X-ray detector is depicted in
Fig. 5.

Dretector

Prirmary
Excitaticon
by X-Ray
or Electron
Bearmns
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Fig.5:  Polycopillory conic collimator for spatially
resolved X-ray detection



The Si (Li) Xeray detector allows spatially
resolved detection of X-ray flucrcscence signals
from a small surface arca of a sample. The
polycapillary consists of many ¢hannels, which are
aricnied towards one pointl producing a minimum
spatial resolution of 20 pm. As can be seen from
Fig. 5 the divergent fluorescence radiation is
collected and transmitted to the X-ray detector by
this kind of GCC optics [16].

Muliilayer Miror,

Crysial, or Graiing Drelecdar

Glass Capillacy
Canvertor

Mormal

Reptation

I"|3 6 SBhaet \\T!'f‘é’1l!:|g1:|l pﬂ!a.r’imﬂtr uur;n'sl_'i,ng af an
MLM, crystal or grating ( marmow bandwith), a curved
GOC (wide bandwith) and & detector

Finally we show in Fig. 6 the principle of a shont
wavelength  polarimeter  with two  polardzation
sensitive optical components in tandem, ic., an
MLA, crvstal or grating and a curved capillary
optical device that can be rotated to analyze the
polarization of an EUY, SXR or X-ray source. Here
the first optical device represcents a highly dispersive
system, whereas the GCC provides more broad band
iransmission.

3. CONCLUSION

In this study we have bricfly discussed and
demonstrated  that hollow  capillaries similar to
optical fibers can be utilized as optical waveguides
for short wavelength radiation in the EUV, SXR
and X-ray range. We are exploring now different
types of hellow capillaries and optical matedals for
the manufacturing of complex optical systems, We
are in particular inicrested to apply this new
technology to imaging applications and non or
minimally invasive in vivo methods for biomedical
dizgnostics [9]. Such single capillaries andéor
capillary optic systems are provided for example by
ACSPECT Corporation, Reno, Mevada, USA andfor
the Institet filr Gerdtebau (ifg), Berlin, Germany.
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