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Abstract

As one of the activities of JSPS-CAS Core University Program, Japan-China Joint Seminar

on Atomic and Molecular Processes in Plasma was held on October 8 - 12, 2007 in Dunhuang,
China. The total number of the officially registered participants was 41, in which 12 from
Japan, 25 from China, and 4 from EU. And this seminar is an extension of the last seminar
that was held on March 6 — 11, 2004 in Lanzhou, China.
In the nuclear fusion plasma, there are quite a variety of atomic processes such as ionization,
excitation, radiative recombination, non-radiative recombination (di-electronic recombination,
collisional electron transfer), cascade radiation, and cascade Auger decay over the wide range
of plasma temperature. The knowledge of such processes is indispensable for the evaluation
and improvement of the plasma properties, which is desirable to be investigated by
international collaboration groups. The present seminar constitutes one of such activities to
realize the above stated aim; especially it has given an opportunity for the collaborative
workers to illustrate their achievements.

Key words:

atomic processes, plasma spectroscopy, excitation, ionization, recombination, charge transfer,
X-ray, polarization spectroscopy, atomic database, tokamak, divertor, LHD, molecular
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Preface

As one of the activities of the Core University Program (CUP) entitled “atomic and
molecular processes in plasma”, a seminar “China-Japan Joint Seminar on Atomic and
Molecular Processes in Plasma” was held from the 8’th to 12°th October 2007 at Silkroad
Dunhuang Hotel, Dunhuang, China. This is the seminar that was organized under the CUP
agreement between Chinese Academy of Science (CAS) and Japan Society for the Promotion
of Science (JSPS), which was initiated in 2000 and will last 10 years. And, further, this
seminar is an extension of the last seminar that was held from the 6°th to 11°th March 2004 in
Northwest Normal University, Lanzhou, China.

Since the last seminar in 2004, the researchers from both Japan and China carried out a
number of significant studies in atomic and molecular processes in relation to the fusion
plasma. The proposal of the present joint seminar has placed its intention not only on the
presentations of the collaborative studies, but also on offering an opportunity for the wide
range of researchers from both countries to be acquainted with each other, who would have
made an extensive exchange of information about the recent progress of the research activities,
and also would have made an extensive discussion about the plan of the future collaborations.

In the present seminar, the total number of 26 oral talks was presented by experts from
Japan, China and EU, and the total number of 11 posters was presented by experts from China.
The total number of the audience was about 40. In the opening remarks, firstly, Mr. Yulong
Sun, who is the Mayor of Dunhuang City, delivered a warm address of his welcome. He is
followed by Professor Limin Wang, President of Northwest Normal University, who
presented a warm address. Professor Baonian Wan of Institute of Plasma Physics, Chinese
Academy of Sciences, gave a cordial greeting to the seminar as the Coordinator of the Core
University Program. Finally, Dr. Fumihiro Koike, gave also a cordial greetings to the
seminar and expressed his sincere thanks to the local organizers as a representative of
Japanese delegates.

The seminar was in always a friendly and active atmosphere. As of the intermission of
the seminar, participants visited the Museum of Dunhuang City and they further enjoyed
many kinds of tasty and ethnic foods. On the last day of the seminar, many of the participants
visited Mogao Grottoes, Mingsha Mountain, and Crescent Moon Spring in the suburbs of
Dunhuang City. During the seminar, the participants exchanged their new research results,
discussed about the outlook for new research fields. They tried to promote further

developments in mutual collaborations between the countries and the experts. It has given an



atmosphere that a subsequent meeting should be desirable to be planned in the near future.

The present issue of the proceedings has collected 23 oral talks and 11 posters that are
presented in the seminar. They covers the spectroscopic properties of atoms and ions in the
plasma, the collisions of electrons or ions with atoms or ions in the plasma, the analysis and
diagnostics of the confinement fusion plasma, the atomic data compilations and the database
constructions, the molecular processes in the confinement fusion plasma, and, further, topics
from wide area of atomic physics related to plasma. The present issue also includes the
scientific program of the seminar, the group photo as well as the list of participants.

On behalf of the organizing committee, we would like to express our sincerest thanks to
all the participants who made active contributions not only in the formal presentations but
also in the fruitful discussions. We would like to acknowledge everybody who devoted very
hard work for preparing the seminar. We also would like to express our special thanks to
Professor Shunsuke Ohtani and Professor Baonian Wan; it was beyond our competence to
prepare a nice seminar without their help. We also would like to express here our sincere
thanks to Professor Mineo Kimura, who, regrettably, passed away on the 2’nd February 2008.
As a member of the organizing committee, he has made a great effort to realize the present
seminar and he has shown an excellent leadership by chairing a session and giving a nice talk
at the seminar.

Finally, we would like to acknowledge the administrative as well as the financial
supports from Northwest Normal University, Gansu Province, Dunhuang City, and the

National Institute for Fusion Science.

Chenzhong Dong
Local Chairperson,
Northwest Normal University, Lanzhou, China

Fumihiro Koike

Organizing Committee,
Kitasato University, Sagamihara, Japan
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Short Wavelength Sources and Atoms and lons

E. T. Kennedy
National Centre for Plasma Science and Technology and School of Physical Sciences,
Dublin City University, Dublin 9, Ireland

Abstract

The interaction of ionizing radiation with atoms and ions is a key fundamental process.
Experimental progress has depended in particular on the development of short wavelength light
sources. Laser-plasma and synchrotron sources have been exploited for several decades and most
recently the development of short wavelength Free Electron Laser (FEL) sources is revolutionizing
the field. This paper introduces laser plasma and synchrotron sources through examples of their use
in studies of the interaction of ionizing radiation with atoms and ions, ranging from few-electron
atomic and ionic systems to the many-electron high atomic number actinides. The new FEL source
(FLASH) at DESY is introduced.

Keywords: vacuum ultraviolet, extreme ultraviolet, laser plasma, absorption spectra,
photoionization, atoms, ions, free electron laser.

1. Introduction:

Experiments on the interaction of ionizing photons with atoms and ions improve our basic
understanding of fundamental photoionisation processes and provide data essential for modelling of
laboratory, fusion and astrophysical plasmas. Progress is enabled by advances in atom/ion beams
and detectors for the resulting ions, electrons or photons but most critically by the development of
improved light sources. In this paper we describe some examples of experiments on atoms and ions
carried out with table-top laser-plasma and large-scale facility synchrotron light sources. The paper
concludes with a brief description of the new short wavelength Free Electron Laser (FLASH)
developed at Hamburg in Germany, which is ushering in a new era in the study of the interaction of
ionizing photons with matter. First results are described in the accompanying paper by John
Costello.

2. Synchrotron light sources

Accelerator-based light sources have developed over the last forty years or so, through distinctive
generations. The potential of storage rings as short wavelength light sources for the study of photon-
atom interactions was demonstrated in the sixties through the pioneering work of Madden and
Codling (1963), when they observed the striking and unanticipated strong and weak asymmetric
resonance series associated with the simultaneous excitation of both 1s electrons of helium. The
interpretation of the spectra required consideration of the correlated motions of the two electrons and
the introduction of new correlation quantum numbers by Cooper, Fano and Prats (1963). These
impressive results stimulated the atomic and molecular physics communities world-wide and
investigations of other atomic species soon followed. This early work relied on parasitic use of
storage rings which had been designed and built for particle physics investigations; often termed first
generation synchrotron light sources. Second generation machines specifically designed as light
sources soon followed and introduced multiple beam-lines to cater for rapidly growing user
communities quickly realizing the potential for a wide range of science investigations.

The introduction of straight, periodic, permanent magnetic structures (known as undulators or
wigglers) which force the electrons to rapidly oscillate sideways and more efficiently emit light, led to
the third generation phase of development. The systematic introduction of undulators together with
improvements in the quality of the circulating electron bunches, at facilities such as ALS, APS,
BESSY |I, Elettra, ESRF, Max I, Spring 8, has provided orders of magnitude improvement in
performance compared with the earlier second generation facilities (Bilderback et al 2005).

3. Laser Plasma light sources and the Dual Laser Plasma technique

For low-to-medium atomic number targets the spectral emission of laser-produced plasmas
mainly consists of discrete lines. If however, a high atomic number target, such as tungsten or a
rare-earth target, is used then a clean relatively uniform continuum is emitted throughout the VUV



and EUV spectral regions (Carroll, O’Sullivan and Kennedy 1978, 1980). When a laser plasma
continuum source is used as a back-lighter to a second laser generated plasma (which creates the
absorbing atomic or ionic species of interest), the combination provides a flexible table-top approach
to the study of inner-shell and multiple electron excitations in atoms and ions. The technique,
termed the Dual Laser Plasma (DLP) photoabsorption technique, has been used to investigate short
wavelength photon interactions with a wide range of atoms and ions. The method is versatile as solid
targets are used and trends along isoelectronic and isonuclear sequences can be explored. In its
earliest formulations the DLP technique used photographic detection (Carroll and Kennedy 1977,
Carroll and Costello 1986). Photoelectric detection was introduced by the Padova group of Tondello
and co-workers (Jannitti et al1984).

The DLP results briefly reviewed here, were obtained with the facility developed at Dublin City
University, (Kennedy et al. 1994). The output of a pulsed Nd:YAG laser (~1J in < 10 ns) is focused
tightly onto a tungsten surface in vacuo to generate the back-lighting plasma source of continuum
radiation. A second laser, fired earlier, produces the absorbing plasma on the optical axis between
the back-lighting plasma and the entrance slit of a spectrometer. By appropriate choices of target
material, position of the absorbing plasma with respect to the optical axis, laser irradiation conditions
and inter-plasma time delay the absorbing plasma conditions can be optimized for the atom or ion of
interest. The continuum output from the back-lighting plasma is coupled, via a toroidal mirror, into
the 10-um entrance slit of a McPherson 2.2m grazing incidence spectrometer equipped with a multi-
channel detector. By firing the back-lighting laser alone the background continuum spectrum (lo) is
obtained. By firing both lasers together the transmitted intensity (1) is recorded.

4. Some examples of the interaction of short wavelength photons with atoms and ions

4.1 Single photon - few electron atom/ion interactions

Since the sixties, there has been a continued interest in the interaction of ionizing radiation with
two-electron helium atoms, particularly in the photon energy regimes leading to the formation of
doubly excited states or to double ionization. More recently these interests have extended to few-
electron ionized systems and triply excited states.

Singly-excited and doubly-excited states of Li*. Mosnier et al (2000) exploited the DLP technique
to carry out the first systematic experimental study of the relative photoionization cross-section of Li*
in its ground state over the photon energy range (60 to 190 eV) extending from the discrete region
up to two-and-a-half times the ionisation threshold energy. The figure alongside shows the
experimental relative cross-section spectrum. The
cross section shows the first doubly excited state at
150 eV, which is seen to make an almost negligible
124 contribution to the total cross-section due to its very
low oscillator strength. Absolute cross section
measurements have been recently achieved for Li* at
the ALS synchrotron facility through the range of
doubly excited states (Scully et al 2006).

Photon-Induced Triply Excited States in Lithium:
Neutral lithium makes possible the formation of triply
60 8 100 120 10 160 180  excited states in which all three electrons are excited

Ehoton Energy (eV) leaving the K shell unoccupied. Such triply excited

states have been termed hollow atom states and

lithium is a model system for the study of electron correlation in a three-electron atom (the
Coulombic four-body problem). Studies of hollow lithium received a major stimulus from the first DLP
photogeneration experiment (Kiernan et al 1994), which provided sufficient sensitivity and resolution
to observe the profile of the lowest lying triply-excited resonance. To produce a sufficiently absorbing
atomic lithium column it was necessary to use a long-pulse-duration (~1us) dye laser to produce a
high density of neutrals in a 22-mm-long line focus. The resulting lowest lying triply excited
15%25°S—25?2p 2P resonance was observed at 142.3 eV (Kiernan et al 1994).

Photoabsoprtion Cross-Section (a.u.)
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The successful observation of the triply excited state 2s°2p stimulated subsequent synchrotron-
based investigations. Photoion spectrometry experiments at the HASYLAB (Kiernan et al 1995) and
Photon Factory (Azuma et al 1995) synchrotrons had greater spectral resolution and sensitivity and
discovered many new hollow atom resonances at higher photon energies. Photoelectron
spectrometry at the ALS (Diehl et al1996), allowed very weak resonances such as the 2p state to be
investigated in detail. Doubly hollow states (both K and L shells empty) have been observed (Diehl et
al 1997a and Azuma et al 1997). Angular resolved measurements have been made on both the
2s%2p (Diehl et al 2000a) and 2p® (Diehl et al 2000b) resonances. Extended Rydberg series have
also been detected (Diehl et al 1997b). For further details and more complete sets of references on
the study of triply excited states in lithium see the reviews (Wuilleumier et al 1998, Wuilleumier 2000,
Kennedy 2001 and Madsen 2003)

4.2 The neon isoelectronic sequence: The strange case of Si*

The neon isoelectronic sequence: The importance of photoabsorption data for ions of the neon
sequence,for astrophysical modelling was emphasized as part of the Opacity Project by Hibbert and
Scott (1994). The near threshold cross section behaviour for the early members of the neon
sequence has been examined theoretically and experimentally and the results indicate the
importance of including fully the role of inner-shell resonances (Chakraborty et al 1999). The
calculations were performed, using the Relativistic Random Phase Approximation plus multi-channel

quantum defect theory. The results of the
calculatlons for the cross section at the 2s°2p°
8 ‘ “*’"" | ?P, » threshold are shown in the adjoining figure

b ‘ (solid points) for the first few sequence
7\ ol members. The smooth evolution of the cross
6 Uncoupled I sectlon along the sequence is broken by the

Si** results, which are smaller by more than an
order of magnitude. Fig. 3 (continuous line)
shows the calculated results with the coupling
between 2s and 2p channels omitted, and a
marked difference from the full RRPA result is
seen. Without the coupling, the omission of
which essentially excludes the inner shell
‘ ; ,  excitations, the threshold 2p cross section for
NSNS H o ‘ Si** falls into the smooth pattern of the
0 -+ 8 12 16 20 24
7 neighboring members of the isoelectronic
sequence. It is the presence of the inner-shell
resonance in the vicinity of the threshold that causes the disruption in the series.

The movement of the inner shell resonance to the vicinity of the threshold reglon was conflrmed
by the DLP experiments which were carried out for the sequence members Na* through Si*". For the
ions Na* to AI** the valence transitions (2p—ns, nd) were observed to run to the serles limits in the
normal way, with a smooth continuation in the cross section across the limits. For Si** the behaviour
was strikingly different. The near-threshold cross section is now dominated by the inner- sheII
2s+3p resonance which has moved down to 165.4 eV, just below the photoionization limits °P5, and

2P, which lie at 166.7 and 167.2 eV, respectively. This example shows that experiments are
important to benchmark theoretical calculations for ion sequences and that simple theoretical
interpolation may be unreliable.

Threshold Cross Section (MB)

4.3 4p excitations in Mo"

High temperature furnaces to obtain significant vapour pressures for transition row elements are
subject to chemical attack. In consequence only one 4p-subshell spectrum of an element of the 4d
transition row, that of Y I (Z = 39) has been recorded using such a method. The dual laser plasma
technique has been applied to molybdenum and provided, for the first time, photoabsorption results
arising from excitation of the 4p-subshell of Mo" ions (Mansfield et al 2003). The figure below
reproduces the overall absorption spectrum between 200 000 cm ™ (26 eV) and 500 000 cm™ (62
eV) recorded at an optimized inter-plasma time delay of 350 ns. The spectrum can be interpreted as
a 4p — 4d giant resonance on which extensive discrete structure is superposed. The discrete lines



are ordered into six Rydberg series converging on the three limits 4p5(4d5 6S)7P4,3,2. The relative

simplicity of the observed Mo* spectrum can be attributed to the stable nature of the 4d° half-filled
subshell ground state. The five 4d electrons

204 5 =si 8 _ris B couple with their spins parallel in the ground state
18 nd == 3o 2 and retain this alignment when the 4p subshell is
1.6 ns 5 6 - excited.

|5 Toa P, The Mo* spectrum provides a nice example of
a Rydberg series straddling a giant resonance.
The asymmetric profiles of the discrete lines arise
from the interaction with the giant resonance and

the reversal of the sign of q (the Fano profile

index) as the series passes through the giant

| =t R resonance is as predicted by Connerade and
P Lane (1987)

3 7 50 60

00 T

200000 250000 300000 350000 400000 450000 500000
e:nergy/cm'1 -

1.4 4
124

1.0+
0.8

0.6 4

absorbance, In(7, /D —>

0.4 4

02—

4.4 Evolution of giant 4d resonances in the lanthanides

The DLP technique has been used (Kéble et aI 1995) to compare the 4d excrtatlon behaviour of
Ba®* with its isoelectronic partner La . The results
confirm that the collapse of the 4t'P orbital along the
xenon sequence has a gradual nature. Calculations
based on configuration interaction and many body
perturbation technlques show that the giant dipole
resonance in La** associated with the 4d subshell
175 excrtatlon has acquired a definite discrete 4d
4d° 4f( P) character at the expense of the 4d 0
4d%f continuum transitions. Most noticeable for La**
is the strong resonance at the photon energy 118-9 eV
q . i i . and the further reduction in the contlnuum absorption
«‘P'_:'-._. ool background, when compared to Ba®* (see the figure on
Il «pmie) n=sere0 the left).
(RN The corresponding photoabsorption cross section

44%sp) |
aa%ap) |

ll"(lo/ 1)

g “onrion ssssras for solid LaF; (Olsen and Lynch 1982) is indicated by
g the dashed line. Both the free La and the solid LaF;
spectra show the dominant 4d°4f('P) resonance and
the weak 4f(°D) line at about 102 eV. The shoulder at
118.8 eV in the solid state spectrum corresponds to
oo e e ke e the 4d® 3/2)6P(1/2) state in La**. The main 4f('P)

photon energy (eV) resonance of La>* in its SO|Id state is influenced albeit
moderately by the environment, which causes the
resonance to be broadened and shrfted by about 1.3 eV toward lower energy. The effects of the 4d
excitations into higher levels are also recognizable in the solid state spectrum but the disappearance
of the pronounced line structure indicates their non-localized character.

4.5 Photoabsorption of the actinide U: DLP - Synchrotron comparison

An understanding of the actinides is of fundamental interest. 5f electrons in the actinides
experience a double-well potential (in a similar way to the 4f electrons in the lanthanides) but do not
become as localized due to the additional node in the 5fwave function. Many of the physical
properties peculiar to the actinides can be attributed to this fact (Haire 1995).

DLP experiments were performed for uranium in the normal incidence (15 —40 eV) and the
grazing incidence (30 — 150 eV) regions, covering the 6p and 5d excitation spectral ranges,
respectively (see van Kampen et al 2000 for a detailed description). To interpret the experimental



spectra, calculations were carried out using the Cowan code and the results compared favourably
with the experimental data. The 6p excitations are separated into two groups of resonances, about 9
eV apart, attributable to the spin-orbit splitting of the 6p

S 20 core hole. The resonances around 21.5 eV can be
M@ T ascribed to 6ps» —6d transitions; the second group,
Photoabsorption around 30 eV, is due to 6p1, —6d transitions. Both
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peaks are the result of many unresolved transitions
between electrostatically split terms. In contrast to the
6p case, two overlapping peaks at 97.5 and 110 eV in
the 5d region are not exclusively due to spin-orbit
splitting and must be discussed within an intermediate
coupling scheme. The calculations reveal that the 5d-5f
electrostatic and spin-orbit terms are of comparable
importance.

Complementary photoion data for the 80-140 eV
region was obtained using synchrotron radiation from
the electron storage ring at BESSY | (See the adjoining
figure). The uranium metal was heated in a
molybdenum crucible producing an atomic number
density in the interaction region = 10" cm™®. The
photoion experiments provided individual yields for U,
U?* and U** ions over the 5d excitation regime. No U**
ions were detected. The figure shows the individual

- . - . —— yields and a comparison of the summed photoion yield
ey and the DLP photoabsorption data. The latter agree
very well and provide a mutual check on the reliability of
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the experimental results.

4.6 Photoabsorption from excited states: The role of metastables

Many atoms and ions have low-lying excited states, some of which may be metastable, and these
states can enable the study of photoabsorption from excited states (Kennedy and Carroll 1977). The
presence of substantial populations of excited states is generally undesirable however as they make
it difficult to deduce the individual relative cross sections. Comparisons with theory require
superposition of calculated cross sections for the different possible contributing levels, weighted
according to the distribution of populations.

3p excitations in singly and doubly ionized chromium: Members of the iron group of the transition
elements play important roles in astrophysics, in addition to having useful magnetic properties and
forming the basis for many solid-state laser materials.

The spectrum of singly ionized chromium was first studied by Costello et al (1991) using the DLP
technique, in the photon energy range 35-70 eV. Subsequently, Dolmatov used the spin-polarised
RPAE(SPRPAE) technique to compute the Cr* photoionisation cross section (Dolmatov 1996). Good
agreement was found with the experimental data at low photon energies, where 3p—4s transitions
and the onset of the 3p—3d giant resonance dominate, but serious disagreement at photon
energies was evident and later confirmed by R-matrix calculations of Donnelly el al (1997).

To understand the discrepancies a new series of DLP experiments was carried out and
supplemented by calculations aimed at assessing possible contributions to the measured absorption
by excited states within the plasma. The nearest metastable state to the ground state of Cr*, the
3d*(°D)4s °D multiplet, lies only 1.5 eV above the 3d° S ground state. Contributions to the observed
spectrum due to photoabsorption from these levels may therefore be expected. The later DLP
experiments on both Cr* and Cr®* ions confirmed that excited states play an important role in
determining the observed spectra. Further details on the experiments and the extensive series of
supporting calculations are provided in the original publications (McGuinness et al 1999, 2000).

The role of metastables is also important in synchrotron-based photoion experiments.
For an overview of developments in photoionization of ions see the reviews by West (2001) and
Kennedy et al (2004)



5. Free Electron Laser developments: The FLASH User facility at DESY Hamburg

The concept of using highly relativistic electrons traversing magnetic undulators to generate short
wavelength photons is exemplified in the most recent 4" generation of accelerator light source
development. Single-pass Free Electron Lasers (FELs) based on the principle of Self Amplified
Spontaneous Emission (SASE) provide uniquely intense, polarised, short pulse (<~100fs) and
tunable coherent radiation at short wavelengths. A unique user facility termed FLASH (Free Electron
Laser at Hamburg) based on this concept has recently become operational.

In a SASE FEL lasing occurs as an electron bunch passes through a long (~30m) ultra-precise
magnetic undulator. The forward emitted electromagnetic radiation interacts with the electron bunch
leading to a density modulation (micro-bunching - with a spacing equal to the wavelength) which
enhances the power and coherence of the radiation emitted by the bunch. This process of self-
amplification leads to exponential growth of the radiation field and to saturated laser-quality output.
The fundamental emission wavelength is given by A = A,(1+K%/2)/2y? where A, is the period length of
the undulator (2.7 cm at FLASH), y = E/mc” is the relativistic factor of the electrons and the undulator
parameter K = eBg), /2nmc where B, is the peak magnetic field in the undulator. Because A, is of the
order of cms and v is of the order of 2000 for a 1Gev accelerator, the FEL emission wavelength A, is
extremely short. The wavelength can be tuned by varying the energy of the electrons from the
accelerator.

The very short emission wavelength may be simply understood as follows. An electron traverses
the length of the undulator in a time t = NA, /v. The N wavelengths, of the associated
electromagnetic wave, are therefore squeezed into a length ~ (c-v).t and the wavelength determined
by A ~ (c-v). Ay /v. The ultra-relativistic nature of the electron bunch implies v >> (c-v) and the emitted
wavelength can therefore be very short. It can be expressed in terms of the Lorentz y factor as A =
AJ/2¥. When the curved path of the electron trajectory is taken into account a corrective factor
(1+K?/2) depending on the magnetic field results. Furthermore the FEL can emit harmonics (A,) of
the fundamental wavelength.

The monochromatized output of the FEL is essentially a resonance phenomenon. In each period
of the undulator the oscillating relativistic electron slips behind with respect to its emitted light by A so
that the waves emitted by an individual electron, as a result of each sideways oscillation, add
coherently. The induced micro-bunching builds up the coherence between the electromagnetic
waves emitted by different electrons in the bunch. The combination of the two effects leads to the
unique and unprecedented nature of the final output beam brilliance.

DESY achieved a decisive milestone in February 2000 when the first coherent output was
observed and by 2001 the FEL had produced the first saturated output and achieved GW pulses in
the femto-second regime (Ayvazyan et al). The first scientific results obtained with the DESY Phase
1 FEL were reported by Wabnitz et al (2002) and involved the interaction of the VUV photons (at ~
90nm) with xenon atoms and clusters. The behaviour was strikingly different to that which occurs
with intense optical laser light.

The success of the Phase 1 facility led to a Phase 2
(1 GeV) FEL development aimed at providing
wavelengths extending down to 6 nm. This unique user
facility, renamed as FLASH (Free Electron Laser at
Hamburg), has enabled, during 2005, 2006 and 2007,
laser operation at several wavelengths extending from
32 nm to as low as 7nm. Beam parameters of FLASH
include virtually full transverse coherence, pulse
duration < 100 fsec and ~ 10'® photons per pulse,
making it a revolutionary new source. Several
beamlines are being exploited by user groups
addressing scientific areas including physics, chemistry,
biology, plasma and materials science.




The figure above (Courtesy of DESY) shows the FLASH experimental hall. The FEL radiation is
diverted to different beamlines by use of grazing incidence mirrors. The hall also includes a laser
hutch which houses a time-synchronized femtosecond optical laser facility, providing an important
added dimension by enabling pump-probe techniques (Meyer et al 2006). The FEL’s performance is
described in Ackermann et al (2006) where wavelengths reached include the water window region
through the FEL harmonic emission.

The revolutionary nature of these sources is illustrated in the figure below (taken from Ackermann
et al (2006)), which shows the peak brilliance of FLASH at three different wavelengths compared to
existing synchrotron facilities and also indicates the anticipated performance of Stanford (LCLS) and
DESY (European XFEL) FELs aimed at operation down to x-ray wavelengths. The figure shows the
fundamental wavelength emission of FLASH and the 3™ and 5™ harmonics.

The success of FLASH and the further prospects of SASE FELs extending down to x-ray
wavelengths (Feldhaus et al 2005) introduce a new era in the study of photon-atom/ion interactions
. at short wavelengths. The availability of

107 T T T intense tunable laser radiation pulses of very

- curapasn - short duration and at ionizing wavelengths is
1072 F V . expected to pay rich dividends in terms of
B fLesm As science and technology applications and will
undoubtedly lead to many new and
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Two Colour Photoionization with the Ultrafast EUV Laser
‘FLASH’ — Free Electron Laser in Hamburg: Progress Report

John. T. COSTELLO

School of Physical Sciences and National Centre for Plasma Science and Technology
(NCPST), Dublin City University, Glasnevin, Dublin 9, Ireland

John.Costello@DCU.IE

Abstract. The Free Electron Laser at Hamburg (FLASH) emits pulses of up to 150 uJ with
durations in the 10 — 30 fs range in the Extreme-UV (EUV), 6 — 60 nm, at repetition rates of
(currently) 5 — 300 Hz. The system opens up new research pathways in few photon-few
electron processes and photoionization processes with ultra-low cross sections and/or ultra-
dilute targets. In combination with an ultrafast optical laser synchonised to FLASH, two colour
photoionization experiments, where both fields are of comparably high intensity but orders of
magnitude different in photon energy, have become possible. We focus here on coherent
photoionization processes in intense superposed EUV and optical fields. Apart from
fundamental interest it provides a mechanism to measure EUV-Optical field jitter in femtotime.

Keywords: Free Electron Laser, Extreme-UV, Atoms, Photoionization, Coherent Processes.

1. Introduction

Photoionization is the predominant outcome of the interaction of Extreme-UV (EUV) radiation with
matter. It has been a rich source of many electron interactions and quantum interferences which go
way beyond the simple single particle picture of Einstein so insightfully proferred more than a century
ago to explain the photoelectric effect. Experiment and theory have worked hand in glove in recent
decades to deliver complete experiments along with a deep understanding of the role of many electron
effects in photoionization [1]. In all of these studies, the EUV field has been weak and so each atom or
molecule absorbs one, and only one, photon.

The competing field of ionization of atoms and molecules in intense infrared and visible laser
fields has revealed many new dynamical processes such as multi-photon, above-threshold and optical-
field ionization [2] as well as short wavelength coherent radiation via high order harmonic generation
or HOHG [3]. An interesting, but until recently hypothetical, question is: what happens if the intense
driving field is ramped up to high optical frequency — into the EUV ? Although HOHG can provide
coherent EUV radiation of moderate peak intensity, even highly optimised systems are just about at
the threshold for driving non-linear physics at short wavelengths [4]. Plasma based lasers have also
tried to meet this grand challenge, starting with the first observation of population inversion/ gain in a
recombining plasma in the 1970s [5], followed by the first convincing demonstration of a practical
collisionally-excited EUV laser at Livermore [6] in the mid 1980s. Despite heroic efforts to improve
these systems over the intervening decades by e.g., injection seeding [7], they have not resulted (as
yet) in high average power, GW level pulses.



All this has recently changed with development of FLASH, the Free Electron Laser, located in
DESY, Hamburg. The EUV output of FLASH possesses unprecedented average and peak intensity
and is fully spatially coherent. For the first time, atomistic systems, bathed in intense and coherent
ultrahigh frequency electromagnetic fields, can be uniquely studied using photon, photoion and
photoelectron spectroscopies. Experiments on dilute samples and/or species with ultralow
photoionization cross sections, few photon processes in few electron systems, two colour (EUV +
IR/EUV + EUV) pump-probe experiments on a femtosecond (even attosecond) time scale are all made
possible with the advent of ultrafast EUV and soon the XFEL [8] and LCLS [9].

FLASH started operation at a fundamental wavelength of 32 nm in mid 2005 [10]. Experiments
have been performed on rare gas atoms and simple molecules with single EUV pulses and also with
bichromatic fields using a two colour facility [11] which provides 800 nm/120 fs/20 wJ pulses
synchronised to the FEL. The objective of this contribution is to provide an update on our two colour
photoionization experiments at FLASH performed by a collaboration involving LIXAM-Orsay,
NCPST-DCU, IRCEP-QUB and DESY-Hamburg.

This paper is organised as follows. Section 2 comprises only a brief introduction to FLASH as
Eugene Kennedy discusses FEL physics and FLASH in detail towards the end of his contribution to
these proceedings. Section 3 comprises an introduction to our experimental setup at FLASH. Section 4
contains salient results from our first experiments. A brief perspective is given in Section 5.

2. FLASH: Free-electron LASer in Hamburg

A vacuum-UV (VUYV) free electron laser (FEL), operating at the then record short wavelength of 98
nm was reported by DESY in 2000 [12]. It soon reached GW peak power levels [13] and was used to
perform what was ostensibly the first VUV multiphoton experiment on rare gas clusters [14]. FLASH
recently achieved world record peak and average coherent power [15] at a wavelength of 13.7 nm
while the 5™ harmonic (~2.7 nm) reached into the ‘water window’ (figure 2). FLASH is based on a
linear accelerator coupled to a series of long and precisely aligned undulators acting in concert .

Electron
Beam Dump

Laser Compressor Compressor FEL
5MeV 127 MeV 450 MeV 1000 MeV Diagnostics
« 300 m >

Figure 1. (Colour online). Layout of the EUV FEL ‘FLASH’ at DESY, Hamburg [10].

Referring to figure 1, ultrashort charge packets (~1nC) are ejected from a photocathode,
accerelerated and compressed to produce a bunchtrain of low emittance and low energy spread.
Electron bunches are injected into the undulator chain, where they undergo a zig-zag motion and emit
synchrotron radiation. Radiation emitted by deflected electrons moves faster than the electron bunches
and interacts with electrons further up the beam, accelerating or decelerating them leading to a
periodic bunching of the electrons that imposes a density modulation period equal to the undulator
fundamental period. The imposition of a well defined spatial periodicity in the emitting bunches
results in increasing coherence, collimation and an exponential growth in the intensity of the laser-like
radiation field as the bunchtrain travels down the train of undulators. Since the FEL output grows out
of spontaneous emission (effectively the photon noise), the process is referred to as SASE-‘Self
Amplified Spontaneous Emission’ [16]. For further details on FLASH see the contribution from
Eugene Kennedy in these proceedings and also reference [15].
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3. Two Colour AMO Experiment at FLASH

The experimental setup has been described in detail recently [11] and so only a brief outline is given
here. The femtosecond EUV/Optical laser facility at DESY was built in the frame of a Framework 5,
EU-Resarch and Technology Development grant by a collaboration involving Orsay (LIXAM), DCU
(NCPST), Lund (LLC), MBI, BESSY and DESY. The optical laser provides 20 wJ/120 fs/800 nm
pulses locked to the EUV FEL. The FEL provides trains of pulses (each 10-30 fs, average energy of 50
uJ) at a macro (bunch-train) repetition rate of 5 or 10 Hz with currently up to 30 ‘micro’ pulses in each
‘macro’ pulse. The optical laser has recently had a new amplifier added to it to boost the pulse energy
up to mJ level. The underlying principle of the setup is illustrated in figure 2.

MCP
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| P vacuum chamber |{ || | — retardation grids specirometer
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: AXUV el .
eriscope mirror - magnet (~0.5T) ; transmission  Harada gratin
Wit motorized photodiode filters rang
mirror mount | |
1000 I/s

Figure 2. Detailed layout of the EUV FEL ‘FLASH’ at DESY, Hamburg [11].

The converging EUV beam is transported through a hole in the parabolic mirror used to
focus the optical laser. The collinear EUV and 800 nm beams are brought to a focus at the intersection
point of a gas jet and a time of flight electron (TOF) spectrometer entrance aperture. The TOF is of the
magnetic bottle type which ensures 4w collection efficiency. The output from the TOF is fed to a
LeCroy 8600A fast digital oscilloscope. A photoelectron spectrum (PES) trace is obtained and stored
for each FLASH shot. FLASH and the 800 nm oscillator are driven off the same radio frequency
source and are hence phase locked. The delay between these pulses is adjusted via an optical delay line
(increment - 3.3 fs/micron). Obtaining spatial and temporal overlap of the beams is a non-trivial task
as the experimental chamber is sited some 70 m from the exit port of the final undulator and 20 m
from the optical laser. We use phosphor screens and fast (picosecond) photodiodes are used to obtain
rough spatial (< 10 um) and temporal (20 ps) overlap. We have found the HS3 photodiode from
International Radiation Detectors Inc. (80 ps risetime) to offer the best compromise between
responsivity at EUV/NIR wavelengths and time resolution while possessing very good radiation
hardness. To obtain the absolute time delay we must find the overlap point of the EUV and 800 nm
pulses not in picotime, but in femtotime — this will be the main subject of the results section.

As with any undulator based device the FEL emits not just at the fundamental wavelength
but also at its harmonics [17]. So our experimental setup has the option of including a flat field
spectrometer with back illuminated CCD to monitor the harmonic ratios on a shot to shot basis. When
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optimized, FLASH emits only odd harmonics at which point the beam is fully plane polarized and so
one can perform experiments on aligned atomic and molecular systems. As FLASH is basically a shot
noise amplifier, its output fluctuates from shot to shot with respect to spectral distribution, pulse width,
peak intensity, beam profile, beam pointing, etc. Hence it is essential to measure all beam parameters
for each and every FEL shot so that one can post-correlate measured data with its associated shot. To
achieve this objective, DESY have developed an integrated diagnostics package which provides users
with these data sets after each measurement campaign.

4. Two colour experiments with FLASH
The atomic, molecular and optics (AMO) community at FLASH is focused on a number of key
domains which utilize the unique characteristics on an EUV FEL, high peak intensity, high average
intensity and/or short pulse width. Before focusing on our own pathfinder results I should advert to a
couple of other important AMO domains at FLASH. A summary of these experiments is given in an
upcoming progress report from the 25" ICPEAC Conference which was held in july 2007 [18]. A
number of experiments on few photon multiple ionization (FPMI) experiments with the rare gas atoms
have been performed. For example Sorokin et al. [19] have performed systematic measurements on the
photoion spectra of He and Ne under high irradiance (up to 10" W.cm™). Using an analysis similar to
that done earlier on N, ionization [20], these authors were able to derive two photon ionization cross
section for Ne, Ne' and Ne?".

Moshammer et al. [21] have measured direct two photon double ionization of Ne in intense
EUV fields. For low intensity, the concentration of events around the zero momentum origin led to the
conclusion that electrons are ejected into opposite directions (hemispheres) with roughly equal
energies in stark contrast to the one photon double ionization case where such a dynamical decay
pattern is suppressed for equal energy sharing. A resonant two photon absorption experiment on
helium has been performed by a University of Hamburg/DESY collaboration [22]. Fohlisch et al [23]
have also recently reported an intriguing EUV field dependence of the valence photoelectron
distribution of N,. Two other recent results demonstrate how FLASH has made possible meaningful
measurements on very dilute targets. In [24] Pedersen et al. report fragmentation of a molecular
system of astrophysical significance (HeH") while in [25] Epp et al. illustrate how FLASH has brought
a mature, but key technique, namely resonance laser induced fluorescence (LIF) into the EUV.

Two colour coherent experiments at FLASH

The femtosecond two colour facility at FLASH can be used to perform both pump-probe and
laser assisted photoionization (LAP) studies [26]. In this contribution we focus on the latter coherent
process. In LAP experiments, when the EUV and optical laser fields overlap in space and time, a
photoelectron is born into the optical dressing field where it can exchange (i.e., gain or lose) one or
more quanta of energy. The resultant photoelectron spectrum displays sidebands adjacent to the main
photoelectron line separated by the optical photon energy. Each sideband intensity depends on the
EUV photon energy and dressing field strength and so can be used to monitor the relative time delay
jitter between overlapping pulses.

Many such experiments have been performed using a single optical laser split into two parts.
One part is focused into a rare gas jet to generate a comb of EUV high order (odd) harmonics (HOH),
(....Hont» Hongtse..) wWhere ‘2Nzx1° refers to the (odd) harmonic number. The harmonics are then
focused into a second gas jet where they produce a corresponding comb of photoelectron lines
separated by twice the optical laser photon energy. The other part of the beam is overlapped in
space/time with the EUV harmonics so that photoelectrons sense an intense dressing field with which
they can exchange optical photons (hv). The sidebands so induced are disposed either side of the main
photoelectron lines at +nhv. In figure 3 a typical LAP spectrum is shown where the vertical axis
corresponds to time delay between EUV HOH and optical pulses while the horizontal axis corresponds
to the photoelectron kinetic energy [27].
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Figure 3. Coherent photoelectron sidebands [27]

However, the measured signal is not simply the sum of the two sideband intensities. As the
EUV harmonics are derived from a single driving laser pulse, they are phase coherent (in fact if the
phases can be locked with almost zero phase shift, the system approximates a mode locked laser and a
train of attosecond pulses results). Hence the free electron waves or main photolines which the HOH
produce are phase coherent as are, in turn, the sidebands since they are formed by exchanging quanta
with the dressing laser field. So for any single sideband we cannot distinguish between the free
electron waves which form it and in addition both these waves are phase coherent — in effect we have
a classic two slit experiment and we add the probability amplitudes rather then the free wave
intensities. In fact, at sufficient dressing fields intensities, a free electron can exhange ‘n’ photons with
the dressing field and so we have, in effect, a ‘n’ slit experiment.

Since FLASH could produce high flux at a single photon energy, it presented us with the
first opportunity to study this effect in the interference free regime. In our first experiment [29] we
operated with a 12 ps, 527 nm pulse so that we did not have to worry about relative jitter between the
EUV and optical laser pulses. In a more recent experiment [30] we have been able to carry out a
comprehensive study of these sidebands with femtosecond pulses. Theoretical studies by Maquet and
Taieb employ either the soft photon approximation or the time dependent Schrodinger equation [31].
They have been very successful and able to accurately predict sideband intensities and dependence on
the polarization state of the dressing optical laser field. Importantly, theory shows that sideband
intensity depends on not just the laser intensity but also the kinetic energy of the photoelectron.

In figure 4 we show a comparison between theory and experiment for the case of He where
the main Is" photoline was produced by the FLASH operating at a wavelength of 25.5 nm (48.5 eV).
The sidebands are observed to straddle this line at +£1.55 eV (800 nm) energy separation as expected.
From a fit of the theoretical trace to the experimental spectrum we were able to derive EUV and
optical laser intensities independent of direct measurements to be both few 10> W.cm™.
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Figure 4. Comparison between measured and
computed PE sideband spectra for He [30]
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Figure 5. Multiple sidebands formed by
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In figure 5 we show a photoelectron (PE) spectrum for the case of Xe irradiated by
superposed 13.7 nm and 800 nm radiation fields. Sidebands of up to order 4 corresponding to gaining
up to four photons from the dressing laser field (800 nm) are observed. By analyzing Xe sideband
numbers and intensities and comparing them with theory we have been able to determine the relative
delay between the FEL and optical laser. The schematic in figure 6 illustrates the basic principle.
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Figure 6. Time delay analysis derived from
a study of Xe sidbands [11]
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Figure 7. EUV-Optical pulse jitter obtained by
recording sideband at various nominal delays [30]

In this figure we show how the number of sidebands generated in the case of Xe for 13.7 nm/ 800 nm
irradiation depends on the relative delay between the two pulses. Hence simple sideband counting may
be used to measure the relative delay between the pulses. In figure 7 we show the absolute jitter
between the EUV and optical laser which is ~500 fs (FWHM). The trace is obtained by sweeping the
optical time delay and measuring the average sideband intensity at each delay.
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5. Near Future Perspective

In 2008 we will focus on the polarization dependence of the sidebands. Theoretical predictions are
available and preliminary data from a recent measurement campaign compare well with them. We will
also measure sideband data for a range of atomic and molecular gases so that we can study Z
dependent effects (e.g., ionization threshold). We will also carry out further experiments on molecular
ionization/fragmentation in intense EUV fields using both pump-probe experiments, for which we
have preliminary data, and optical fluorescence techniques.
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CHARGE-TRANSFER PROCESSES IN COLLISIONS OF H" AND He** IONS WITH Hy, N, O,,
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Charge transfer cross sections and dynamics are
investigated jointly by experimental and theoretical
approaches below keV-energy regime. We have
identified a few significant aspects in dynamics relevant
to molecular targets, and these are: (i) temperature effect,
(i1) isotope effect, (iii) isomer effect and (iv) steric effect
even in low keV- to high eV-energy regions. These
effects have been considered to be negligible in this
energy collision in most of earlier studies because of huge
disparity between interaction time and rovibrational time
of a target. These observations are shown to be
significant to analyze experimental results and give
correct interpretation for them.

L. INTRODUCTION

In current fusion devices and ITER with carbon-
based plasma-facing materials, many kinds of
hydrocarbon molecules as well as other impurities are
produced in their edge and divertor plasma regions.' In
order to understand the behavior of impurity molecules
and plasma diagnostics, cross-section data for charge-
transfer processes of H™ and impurity ions colliding with
simple molecules, such as Hy, N, O,, CO and CO,, and
hydrocarbons (C,H,, where m = 1, 2, 3) are important.
However, only a few data sets for these plasma-impurity
molecules collisions are available so far. Therefore, we
undertook a project to jointly investigate experimentally
and theoretically charge-transfer processes in the collision
energies below 4 keV/u.*>

In this paper, our recent works concerning with
determination of charge-transfer dynamics and cross
sections will be reviewed for He’" ions in collisions with
simple molecules’ and H' ions in collisions with
hydrocarbons.** A simple empirical scaling relation will
be also discussed as a function of molecular properties
such as a number of active electrons N,p in target
molecules.

II. EXPERIMENTAL AND THEORETICAL
APPRFOACHES
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II. A. EXPERIMENTAL SET UP

The charge transfer cross sections were derived based
upon the so-called growth rate method. Only some
important features of the present experimental apparatus
and methods are highlighted here.

Figure 1 shows the schematic view of the
experimental arrangement. The mass-analyzed ion beam
extracted from an electron impact ion source was
introduced into a 40 mm long collision cell. The target
gases of high purity (> 99.5 %) were fed into the collision
cell which pressure was measured with a calibrated Pirani
gauge. After collisions, both the incident ions and
product fast particles formed in charge transfer collisions
were charge-separated with the electrostatic parallel plates
and were detected with a micro-channel plate position-
sensitive detector (MCP-PSD). The charge-transfer cross
sections were determined from the slope of the linear part
in the curve of observed fractions for product particles
versus the target gas thickness.

Pirani gauge

Baratoron

!

Parallel plate

1.
B

MCP-PSD

He®" 0

1+

Collision cell 25

Target gas

Fig. 1. Schematic view of the experimental arrangement.

In the case of He®" ion collisions, the isotope *He gas
was supplied to the ion source, in order to avoid the
contamination of the He*" ion beam by H," ions. Single-
and double-charge transfer cross sections (o, and Gy)
were derived for He*" ions, while single-charge transfer
cross sections (o) for H' ions.

II. B. THEORETICAL MODEL



In the collision energies below a few keV, it is
believed that a molecular description of a collision system
within a semi-classical picture is adequate. Therefore, we
employed the so-called molecular orbital closed coupling
method (MOCC). Briefly in this, electronic states are
described quantum mechanically, while relative nuclear
motion is classical mechanically. Then time-dependent
coupled equations are derived and solved numerically to
yield transition probabilities and hence cross sections.

II1. RESULTS AND DISCUTION

Some of representative results for all molecular
systems we conducted will be shown and discussed in
details.

I11. A. He**-H,, N3, O,, CO and CO, Collisions

III. A. 1. Energy-Dependence and Magnitude of Cross
Sections

The charge transfer cross sections, as an example, for
He?* + H, collisions are displayed for single o, and
double o, charge transfer in Fig.2 (a) and (b).

Experimental data
s ® present work (2006) p
107" F o previous work (1990) ey . E
v Figueira da Silva et al. (2007) W
o Okuno et al. (1992) -

Rudd et al. (1985)
Afrosimov ef al. (1980)
< Nutt et al. (1978)

m Shah and Gilbody (1978)]
+  Shah and Gillbody (1974

5} T T T

Theory
(b) o

present calculation (2006)

***** Shimakura and Kimura (1993)
-~-- Errea et al. (2003)

Cross section (cm’)

A i o
e

Energy (keV/u)

Fig. 2. Single- and double-charge transfer cross sections
of He*" ions with H, molecules as a function of the He*"
energy (keV/u).
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There have been many experimental as well as
theoretical studies on this system earlier. Double charge
transfer process, however, is known to diverge each other
at low energies. For double charge transfer, oy, in Fig. 2
(b), below around 1 keV/u, there are some measurements
that show a linearly increasing feature, while most of
others including the present results appear to level off
around 1 keV/u with decreasing trend as the energy much
decreases. The present theoretical results (solid curves)
also suggest the decreasing trend in accord with the
measurement, although the theory gives somewhat higher
cross-section values. For single charge transfer, all
measured except for one and theories are in reasonably
agreement.

As a second example, the charge transfer cross
sections for He®* + CO collisions are displayed for
single 6,1, and double G, charge transfer in Fig.3 (a) and
(b). Again, for double charge transfer, below around 1
keV/u, one set of the measurement shows sharp
increasing trend with the decreasing energy, while the
present results level off and somewhat decrease. The
present theory (solid curves) is not in good qualitative
accord, but quantitatively shows the similar trend. In
addition to these two examples, other cases also shows
that one set of data consistently shows the increasing
trend for double charge transfer as the energy decreases.
Therefore we tentatively conclude that there may be a
systematic problem in another set of the measurement.

 Experimental data o

® present work (2006)

10 F v Cadezetal. (2002) o .
b N

o 0V

; R
L o § § EV!

3 B/?—;shii et al. (1999) -
5 5 Rudd et al. (1985)]

N

,_‘
<

®) o, ]

Cross section (sz)

w
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[a—
<
o
1

o ;

Theory:

present calculation (2006)

0.1 1 10
Energy (keV/u)

Fig. 3. Single- and double-charge transfer cross sections
of He*" ions with CO molecules as a function of the He*"
energy (keV/u).



III. A. 2. Scaling Property of Double-Charge Transfer
Cross Sections

The present double-charge transfer cross sections 6,
for N,, O,, CO, and CO, molecules have a nearly
equivalent value for all molecules in the collision energy
range from 0.2 keV/u to 3 keV/u. However their
magnitudes appear to somewhat increase as the molecular
size increases. We have examined the dependence of the
G20 Cross sections on the number of active electrons Nag in
target molecules, which is one of the molecular
parameters and reflects the “molecular size”. The number
of the active electrons N,g in the outer-most shell is
considered to play a primary role and hence to be active
in the charge transfer processes at low energies.

N/-\
g
2 0
g fee @---g--g--@----@ - SR
(=]
2
o N2
5 a0,
o CO
co,
10—]7 N
0.1 1 10

Energy (keV/u)

Fig. 4. Reduced plot of double-charge transfer cross
sections as a function of the He*" energy. The dashed line
has a constant value of 7.72 x 107 (cm?).

As seen in Fig. 4, the present double-charge transfer
cross sections are found to be scaled well over the energy
region from 0.2 to 3 keV/u. The analytical form to fit the
data is proposed as follows:

G20 ="7.72X 1077 Npug"™" (cm?) (1)

Eq. (1) could be useful for the practical applications
which shows the scaling relations to guide future
experiments and theories.

Note that the behavior of the double capture cross
section for H, is found to show somewhat a different
characteristic compared to all other molecular cases, and
hence, we exclude H, case from this analysis. However,
in the recent measurements for hydrocarbons, the Gy
values for some hydrocarbons are found to possess the
similar feature, and hence these cross sections combined
with H, can be scaled as the similar formula of eq. (1) but
with different coefficients.
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II1. B. H'-Hydrocarbons Collisions

We have at first studied experimentally and
theoretically on the single-charge transfer cross sections
610 of H' ions colliding with CH,, C,H,, C,Hg and C;Hg at
energies below 4 keV.* Janev et al. compiled charge
transfer cross sections data including those of ours and
proposed a scaling law to predict cross section values
based on a perturbative approach. They covered a wide
range of collision systems, such as those of H" + C;H,, for
which no data are available.® To provide more complete
and accurate data sets for hydrocarbons, however, we
have kept studying continuously a single-charge transfer
cross sections of H' ions in collisions with C,H,, C;H,
[allene and propyne], C;H,, (CH,);, n—C4H; and i—-C4H ;¢
molecules in the energy range of 0.20 to 4.0 keV.”®

II1.B.1. Energy-Dependence and Magnitude of Cross
Sections

When the energy defect between the initial and final
channels in charge transfer reaction is equal to zero, this
collision is so-called a “resonant” charge transfer process.
In this case, the cross sections gradually decrease with the
increasing incident energy at low energy regime.” While
the energy defect is not zero, the cross section curve
versus the collision energy has a maximum’ at the
intermediate energy.

If all of the particles before and after the charge-
transfer collision stay electronically, vibrationally, and
rotationally in the ground state, the energy defect of this
charge transfer reaction can be described as the difference
between the ionization potential of product neutral
hydrogen atoms and that of target hydrocarbons. In the
present collision, the energy defects of all collision
partners are exothermic for the ground state to ground
state transition. However, the near resonant condition for
the charge transfer process is expected to be fulfilled
through the vibrational and rotational excited states of the
product target molecular ions.

In our results, we have observed that the cross
sections for C,H, and C;H4 [allene and propyne] targets
behave as the non-resonant case, while those for other
hydrocarbons show the resonant type energy
dependence.*"*

As one example of the non-resonant case, the cross
sections for charge transfer in H™ + C3;H, collisions are
shown in Fig. 5. To the best of our knowledge, the cross
sections for these molecules have not been reported so far.
The present cross sections are practically the same for
both allene and propyne within each other’s experimental
uncertainties, but the cross sections for allene are slightly
larger than those for propyne. The difference gradually
increase as the collision energy increases and reach
maximum at about 1.5 keV. This means that these
collisions are not fully resonant. In Fig. 5, a dot-chain



curve, which is the prediction by Janev ef al., is close to
the present cross sections, but slightly smaller and almost
flat in our investigated energy region.

10714_""'| T LR | T T T T
[ +
_
=
2
=
I S—— $.8 88 ¢
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2 .
% 10°F ® Present data [Allene] N .
8 [ o Present data [Propyne] \\‘ ]
[ - Janev et al. (2002) \'\:
e | L a1 1l L 111l
0.1 1 10
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Fig. 5. Charge-transfer cross sections for H' ions in
collisions with C;H, (allene and propyne) molecules.

As one example of the near resonant case, the cross
sections for charge transfer in H" + C;Hg and (CH,);
collisions are shown in Fig. 6. The present cross sections
are practically the same for both C;Hg and (CH,),
molecules. Both cross sections decrease as the collision
energy increases. This means that these collisions are
fully resonant. The prediction by Janev et al.,” is in good
accordance with the present measurements.
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Ll el el 1

0.1 1 10
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Fig. 6. Charge-transfer cross sections for H' ions in
collisions with C;Hg and (CH,); molecules.

II1.B.2. Scaling Property of Cross Sections of Fully
Resonant Type

Some scaling relations for the cross sections are
useful for application to other fields of science and
technology.  Generally, the dependence on the first
ionization potential /; (eV) of target molecules is
sometimes examined for the charge-transfer cross sections
of slow ions. For the previous our oy, data®’ together
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with recent our data of C,H,.,® however, a simple relation
to 7, could not be determined.

We have examined the dependence of the present 6y
data of fully resonant type, except the C,H, and C;H,4
molecules, on the active electrons N,g into the target
hydrocarbons. A fairly good systematic dependence of
these oy data of fully resonant type on Nyg was observed,
and a following best fit relation

o1 (at 1.0keV)=7.8 x 107 - Npue®® (em?)  (2)

was obtained.
In general, the resonant charge-transfer cross section
ORrgs 1S represented by

ores = (a — blog v)’ 3
where a and b are constants and v is the velocity of the
incident ions.” Combining eq. (3) with eq. (2), we
proposed the following empirical relation for the single-

charge transfer cross sections of H' ions in collisions with
hydrocarbons in the energies below about 20keV:

G1o="7.8x10"'%-(1 - 0.20-log;p £ )* ‘Nag"® (em®)  (4)

where E is the kinetic energy of the incident ions in keV.

T T L | T LI |
7.8 % 107°+(1-0.20 log, E)’
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Fig. 7. Reduced plot of charge-transfer cross sections
for H" ions colliding with some hydrocarbons.

Figure 7 shows the reduced plot (6o - Nag **° values) of
the single-charge transfer cross sections versus incident
energy E. A good correlation of the experimental data for
the hydrocarbons to eq. (4) can be seen in Fig. 7.
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Abstract
Wavelengths and intensities of extreme ultra-violet(EUV) optical emissions are studied for 4d
open shell atomic ions in plasmas, which are of interest from the view point of EUV light source

10+ jons have been calculated in detail. We have

development. The 4d — bp transitions of Xe
employed a method based on a multi-configuration Dirac-Fock approximation. Dipole transition
rates have been calculated allowing the non-orthogonal orbital wavefunctions between the initial
and final electronic states. The orbital relaxations and electron correlations have substantial
effects on the formation of the transition arrays.

For atomic ions with atomic numbers ranging 48 to 56, the intra NN shell transitions are
calculated in detail. The effect of correlations in 4p — 4d and 4d —4f transitions are investigated.
This effect is pointed out to be common to the atomic ions with atomic numbers near to the

range 48 to 56.

Keywords: EUV, atomic structure, atomic transition, optical emission, relativistic theory,

MCDF, configuration interaction, electron correlation

1. Introduction

The extreme ultra-violet light (EUVL) emissions of 4d open-shell atomic ions are of interest
in relation to the semiconductor technologies and also to the study of highly charged heavy
atomic ions in plasmas. Extensive efforts have been made in recent years for understanding the
emission spectra from the plasmas(1][2][3][4][5]. Those spectral structures are of interest also
from the view point of academic atomic spectroscopy, whereas they are obtained mainly on the
purpose of EUV light source development.

During the last years, a series of sophisticated charge transfer experiments have been carried
out for xenon ions|6][7] and for tin ions[7][8] by Tanuma and his co-workers. In these experiments,
a beam of charge selected atomic xenon or tin ions has been introduced into the gas chamber
and the EUV emissions from the excited atomic ions that were created by collisional electron

capture from neutral gas atoms have been observed. Because the gas pressure has been kept as
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low as to maintain a single collision condition, their individual spectral data are of the ions with
a unique charge state. This gives a great advantage for comparison of the data with theory.

To give a theoretical counterpart of these experimental data, we performed a set of accurate
calculations of electronic states and optical processes based on a Multi-Configuration Dirac-
Fock (MCDF) approximation. In these computations, the General purpose Relativistic Atomic
Structure Program 92 (GRASP92)[9] and the Relativistic Atomic Transition and Ionization
Properties (RATIP)[10] computer codes are used. An advantage of these programs is that we
can treat the two electron non-local exchange integrals as they are.

In the present paper, we, firstly, consider the EUV emission wavelengths and transition rates
of Xel!%* jons. We calculate the 4p54d® - 4p54d”5p electric-dipole transition array. In a standard
treatment of the MCDF method, an atomic state function (ASF) is responsible for representing
the individual multi-electron atomic state. An ASF is expanded in terms of configuration
state functions (CSF), which are antisymmetrized products of a common set of orthonormal
single electron orbitals. Including the excited orbitals in CSF’s, we can evaluate the electron
correlations through configuration interactions.

To consirer, on the other hand, the role of the intra IN-shell optical transitions, which are
relevant for the 13.5 nm EUV emissions from 4d-open shell Sn ions, we calculate the 4p — 4d and
4d — 4f transitions for ions with atomic numbers Z ranging 48 to 56. We have pointed out the
important role of the configuration interactions between the 4p sub-vallence hole configurations
and 4f intra-shell excited configurations. It has been pointed out that the modifications of the
optical emission spectral structures due to those type of configuration interactions are common

to those ionic species.

2. Calculation
2.1. 4d — 5p Transitions of Xe'%F Ions

Einstein spontaneous emission rates, i.e., the A-factors, have been calculated for all the
combinations of excited and ground states relevant to the 4d — 5p electric dipole transitions.

Firstly, we calculate the 4d — 5p transition probabilities of Xe!0*

ions including only the
minimal set of orbitals, say, 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, and 5p. The ground
configuration is 15%2522p%3s23p63d104524p%4d® of 14 multiplet levels. The excited configuration
is 1522522p%3523p63d104524p%4d75p! and consists of, in contrast, already 110 multiplet levels.
Secondly, we calculate them including the correlation configurations. In these computations, we
start from the 4p®4d® and 4p?*4d'° reference configurations and include all the single and double
excitations into the 4f, 5p, 65, 6p, 6d, 6f, and 6g sub-shells from the 4p4d® configuration. This
approach then results in 16140 CSF. A similar scheme of virtual excitations is employed also for
the excited states. Owing to the size of the calculations, the total computation required more

than 750 hours ( &~ 1 month ) of CPU time on a present-day high-end PC.

22



In Figure 1, the calculated distribution of the A-factors for Xe!'®t ions is plotted as a function
of the wave lengths of optical emission[11]. In order to synthesize the 'real’ spectra, the calculated
lines have been convoluted with a Lorentzian profile for the natural width (width = 0.02 nm) and
a triangular profile for the spectrometer (width = 0.02 nm). The broken curve is of the minimal
base calculation and the solid curve is of the basis set with large scale correlation functions. It
can be seen that, on the level of individual peaks, the two curves appear to be quite different.
The electron correlation has a substantial influence on the poputations of A-factors with respect

to the combination of total angular momenta of the upper and lower levels.
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Figure 1. A-factor distributions for 4d — 5p transitions of Xe'®t ions. The broken curve:

the minimal base calculation. The solid curve: the large basis set calculation with correlation
orbitals 4f, 5p, 6s, 6p, 6d, 6f, and 6g.

In Table 1 and 2, we have listed our results from the calculation including the correlation

effects, and also listed the corresponding values by Saloman[4] for comparison.

2.2. 4p — 4d and 4d — 4 f Transition Arrays of Z = 46 — 56 Ions

One of the best candidates for 13.5 nm region EUV light source are considered to be of
the intra N shell (n = 4 shell) transitions of tin (Sn) multiplly charged atomic ions. It is
normally indispensable to take into account the electron correlations if we are to evaluate the
the transition energies within the accuracy of a few electron volts, because the correlation energy
of the atomic valence electrons falls in this range. To gain an insight of the effects that are
pointed out by O’Sullivan and Faukner[12], we have carried out careful MCDF calculations for
4d? (¢ = 0 to 10) atomic ions with atomic number Z = 48 to 56. Although, they argued

only the Sn atomic ions, those effects should be present also in other atomic species. As an
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Table 1. Wavelegths and rates of 4d — 5p electric dipole transitions in the region 12 to 15 nm.

Upper level Lower level Wavelength  A-factor A-factor Wavelength Intensity
angular angular present calc. Coulomb gage Babushkin gage Saloman[4] Saloman[4]
momentum momentum ( nm ) x1019(1/s) x1010(1/s) (nm ) (arb. unit)
1 2 12.7251 1.68824 2.00702 - -

1 0 12.8409 5.25589 6.62560 - -

4 4 13.0243 2.10509 1.61826 - -

0 1 13.0295 4.41445 4.68371 - -

1 0 13.0703 7.25224 7.91344 - -

1 1 13.0735 3.54107 3.78470 - -

4 4 13.1224 4.68160 4.73013 - -

3 4 13.1313 1.07094 1.04687 13.1515 156
1 2 13.1871 4.19585 4.38572 - -

5 4 13.1964 5.73363 5.48372 - -

2 2 13.1983 3.57149 3.81152 - -

2 2 13.2288 2.93902 3.06610 - -

3 3 13.2340 1.59934 2.06908 - -

1 2 13.2521 2.10563 2.14968 - -

1 0 13.2775 2.76620 2.76423 - -

3 4 13.2800 1.74243 1.83735 13.2573 170
0 1 13.2836 2.83040 2.83080 - -

3 4 13.2981 2.20060 2.20617 - -

2 2 13.3063 3.95639 4.08706 - -

1 2 13.3081 2.15152 1.92982 - -

1 2 13.3086 3.97931 3.67144 - -

3 2 13.3247 2.29188 2.23569 - -

1 2 13.3250 3.32820 3.99064 - -

2 2 13.3296 3.16620 2.83941 - -

2 2 13.3350 2.99325 3.29167 - -

4 3 13.3395 4.17141 4.26180 13.4987 392
) 4 13.3406 6.19201 6.45949 13.5072 518
2 3 13.3463 2.43870 2.65455 - -

3 2 13.3551 2.85879 2.95628 13.5100 179
1 2 13.3656 5.65392 5.82819 - -

3 2 13.3763 2.01688 2.13407 13.5334 165
2 2 13.3770 2.43871 2.47897 - -

4 4 13.3827 2.43699 2.26594 - -

example, we show ,in Fig.2, the single electron atomic orbital energies for Sr-like atomic ions of
Z = 48 to 56. To obtain the single electron atomic orbitals and their energies, we have made
their MCDF optimizations including the basis wavefunctions up to 6p, 5d, and5f. In this figure,
we can find that the differences of orbital energies between 4p and 4d orbitals, and 4d and 4f
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Table 2. Continued from Table 1.

Upper level Lower level Wavelength — A-factor A-factor Wavelength Intensity
angular angular present calc. Coulomb gage Babushkin gage Saloman[4] Saloman|4]
momentum momentum ( nm ) x1019(1/s) x1019(1/s) (nm ) (arb. unit)
3 2 13.4220 4.15326 4.03751 - -

4 4 13.4453 4.53258 4.44106 - -

2 2 13.4550 3.29967 3.45749 13.5334 165

2 3 13.4608 1.41478 1.42233 13.4962 222

1 0 13.4628 7.33049 7.06751 — -

3 3 13.4808 3.63103 3.33794 13.4037 309

1 2 13.4895 2.09521 2.08123 13.4927 218

1 0 13.5113 2.51755 2.38080 — -

3 4 13.5291 1.47865 1.49451 13.4091 156

4 4 13.5340 4.82794 4.98559 13.5614 339

4 4 13.5354 2.13754 2.10283 13.6401 236

1 1 13.6304 3.85344 3.93575 - -

3 4 13.6625 4.65111 4.49136 - -

4 4 13.7317 1.48114 1.49973 13.6605 315

5 4 13.7339 3.47433 2.96986 13.6401 236

1 0 13.7446 1.91193 2.05482 - -

2 1 13.7627 1.05335 1.08050 13.6605 315

1 0 14.0077 2.53333 1.83530 - -

1 0 14.0452 3.45158 3.80649 - -

1 0 14.4596 2.64676 2.33983 - -

orbitals coincide within the range of a few %. The 4pS4d'4f' and 4p°4d34f° configurations
may mix strongly, and the optical 4p — 4d and 4f — 4d transitions may take place coherently,
providing us with quite a peculiar EUV emission spectrum. The result of the orbital energy
calculation stands for the argumentation made by O’Sullivan and FauknerOSullivan1994. Also,
we find, from this figure, that we may expect that the so called the effect of spectral narrowing
and shift is quite common to the atomic specieds with the atomic numbers in the range Z = 48
to 56. As an example of the effect of spectral narrowing and shift, we illustrate, in Fig.3 the
calculated A-factor distributions of Y-like ions of atomic species with Z = 49, 50, and51. In this
figure, we can also observe the change of the spectral shape in the atomic number Z. Due to the
interference between the 4p54d* — 4p54d34 1 and 4p%4d* — 4p®4d®4 fO transitions, we can observe
a strong enhancement of the EUV emissions in 13.5 nm region of Z = 50, which provides us
with the narrowing and shift in appearance of the emission spectra. Due to the term splitting
both in the ground and the excited states, the spread of the A factor distribution would have

been a couple of ten eV without the interference between the 4p — 4d and 4d — 4 f transitions.
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Orbital Binding Energy (au)

Atomic Number Dependence of n=4 Orbital Energy

Figure 2. Atomic number Z dependence of the energies of N = 4 atomic orbitals.
calculated range of the atomic number is Z = 48 to Z = 56. Dotted curve: 4f orbital, Solid
curve: 4d orbital, Dot-dashed curve in upper entry: 4p orbital, and Dot-dashed curve in lower

entry: 4s orbital.

Atomic Number

Z-dependence of

40x10° 4d-4f + 4p-4d transitions of Y-like Ions

A-coefficients (au)

Figure 3. Atomic number Z dependence of A-factors for 4d — 4f + 4p — 4d transitions of
Y-like ions. The interference effects of 4d — 4f and 4p — 4d transitions are taken into account
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by configuration interaction calculations.
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Although the figures are not illustrated in the present paper, we have observed quite a similar
interference effect in transitions for wide range of atomic numbers, say, for the range Z = 48 to

56, and also for wide range of occupation numbers of N shells.

3. Discussion

The precise and acculate theoretical data of the atomic structures and dynamics that includes
the information about the relativistic effect and the electron-electron correlation effects provide
us with a good base for precision plasma analysis. Owing to the general nature of many
electron atoms or atomic ions, the inclusion of the effect of configuration interactions among
virtually excited states is indispensable to obtain physically realistic atomic state wavefunctions.
Especially, it is important to take into account the modification of the atomic state wavefunctions
due to the interactions among various many-electron configurations, which can be evaluated by
only an SCF iterations in MCDF calculations.

As seen in Fig.1 and Tables 1 and 2, we have obtained the A-factors in 4d — 5p transitions
of Xe!%" ions. However, due to the heavy mess of transition lines, the line by line comparison
with experiment has not yet been accomplished and has been rendered to the forthcoming
sophicticated works.

We have pointed out also that the spectral shift and narrowing should be the effects which

are quite common to the 4d open shell atomic ion species with moderate atomic numbers.
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Abstract

The generalized oscillator strengths for the valence shell excitations of noble atoms
were measured at an incident electron energy of 2500 eV, and the parallel character of the
generalized oscillator strength curves for the pair of transitions of (n — 1)p°ns[3/2]; and
(n—1)p°ns’[1/2]; of Ne (n=3), Ar (n=4), and Kr (n=>5) was observed. This phenomena is
elucidated by analyzing the experimental results and the calculated intermediate coupling
coefficients: the LS coupling singlet nature of the ground state selects the LS coupling
singlet components from the intermediate coupling wave functions of the excited states,
and the contributions from excitations to singlet components dominate the generalized
oscillator strength for fast electron impact. Similar behavior was also observed for the

inner shell excitation process of lithium.

Keywords: Generalized oscillator strength, differential cross section, LS coupling,

intermediate coupling, fast electron excitation
1.Introduction

Because of the enhancement of the relativistic effect, LS coupling would be transferred
to intermediate coupling to describe the energy levels as noble atoms get heavier. Consid-
ering the LS coupling nature of the ground states and the intermediate coupling nature
of the excited states of noble atoms, it is very important and fundamental to explore
the valence shell excitation behaviors of heavy noble atoms for fast electron impact [1].
Compared with slow electron impact in which the incident particle and the target are
considered as a combined system and both of them lost their mechanical individuality,
the fast electron impact can be regarded as a sudden and small external perturbation to
an atom or molecule, and the exchange effect is negligibly small. Therefore, the cross
section can be factorized into two factors: one dealing with the incident particle and the
other (generalized oscillator strength, GOS) dealing with the target [2]. So the GOS may
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provide new insight into the atomic excitation process. In addition, the electron impact
excitation mechanism for noble atoms has been extensively used in producing x-ray laser
3, 4].

Using the angle-resolved fast electron-energy-loss spectrometer, we measured the GOS’s
for valence shell excitations of neon, argon and krypton at an impact energy of 2500 eV.
Then the dynamic behavior, i.e., the parallel character of the GOS’s for the pair of
transitions of (n — 1)p°ns[3/2]; and (n — 1)p°ns’[1/2]; of Ne (n=3), Ar (n=4), and Kr
(n=>5), is analyzed and elucidated with the help of our calculated intermediate coupling

coeflicients.

2. Experimental method

The experimental methods have been described in detail in our recent works [1, 5, 6, 7,
8]. Briefly, an angle-resolved electron-energy-loss spectrometer were used in the present
measurement, and the impact energy was set at 2500 eV. The energy resolution was
less than 75 meV [full width at half maximum (FWHM)|, while the angular resolution
was about 0.8° (FWHM). After the electron energy loss spectra at different scattering
angles and different pressures were measured, the corrections of the pressure effect and
angular resolution were made. Then the absolute GOS’s for the valence shell excitations
of noble atoms were obtained by normalized the relative ones to the corresponding optical

oscillator strengths at the optical limit.

3. Results and discussions

Figure 1 shows the measured GOS’s for the pair of transitions of (n — 1)p°ns[3/2];
and (n — 1)p°ns’[1/2]; of Ne (n=3), Ar (n=4), and Kr (n=5). It can be seen clearly
that the GOS curves of (n — 1)p°ns[3/2]; and (n — 1)p°ns’[1/2]; are nearly parallel. This
phenomena is strange because the wave functions for the two excited states of every atom
are different although its wave function for the ground state is same. In order to explain
the phenomena, we calculated the intermediate coupling coefficients for relevant levels of
Ne, Ar, and Kr using Cowan code [9]. Then the intermediate coupling wave functions for
the excited states of intermediate coupling can be expanded by the linear combination of

the basis of the LS coupling wave function:

\Ijns[3/2h - anan53pl + ﬁn\pnsllﬁ (1)
\Ijns/[l/Qh = _ﬁn\IjnSSPI + Ocn\Ifns1P1, (2)

Here W,,43/, and W,,g[1/9, are the wave functions of the states of ns[3/2]; and ns'[1/2]
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Figure 1: The generalized oscillator strengths for the pair of transitions of (n—1)p°ns[3/2];
and (n — 1)p°ns’[1/2]; of (a) Ne (n=3); (b) Ar (n=4); and (c) Kr (n=5).

in the intermediate coupling scheme, and V¥, ;sp, and ¥, 1 p, are the wave function basis

in the LS coupling scheme while «,, and 3, are the corresponding intermediate coupling
coefficients. Now we can obtain the GOS ratio § according to the definition of GOS:

12

f(ns[3/2]1)
f(ns'[1/2]1)

N
E, K2 | < ‘Ifns[:s/zhlj; exp(iKy - 15) [V, _qy015, > |
By K3}

N
| < ans’[l/?h|]§1 exp(ZK2 ) rj)|\lj(n71)p615'o > |2

N
‘ < Oén\Ijns?’Pl + Bn\llnslplljgl 61’])(ZK1 ’ rj)lql(n—l)p6150 > |2

Es

K2 N .
1 ’ < _ﬁn\pns3P1 + an\IIn51P1| Zl exp(ZK2 : rj)’qj(n—l)pGISo > ‘2
G=

N
E, K22 | < ﬂn\ljnslP1|j§1 6$p(ZK1 : rj)lqj(n—l)pfilso > |2

Ey K? ul .
20 < O{n\Ijnslp1|j§1 exp(iKsy - rj)|\11(n71)p6150 > |2
Ey 32
E2 Oé2 ’ (3)

where f(ns[3/2]1), Ey and K, are the GOS, excitation energy and momentum transfer
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Figure 2: The experimental and calculated generalized oscillator strenght ratios between
the transitions of (n — 1)p°ns[3/2]; and (n — 1)p°ns’[1/2]; of (a) Ne (n=3); (b) Ar (n=4);
and (c) Kr (n=5).

of ns[3/2]1, while f(ns'[1/2];), Es and K, are the corresponding quantites of ns[3/2];,
respectively. Herein rj is the position vector of the jth electron, and Ky ~ Ky for the same
scattering angle. Since the spin-forbidden transition is negligibly small for fast electron
impact [2] and the initial ground state is singlet, the contribution of excitation to triplet
component to GOS is neglected in equation (3).

From equation (3) we can obtain the conclusion that the GOS ratio for the pair of
transitions, which are formed by the same electronic configuration through the intra-
channel interaction, should be a constant. Now the parallel character of the GOS’s of
(n —1)p°ns[3/2]; and (n — 1)p°ns’[1/2]; of Ne (n=3), Ar (n=4), and Kr (n=>5) shown in
figure 1 can be easily elucidated: the LS coupling singlet nature of the ground states of
noble atoms selects the LS coupling singlet components from the intermediate coupling
wave functions of the excited states, and the LS coupling singlet components are enough
to describe the excitation process from the ground state for fast electron impact. Fur-
thermore, since the photoexcitation and photoionization are the electric dipole processes,
which correspond to the excitation and ionization for fast electron impact at optical limit
(K? — 0), the 4-parameter model suggested by Snell et al. [10] is sufficient to describe
the Xe 4d photoionization process. Now we will see the quantitative information of GOS
ratios. Figure 2 shows the GOS ratios for (n — 1)p°ns[3/2]; and (n — 1)p°ns’[1/2]; of
Ne (n=3), Ar (n=4), and Kr (n=5), and it can be seen that the agreement between the
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Figure 3: The experimental generalized oscillator strenght ratios between the excitations
of 1525(*S1)2p 2P and 152s(1Sy)2p 2P of lithium.

experimental results and the theoretical ones are satisfactory.

Recently, we have measured the electron energy loss spectra of the inner shell excitations
of 1s electrons of lithium. Then the GOS ratio between the excitations of 1s2s(3S;)2p 2P
and 1s2s(155)2p 2P of lithium was also determined and shown in figure 3. It can be seen
clearly that the GOS ratio is a constant and it is independent of the momentum transfer.
The present results shows that the above elucidation is still valid for the excitation process

of inner shell of lithium..

3. Conclusion

From the measured GOS curves of (n—1)p°ns[3/2]; and (n—1)p°ns’[1/2]; of Ne (n=3),
Ar (n=4), and Kr (n=5), the parallel character of the pair transitions was observed. With
the help of the calculated intermediate coupling coefficients, the dynamic behavior is elu-
cidated: the LS coupling singlet nature of the ground state selects the LS coupling singlet
components from the excited wave function, i.e., the contributions from excitations to
singlet components are dominant the GOS’s. Furthermore, similar dynamic behavior was
observed from the measured GOS ratio between the inner shell excitations of 1s2s(S1)2p

2P and 1s2s('Sp)2p 2P of lithium.
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Abstract

Numerical and experimental studies were carried out to gain insight into fast electron
transport relevant to fast ignition. Atomic-population kinetics codes associated with K-
shell radiation have been developed for quantitative and/or qualitative understanding of
the energy deposition process by fast electrons. In the experiments, the Ko lines from
partially ionized chlorine were diagnosed as a function of the thickness of an over-layered
target, and a dramatic decrease in the radiation yield was found with an increase in the
overcoat-thickness of the target at laser intensity of about 107 W /cm?. The experimental
results were analyzed with the use of the numerical calculation codes, resulting in a
plasma bulk-electron temperature of ~ 150eV. With the spectroscopy of polarized Hea
radiation, the velocity distribution function of fast electrons can be deduced and high
polarization was experimentally obtained in low density plasma region (< 10 times the
critical density). It is inferred that collimated fast electrons are generated, and show large

anisotropy along the propagation direction.

Keywords: fast ignition, fast electron transport, Ka radiation, polarization
1.Introduction

In fast ignition research, the efficient energy transfer from fast electrons generated

by ultra-intense laser pulses is one of the critical issues [1]. A new x-ray spectroscopic
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method providing time- and space-resolved information has been expected to get quan-
titative and/or qualitative understanding of the energy transport in fast igniter plasmas.
We propose the observation of Ka lines from partially ionized materials seeded in a target
for the purpose. In fast ignition plasmas, free electrons can be approximated into two com-
ponents, namely cold bulk electrons and fast electrons. The fast electrons are generated
through collective processes with intense laser pulses [2] and are mainly responsible for
the K-shell ionization (inner-shell ionization), while the cold bulk electrons are responsi-
ble for the outer-shell ionization. With the Ka radiation from partially ionized materials,
this approximation thus work well to derive the bulk electron temperature heated by fast
electrons [3]. In the study, a collisional-radiative equilibrium (CRE) code was developed
to study the Ko radiation of dopant chlorine experimentally observed [4], and the plasma
creation of about 100eV was obtained [3].

In addition, direct observation of the fast electron properties is also indispensable to un-
derstand the energy deposition processes by fast electrons accompanied with electromag-
netic instability in the over dense plasma. The fast electrons generated by ultra-intense
laser pulses show anisotropic distribution along the propagation axis and the surround-
ing cold bulk electrons form return current to compensate for the neutrality with fast
electrons. Optically allowed transition radiation was used to diagnose the velocity distri-
bution function (VDF) of fast electrons [5]. However, the fast electrons were measured at
the rear-side of an irradiated target, and the original features of the fast electrons may be
lost for the sake of the long propagation in a target. To gain insight into the fast electron
transport, polarized Hea radiation (1s*1Sy - 1s2p 'P;) has been proposed as a useful di-
agnostic tool [6,7]. Polarized x-rays are generated due to anisotropic electron impacts by
fast electrons, and the creation of population alignment associated with magnetic atomic
sublevels is essential.

In this paper, the studies of Ka radiation associated with fast electrons transport
relevant to fast ignition scheme are surveyed, and the anisotropic features of the generated
fast electrons are discussed with the polarized Hea radiation, which is the latest progress

of our study.

2. Ka Transitions from Partially Ionized Chlorine

The emission energies and oscillator strengths of Ko transitions were calculated by a
multi-configuration Dirac-Fock (MCDF) atomic code GRASP [8]. Figure 1 shows the
resultant radiative decay rates for various ionization states of chlorine. For the clarity
of illustration, the transitions of the single ls-vacant states are given; they are CI'*
152522p%3523p° — 1522522p°323p5, ... CI13+ 152522p! — 152252, For C1'*T, the atomic
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transitions associated with all 1s2[nl’ (n = 2 ~ 3) state are shown. The energy differences
from the primary Ko lines (C1'™) can distinguish the respective charge states. This feature

is essential that the line radiation is useful for plasma diagnostics.
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Figure 1: Radiative decay rates of Ka lines from partially ionized
chlorine. The gray bars at the left-side show the CI'™ Ko, and that
at the right-side is the Hea.

In this study, the single 1s-vacant states with a highly excited spectator electron are
considered; 152s?2pVnl(N = 1 ~ 5,n = 3 ~ 4) (CI¥* ~ CI'2%) are included. The Ka
transition energies from these states overlap significantly with those from 1s2s22p™ (N =
1 ~5) (CI%F ~ C1'31) [9].

To estimate the net intensity of the Ka radiation, Auger transitions are indispensable
since Ka radiation is affected by the competition between radiative and Auger processes.
Calculation of the Auger rates was performed with the use of a code developed by Fritzsche

et al. [10]. The KLL-Auger is the predominant and the fluorescence yield is at most ~ 0.1.

3. Description of The Atomic Kinetics Model
The free electron distribution is assumed to be bi-Maxwellian consisting of cold bulk and
fast electrons. In the framework of a bi-Maxwellian distribution, effective rate coefficients

Rate.g can be obtained as follows:
Rateg = (1 — h) - Ratepuy + h - Ratep,s (1/sec), (1)

where h stands for a fractional number of fast electrons, namely, h = —DeFast - N g
NeFast+NeB111k

is the density of fast electrons, and N gy is the density of the cold bulk electrons. In the
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case of three-body recombination R3E, however, two free-electrons have to be taken into
consideration [3].

On polarization calculation, atomic cross-sections with magnetic sublevels for helium-
like atoms were obtained using the Breit-Pauli R-matrix method [11]. The details of
the calculations are described in the study by Kai et al. [12]. Radiative decay rates
associated with LSJ-states were also obtained using the GRASP code, and the optical
allowed transitions between JM-states were estimated using the Wigner-Eckert theorem.
The calculation scheme to solve the population kinetics and the polarization of Hea
radiation are given in Refs.[13,14]. 7-light is defined as the x-ray component of which
electric field is parallel to the direction of electron motion, and the light arises from the
atomic transition 1s2p'P; — 1s2'Sy + hv with AM = 0. o-light is the component
perpendicular to the electron motion for which AM = 1. A quantization axis can be

defined as perpendicular to an irradiated target surface, and the polarization P can be

defined as P = ;::IE, where I and I, are respectively the intensity of Hea radiation
of which electric fields are parallel and perpendicular to the axis. In the calculation, the
VDF of the fast electrons is characterized by Trast—, and Trag—r, Where Tgast—, denotes the
fast electron temperature along the quantization axis, and Tg.s_, is that perpendicular

to the axis.

4. Study on Ka Radiation from Partially Ionized Chlorine
An experiment [4] was carried out using a Ti:sapphire laser system, yielding average
laser intensity of 1 ~ 2 x 10" W /cm?.
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Figure 2: Time- and space-integrated Ka spectra experimentally
obtained with the use of a Ti:sapphire laser system.
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In the experiment, the fast electron temperature at the rear-side of an irradiated target
was about 50keV. A target was a 200 mm-thick polyvinylchloride (CoH3Cl) sheet coated
with a parylene layer (CH) of which overcoat thickness dcy was varied from 0 ~ 2.2 mm.
Figure 2 is a typical time- and space integrated spectrum, and the Ko radiation dramat-

ically becomes weak with increase in the thickness of the CH-overcoat.

Laser pulse
(Duration=400 fs)

| (FWHM=150fs)
2'0"' LU BLELELELE DAL AL DL B
4 £ ]
150 - 10 - : I\ o ]
= | - D Ge~1s) * .
’:% (\ 1 g,, &€ [ N 10+ i
S5 100+ 10 neEL | cl
"G - - -0 T 9 [
2% I 8 = :té % 1 0-_ CI11+ N
w I 30 o I
° 1 .85 © & L 12+ E
%%50 510 39.. %":o : - 13+
mg " Laser pulse 3 = 5 % [ cl,,
[ | | <—(Duration=400 fs) 1] & @& <=o5G LT 7]
) (FWHM=150fs) J 0° £ [ cl
I PO T TR T TR TR NN NN SN TN S NN TN TN ST S Y SO SO S 1
0 1.0 20 3.0 4.0 5.0 1
Time (ps) »
0 05 1 15 2 25 3
Time (ps)
(a)
(b)

Figure 3: (a) Time evolution of bulk electron temperature and fractional fast
electrons. (b) Time evolution of K« radiation in the framework of a postpro-
cess. The plasma density is assumed to be solid density of a target.
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To estimate the time dependent Ko radiation, fast electron transport was calculated by
a one-dimensional relativistic Fokker-Planck code [15]. The result is presented in Fig.3(a).

After the irradiation of a laser pulse, the number of fast electrons decreases in time,
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dissipating their energy to the surrounding cold bulk electrons and the temperature rises
up to about 140eV. The temporal evolutions of the Ka radiation from each charge state
are shown in Fig.3(b). They are integrated with respect to the time and the comparison
was made between the numerical and the experimental results. In the comparison, the
experimental data without the overcoat was used. In Fig.4, a reasonable agreement can
be obtained.

5. Study on Polarized Hea Radiation

At the same laser intensity as in the above experiment, the polarization spectroscopy
of Hea radiation from a CgH;Cl plasma was carried out [6,7]. Since the bulk electron
temperature is low (100 ~ 200eV) in the experiment, the K-shell atomic transitions are
attributed to electron impacts by fast electrons. In the calculation, all the magnetic sub-
levels from the helium-like ground-state 1s? 'Sy up to the 1s3d ®D31,' Dy are considered.

For instance, Fig.5 shows the collisional excitation cross-sections by an electron impact
for 15> 1Sy (M = 0) — 1s2p'P; (M = 0,1). With the increase in the incident kinetic energy
of a colliding electron, difference between the M =0 — M =0 and the M =0 —- M =1
becomes small, and polarization shows negative if the electrons have an energy of above
50keV, while those with the energies of below 50keV have a contribution to positive

polarization.

2
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1 1
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Figure 5: Collisional excitation cross-sections by an electron impact
for 1s21Sy (M = 0) — 1s2p'P; (M = 0,1). ao stands for the Bohr
radius.

To determine a time-history of background bulk electrons, the stopping range described
by Batani [16] was adopted. The temporal evolution profile of fast electrons is assumed to
be Gaussian with a full-width at half-maximum (FWHM) of 0.5 ps. The peak of fraction
of fast electrons is the critical density for the laser wavelength of A = 800 nm used in the

experiments. In the study of Kawamura et al. [14], highly polarized Hea radiation can be
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observed only at low density plasma, while there is no polarization at solid density due to
the frequent elastic collisions by the surrounding low temperature bulk electrons. In this
study, the polarizations of above 10% can be expected at N; = 4.5 x 10*! cm™3 (~ 0.05p,
which corresponds to about 10n., where pg, n. are respectively the solid density and the
critical density.), Trast—z = 10 ~ 50keV and Tgas—r = 1keV. In the experiment, because
the resultant polarizations of time- and space-integrated Hea radiation are 10 ~ 30%,
the plasma density from which the polarized Hea radiation arises may be less than the

number density.
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Figure 6: Dependence of polarization on Tg.g—r for Trast—, = 10,
30, 50keV, and total ion density N; = 4.5 x 10%! cm=3.

In Fig.6, the calculations with Tr.s—, < 5keV are presented to demonstrate the effect
of the narrow transverse thermal spread of the fast electron beam. The calculation results
show that the polarization may reach up to ~ 20% at Trasi—r ~ 100eV, Tiai—, = 10keV.
Since the fast electrons with a large transverse velocity component are captured by the
locally generated magnetic field due to filamentation instability, the anisotropy of the
VDF of the fast electrons is enhanced and so is the polarization at a plasma density of
~ 4n. [17]. Due to an increase in the number of elastic collisions in the dense region of

greater than 10n., the alignment can be broken, reducing the polarization.

6. Conclusions

In conclusion, the present status of the study on fast electron transport relevant to
fast ignition plasmas in the framework of x-ray spectroscopy was presented. In this study,
population kinetics codes associated with the 1s-vacant atomic states for Ka spectroscopy,
and the alignment creation among magnetic atomic sublevels for polarization spectroscopy

were developed. This study provides quantitative and/or qualitative understanding of x-
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ray generation from hot dense plasmas, and it also demonstrates the promising potential of

x-ray spectroscopy to gain insight into fast electron transport in the fast ignition plasmas.
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Abstract

The photoabsorption spectra of gold and iodine ions have been recorded using the Dual
Laser-produced Plasma (DLP) technique in the 65 to 125 eV region, and the EUV emission
spectra of tin ions have also been observed. With the aid of multiconfiguration Hartree-
Fock calculations, the measured spectra have been identified. The dominant features in
the gold spectra are 4f — 5d, 6d and 5p — bd transitions arrays, while the iodine spectra
arise from 4d — nf excitation, which evolves from 4d — ¢f shape resonance. The EUV
spectra of tin plasma have also been simulated by combining the calculations of atomic

data using the cowan code and a steady-state collisional radiative (CR) model.

Keywords: photoabsorption, the Dual Laser-produced Plasma (DLP), emission spec-

tra, EUV, shape resonance, collisional radiative (CR) model
1.Introduction

In recent years, there has been an ongoing interest to study the Laser Produced Plasma
(LPP) when solid targets are subjected to high energy or high power laser radiation. In
order to test theoretical models and explain the experimentally associated phenomena in
the laser produced plasma, it is necessary to obtain detailed information on the positions
and intensities of lines from each stage.

In the present work, the photoabsorption spectra of gold and iodine ions have been
recorded using the dual laser-produced plasma (DLP) technique in the 65 to 125 eV
region, and the EUV emission spectra of tin ions have also been observed. To iden-
tify the measured spectra, a series of theoretical calculations are performed with the
RCN/RCN2/RCG suite of Hartree-Fock codes [1].

2. Photoabsorption spectra of Au?*, Au?t and Au*t
Gold is the last member of the 5d transition metal series which has a filled 5d subshell.

In the 5d"6s%, 5d" 65 and 5d"*? configurations of the 5d transition metal series, 5d and
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Figure 1: Energy level diagram from Au?t to AuSt.

6s electrons have similar binding energies, the configuration interactions among them are
generally important. The ground state of gold ions from Au** to Au*t possess open
5d subshell, and the excited states contain open 4f, 5p, 5d, 6s and 6d sub-shells, so the
resulting configurations contain a large number of near degenerate energy levels, as it is
indicated in Figure 1. Meanwhile, because the 5p—5d and 4 f — 5d excitations are strongly
coupled to the same 5d — €f continuum, the autoionization widths must be calculated
by summing the contributions from the allowed non-radiative decay processes. So the
spectrum of gold ions are very complicated.

Figure 2 shows the 4f —md and 5p — md (m= 5, 6, 7 and 8) transition arrays of Au*",
respectively. If their autoionization width are larger than the Gauss instrument width,
all the transition lines are convolved with their autoionization width, otherwise they are
convolved with a Gaussian profile (FWHM=0.05 eV). From the left figure, we found that
the 4f — bd transition arrays mainly lie at about 82 eV, which close together. However,
for the 4f — 6d,7d,8d transition arrays, each transition array consists of four broader
peaks of the different magnitude and the interval between peaks is about 4 eV, and with
increasing m, they shift to the higher energy side and overlap with each other. In the
right figure, it shows the bp —md transition arrays. Seen from this figure, the contribution
of the 5p — 5d transition arrays mainly lie at the lower energy side, it consists of two more
broader continuum band than the 4f — 5d transition arrays, the center of one band lie at
near 57 eV and the other is about 72 eV. With increasing m, the cross section of other
transition arrays decrease rapidly, the band also shifted to the higher energy side, and
overlap with each other.

In Figure 3, the calculated and experimental spectrum of Au?*, Au?* and Au*t are
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Figure 2: 4f,5p — md(m = 5,6,7,8) transition arrays of Au2t.
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Figure 4: Cross section of 4d — mf transition array from I2*, I3+ and 74+,

shown. It can be clearly seen that experimental spectrum of gold ions in the XUV range
do not consist of sharp and well separated features. By comparing the 4f — 5d and
5p — 5d transition spectra of the different gold ions, it is found that the transitions tend
to overlap for different ionization stages, the 5p — 5d transition cover a very wide energy
range from 40 to 110 eV, while the contribution of the 4f — 5d mainly lies in the 79 to
90 eV energy region which overlaps with the 5p — 5d transitions in Au?* and Au**, the
transition features have the sharp asymmetric structure which is quite similar with the
structure of Pt T observed by J. T. Costello, et al. [2,3]. The 4f — 6d arrays are well
separated at the higher energy side, which makes identification of different ions from an

experimental spectrum possible.

3. Photoabsorption spectra of I?*, >t and I*t
The 4d absorption spectra of I, [T and I*T have been observed by G. O’Sullivan, et
al. [4] using the dual laser-produced plasma technique. They found that the dominant
feature in each spectrum arises from 4d —m f excitation, and which evolves from a 4d —e f
shape resonance in neutral iodine to a feature containing discrete 4d — m f transitions in
I**. They think that the gradual collapse of the 4f wave function causes the 4d-f oscillator
strength to shift slowly from a shape resonance in the neutral to the discrete spectrum in
the ions.
In this work we revisit the I?* spectrum and investigate the situation in I3+, I*t and
I°* ions. The photoabsorption spectra of iodine ions were recorded in UCD using the

DLP technique. Figure 4 shows the cross sections of 4d —m f transition arrays of I**, I3+
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Figure 5: Comparison between theoretical and experimental spectrum.

and I**, respectively. Compared with the 4d — 4f transition arrays of these three ions,
we found, with increasing ionization, the shape resonance of 4d — 4f not only relatively
away from the discrete structure but also disappear when in I**. This reflects the 4f
wavefunction contraction into the inner well region, with increasing ionization, the inner
potential well becomes deeper and narrower, then the barrier disappears. In addition
to, we can find that the center of the shape resonant part is not changed. The discrete
structures of the left side, with increasing m, shifted to the centre of the shape resonant.

Figure 5 shows the comparison between theoretical and experimental spectra of I*T,
I3+, I** and I°*, respectively. It can be clearly seen that the spectrum is dominated by a
broad 4d — f resonance while discrete transition arise from 4d — nf excitation. And with
increasing ionization, the shape resonance disappears and the discrete structures become
dominant. And we also find when the time delay is longer, the contributions from 2+
and I** are more important than those from higher charged I** and I°* ions. But for the

shorter time delay, the contributions from higher charged ions become more important.

4. EUV spectra in laser-produced Sn plasmas

Laser-produced tin plasmas have been selected as a promising light source for the
next-generation extreme ultraviolet (EUV) lithography process in semiconductor device
fabrication [5-7]. For the pure tin plasmas, it is optically thick to 13.5 nm EUV light

because the properties of Sn plasma depend strongly on the parameters of the laser pulse
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and target concentration, such as wavelength, pulse width, and focal spot size. Whats
more, when the focal spot is large, the EUV emission must pass through a longer plasma
with higher density, and exist stronger reabsorption [§].

To reduce reabsorption, one of the techniques is by using 5% tin doped target to reduce
the number of tin ions presented in the plasma. Figure 6 shows the emission spectrum
from 5% tin doped target. In the present calculations, the configurations of tin ions are
4d" for the ground state, 4d" 'ml and 4p°4d™*! (n=1-8, m=5,6) for the excited states.
The transitions between these configurations relate to open 4p and 4d subshells, so there
exits a large number of near-degenerate energy levels when they couple with the electrons
of other subshells. As a result, the transitions between these levels are extremely complex
and overlap with each other, and form an unresolved transition array (UTA). In order
to simulate the experimental spectra, a steady state collisional-radiative (CR) model of
Colombant and Tonon [9] is used to caculate the populations of each ion, where the
electron temperature is taken as 28 eV and the electron density is 1 x 10%em=3. A
comparison with the experimental spectra is presented in Figure 6. Good agreement
between the theory and the experiment can be found.

5. Conclusions

The spectra of gold, iodine and tin ions have been observed and analyzed in the
XUV/EUV spectral region. Calculations with the Cowan suite of programs are successful

in accounting for all of the observed spectra structure. And the spectra clearly display
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the effects of the 4f wavefunction contraction.
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Abstract

We present a brief overview of the various types of plasmas as well as the state of the art of
the description of atomic data under external confinement. The Debye screening method and the
Ton sphere model are described shortly. Using the inherent parameters of these models one is able
to describe the shifts of atomic spectral data in a plasma. Newest results of fully self-consistent
relativistic ab-initio DF-calculations are presented for the resonance line shifts of Na, Rb, and Cs
in fluid helium.

1 Introduction

In addition to the three normal states of matter: solid, fluid and gaseous one often adds the plasma
state, because the dominant part of the matter in the world exists in this form. Of course all matter
consists of atoms or ions, but the complexity of their description is very different. As we all know, al-
ready single atoms are quite complicated to describe. This becomes even more complex in a gas under
pressure and even more in a plasma, where the gas is ionized so that the ions are in a bath of electrons.

In this contribution we would like to summarize the theoretical descriptions of this state of matter
where we call the influence of the other atoms on an atom as “under external confinement”.
Which atomic physical quantities are expected to change with respect to the free atom? These are:
energy levels, polarizabilities, oscillator strengths, transition probabilities etc.

In order to describe these quantitites one adopts models based on surrounding weakly and strongly-
coupled plasmas which are described by a parameter called “coupling strength”. The plasma strength
(T') is expressed as the ratio of the average Coulomb energy to the kinetic energy of the plasma
particles. One has a weakly coupled plasma with a coupling strength << 1 for

— gaseous discharge plasma with 7'~ 10* K and n ~ 10" /c.c.

— plasma in controlled thermonuclear reaction at T ~ 108 K and n ~ 10'%/c.c.

— solar coronal plasma T ~ 106 — 107 K and n ~ 105 — 10'% /c.c.

— Tokomak plasma T ~ 10° — 10" K and n ~ 10® — 1016 /c.c.
and a strongly coupled plasma with a coupling strength > 1 and sometimes >> 1

— highly evolved stars in high density states

— interior of Jovian planets

— plasma in explosive shock tubes

— two-dimensional states of electrons trapped in surface states of liquid helium

— laser-produced plasmas.

The temperature varies and the typical densities are > 10%3/c.c.

Plasma embedded calculations are important because

— plasma polarisation shifts are used for spectroscopic diagnostics and X-ray laser design,

— the deformation of the ionic field by plasma results in the interesting phenomena of pressure
ionization and line merging,

— spectral line shifts determine the magnitude of the plasma coupling strength and suggests possible
ways to obtain plasma parameters.

In effect one can say that each different type of calculation can be of importance in the under-
standing of the plasma under consideration.
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2 Models

Several atomic and ionic species of one- and two-electron systems have been investigated using the
weak coupling model of the plasma which usually is described by the Debye screening model [1].

Several ionic species of one-and two-electron systems have been investigated using the strong
coupling model of the plasma which often is described by the Ion sphere model [2].

In addition the effect of weakly coupled plasma on exotic systems like p™p~, ptu=, etee™, H;,
pre e, ptpmpT, wpm T, ptptuT, dtdtuT, tTtT T ete. have been analyzed in detail and their
stability under Debye plasma has been investigated [3]. These systems can also be considered “under
external confinement” because the systems are created in a neutral environment when particles are
slowed down in matter and as such we may consider it as a plasma sourrounding the exotic systems.

Both models depend on parameters. The Debye screening model depends on the Debye screening
parameter u which is dependent on the temperature and number density of the surrounding plasma.
The Ion sphere model depends on the size of an inpenetrable spherical box surrounding the system.
This gives additional restriction due to the altered boundary conditions applied to the wave func-
tions, and the subsequent conditions of the pressure generated due to that confinement. In both
models one solves the many-electron Schrodinger equation, but with different effective potentials. The
Hamiltonian can be written as

n

Ho=3_ {_%v?‘f‘veff(”)] L (1)

i1 i<y i
The effective potentials are defined as

Z e BT e KTy
Vet = and the two — body interaction
T Tl'j

for the Debye plasma model [1] and

Z Z-N ri\?
Vir == + Hg{w(ﬁ)} g
for the strongly coupled model [2].

The effective potentials are functions of the plasma parameters. For a Debye plasma one uses the
Debye screening parameter [1]

_ [47r(1—|—Z)nT/2 (4)

kT
where k is the Boltzman constant. A wide variety of plasma conditions can be simulated by altering

the value of . The quantity r4 = 1/u is called the Debye shielding length.
For a strongly coupled plasma one uses the Wigner-Seitz radius [2]

1/3
R=<i_N> (5)

§7rn

which is a function of the plasma density n. In this strongly coupled plasma model one assumes
that no electron current goes through the boundary surface and the wave function must vanish at the
Wigner-Seitz radius.

Using these procedures one yields results on: spectral frequencies, excited state wave functions,
response properties like the dynamic polarizabilities, oscillator strengths and transition probabilities
as well as ionization potentials under confinement. Particularly valuable are the shifts of spectral lines
which might give an idea about the order of magnitude of the plasma parameters.
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In the case of three-body exotic systems one also solves the Schrédinger equation with a Hamil-
tonian where each of the 3 particles is described by the single-particle kinetic energy V2/2m and
a potential term exp (—pr)/r) with reference to a coordinate system associated with a triangle the
corners of which represent the positions of the three particles and the sides, their distances. Such a
description favours correlated wave functions of Hylleraas type and one obtains accurate results. The
details can be found in [3].

One of the many examples is given in Tab. 1 where the energy shifts in eV of the Lyman-a-line of
AlT'2 in a strongly coupled plasma are listed for different electron densities. A comparison with the
experimental shifts might give an idea about the parameters in the observed system.

Electron density (n) | non-relativistic | relativistic
2.10% 2.72 2.69
2.5-10% 3.41 3.37
3-10% 4.10 4.06

Table 1: Line shifts in eV of the Ly, line of A1*'2 in a strongly coupled plasma as function of the electron
density

The experimental shift is 3.7 £ 0.7 eV at T = 300 eV and n ~ 8 - 10%3/c.c. [4]. The quantum
mechanical impact theory [5] produces a red shift of 3.5 eV at T = 300 eV and 8 - 10?3 /c.c.

Besides these parameter-dependent models the theoretical description tries to be more and more
ab-initio. The state of the art for the spectral line shifts in atoms in a He matrix is described below.

3 Shifts of spectra of guest atoms in a He matrix

Experiments involving optical investigations on the spectra of foreign atoms in liquid helium were done
by a number of groups over many years [6, 7, 8, 9]. Liquid helium is especially interesting because the
constituents are small, the interaction between them is weak, there is no solidification under saturated
vapour pressure, the quantum effects are manifested under superfluid conditions, the motion is highly
correlated and the surface conditions are clean and undisturbed.

Observations are as follows [6]: spectral lines shifts compared to free systems, change in the line
shape and profile, a broadening and splitting of adsorption lines, a reduction of the ionization poten-
tial, absence of resonant radiation in light alkali atoms (between 200 and 800 nm) and the presence
of forbidden lines.

Due to the complexity of the problem ab-initio calculations are difficult and up to now has been
applied only to the principal excitation lines of alkali atoms Na, Rb and Cs embedded in liquid helium
where the line shifts are expected to be relatively large due to their loosely bound valence electron.
Such an attempt has been made for the system Na in liquid helium by Ludwig et al. [10] using Monte-
Carlo simulations followed by quantum chemical calculations. The liquid configuration was generated
by computer simulation using the Metropolis technique in which Lennard-Jones pair potential was
used for the Na-He interaction. The He-He pair potential was generated from quantum chemical
calculation. Using this method a large number of He atoms (up to 1000) were included at 2 K and
1 atm. In the full quantum chemical calculation using TDDFT 42 atoms in the first solvation shell
were used. This method yielded a shift between 14.7 and 18.9 nm with a FWHM of about 6 to 7 nm
depending of the density functional choosen in the calculation [10].
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We have adopted here a different approach. We perform fully relativistic density functional calcu-
lations (RLDA) [11] of a cluster where we included the central atom together with 14 He atoms which
build up a first layer of surrounding He atoms with a reasonable spherical symmetry. The He-He pair
distances are compatible with that in the pure liquid phase. In this method the distance R between
the central and the He atoms is not a free parameter anymore; instead we calculate the total energy of
the system as function of the distance R. The result is shown in Fig. 1 for the three systems NaHe4,
RbHeq4 and CsHey4. All three potential curves show clear minima. At these distances we then have
calculated the shift of the resonance lines s to p;/; and s to p3/;. The result is presented in Tab. 2
where we also have included the results of other theoretical calculations as well as the experimental
ones. Unfortunately experimental results are available only for the Rb and Cs system. For both sys-
tems the values agree very well. The main discrepancy exists between our result and other theoretical
values for the Na system. But one has to have in mind that no experimental results are available for
this system yet.

0,05 T T T T T T T
— — NaHe14 1
§0,04— —_ RbHe14 .
5 CSHelA 4
z
L 0,03f .
8
‘% 0,02
8 )
) L i
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Figure 1: Ab-initio potential energy curves for the three systems NaHei4, RbHey4 and CsHey4.

Transition Shift Av. Shift
Present Other Present Other
Na
S1/2 — Prja | -22.90 -22.81 -16.70¢
S1j9 — Daj2 | -22.72 -15.00°
-18.6~-18.9¢
Rb
si/2 = pij2 | -14.02  -16.8+£0.57 | -15.415 -16.44
S1/9 — p3/o | -16.81  -16.0£0.5¢
Cs
si/2 = Pij2 | -15.52  -18.4+0.57 | -16.675 -18.25¢
-26° -26.5°
S1/2 — D3j2 | -17.83  -18.1£0.5¢
=270

@ Ref.[12], b: Ref.[13], ©: Ref.[10], %: Ref.[14]

Table 2: Spectral line shifts (nm) in alkali-Helium cluster by the RLDA method
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4 Conclusion

We have tried to illustrate the various possibilities to describe the change of atomic spectral param-
eters when the atoms are embedded in a plasma. The two methods, the Debye screening method for
the weakly coupled plasma and the lon sphere model for the strong coupling plasma are very valuable
to describe such systems. The disadvantage of course is that their results depend on parameters: for
the Debye screening model on the Debye screening parameter and for the Ion sphere model on the
Wigner-Seitz radius which defines the confinement of an atom in a box with this radius.

Both methods help to “understand” the behaviour of such systems. In the ab-initio methods one
calculates parts of the plasma and includes the influence of the external confinement. This means
that the other surrounding atoms are included in the calculation on the same level as a whole in a
quantum-chemical fashion. This is a big step in the direction to overcome the parameters used in the
old methods up to now. In the case of the systems of Na, Rb and Cs in liquid helium we have made
the first step in this direction. The agreement with experimental values speaks for this method. Of
course one has to be aware that such a method is very eleborate and time consuming.
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Abstract

The spectroscopic investigation extreme ultraviolet (EUV) radiation is very important for
determination of properties and mechanism of astrophysical and laboratory fusion plasma, such as
density, temperature, charge distribution, heating and cooling etc. The EUV wavelength range
contains emission line of the L-shells of highly charged ion of low- and medium-Z elements as well
as of the M-shells of HCI for high-Z elements. We measured the EUV spectra (100-300A) of
highly charged iron ion with flat-field grazing-incidence (3° ) grating (1200/mm) spectrometer
mounted at the Tokyo-EBIT. The electron energy ranges are from 2.2keV to 300eV. We compared
this EBIT spectrum with LHD spectrum and found a difference.

Keywords: EUYV, highly charged ion, HCI’s, EBIT, electron-ion collision,

1. Introduction
As for the diagnostics of LHD plasma and the heating mechanism of the corona of the sun, it

pays attention to the spectrum of the highly charged Na, Mg, Al-like iron ion, recently [1]. At
present, in our National Institute for Fusion Science (LHD) and National Astronomical Observatory
of Japan (Solar-B), we proceed with the joint research of "The research of the non-equilibrium
plasma"[2]. The Solar-B is a highly sophisticated observational satellite. This satellite is equipped
with three advanced solar telescopes. These are visible light, extreme ultraviolet (EUV) and X-ray
spectrometers. It was launched on 22 September 2006. The diagnostics for the Solar corona
through EUV spectroscopy would reveal the heating mechanism and dynamics of the active solar
corona. Highly charged ions (HCI’s) of Fe with moderate charge states (q~10) are observed [3,4].
On the other hand, the high temperature and density plasma which can be controlled is diagnosed in
LHD. From the comparison of two kind of plasma, we purpose to construct the non-equilibrium
plasma model. And EBIT (Electron Beam Ion Trap) provides the fundamental data on the

electron-HCI collision process in such a non-equilibrium plasma.

2. Experiments
We explain about EBIT. The performance of the highly charged ion source is very important

when the highly charged ion research is done. Our joint research group succeeded in the
development of the superconductive EBIT [5], and it had given many research results. The

experimental set up of the Tokyo-EBIT is shown in figure 1. This EBIT is composed of ion trap and
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high density and high energy electron beam. The emitted electrons from the cathode are

compressed by the superconductive magnet (4.5T) and become high density beam. The ionized ion

by the electron beam is trapped by an electrostatic well potential field at axial direction and the

electron space charge at radial direction. The trapped ions are ionized sequentially. Then we

observed the emitted photon from the trapped HCI. Maximum electron energy is 200keV and

electron current is 330mA.

As for this EBIT, it is possible that almost atoms

are made a naked ion. But the Solar corona is

diagnosed through EUV spectroscopy of highly

charged Fe ions with moderate charge states (q~10).

Therefore low electron energy (less than lkeV) is

needed. In this experiment, electron energy is from 3

to 0.3 keV and electron current is about 10mA.

In this experiment, we used the flat filed grazing

incidence spectrometer. This grating

is

the

holographic grating (1200 grooves/mm) of the

shimadzu corporation. And detector

is

the

back-illuminated CCD of the hamamatu corporation.

Fe atoms were injected to this EBIT from an

effusion cell. The effusion cell is oven. The

operation temperature is about 1300°C.

3. Results and Discussion
Fig2 is the electron energy

dependence of the emission EUV
spectrum from highly charged iron ion.
The wavelength of spectrum is from
100 to 300 A and the electron energy
is from 2.2keV to 0.3keV respectively.
It is possible that the HCI’s which are
from Be-like to Ar-like are produced
by this electron energy range in EBIT.
But there is the electron energy limit at
300eV. Because the electron current
decreases from 30 to 3mA as electron
energy lowers. And the photon

emission signal decreases as the
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Fig.1 The experimental set up of the Tokyo-EBIT.
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product HCI decreases.

In Fig.3, we show the characteristic

spectrum of LHD plasma [6] in comparison "
with the EBIT spectrum of 2.2keV. The LHD
plasma parameters are following: 2 LHD Spectrum
B=2.5T é | 2 EBIT Spectrum
Neutral Beam Energy: 100keV - sl WP
Beam Power: 3SMW 1 7 | 8.9. 6
Exposure time: 0.2 sec i
The central electron temperature: 2.2keV 200 400 600 800 7600
(by Thomson scattering). Pixel Number
The EBIT spectrum of 2.2keV agree with Fig.3 The characteristic spectrum of LHD plasma
this LHD spectrum. The observed lines with in comparison with the EBIT spectrum.

EBIT and LHD are following:
1. Fe™* XXIII 1s™2s* 'S, - 1s2s2p 'P, (135.87A)

2. Fe’ XXII 2s%2p *P,, - 2s2p* °P,, (117.174A)
3. Fe*'* XXII 2s2p °P,, - 2s2p” °D,, (135.78 A)

4. Fe®™ XXI 2522p2 3P0 - 252p3 3D1 (128.73A) .
On the other hand, there are several lines which are not observed in EBIT but observed in LHD

plasma. These are following:

5. Fe*™ XXII 2s*2p °P,, - 2s2p* P,  (114.41A)

6. Fe*'* XXII 2s*2p *P,, - 2s2p° D,  (156.02A)

7. Fe’™ XXI 2s%2p*°P, - 2s2p’ °P, (121.214)

8. Fe’™ XXI 2s2p”°P,-2s2p°°D,,  (142.16, 142.27A)

9. Fe® XXI 2s2p°°P,-2s2p’°D,  (145.79A).
The final states of both transitions are ground state. However, the quantum number J of final state is
not the same. The J states of the non-observed lines in EBIT are 3/2, 2, or 1. It is the high energy
state of J. On the other hand, the J states of the observed lines are 1/2 or 0. It is the low energy state
of J. That is to say, in EBIT, the HCIs emit only photon by a transition to the ground state of low J.
We expect that the cause is the high electron density, ion-ion collision and the low energy electron
collision. There are enough the ground states of the high level J in the plasma. At present, we
proceed with the detailed analysis of this spectrum.

In Fig.2, the many lines are observed at the low electron energy collisions (~0.3keV, q=11~13).
But the resolution is not good and the photon emission intensity is very low. At the spectroscopy of
the corona, the necessary number of HCI charge is about from 16 to 10. It is moderate charge state
ions. Therefore, we decided to construct of a low energy compact EBIT for spectroscopy of
moderate charge state ions. In fig.4, we show the experimental apparatus of the compact EBIT.

The compact EBIT is composed by four parts.
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1. Electron gun, 2.drift tube, 3. Helmholtz coil and Lq.N, reservoir, 4.Collector.
All parts are cooled down by Lq. N,. The compact EBIT operation parametesr are following:

Electron energy: 200~1000eV

Electron current: ~10mA
B-field: 0.2T

Pressure: 7x10%Pa 7 SE——

Transmittance: 97% from cathode to collector.

Lig.N2

There are merits of the compact EBIT
compared with the Toky-EBIT.

1. The running cost is very low because Lq.

He is not used. ;
High-temperature

Superconducting
Magnet

port is short, the view is wide. E% .
Trap Regionbi IrwiE =

3. The electron beam position easily move. u
The alignment is easy. (| ==Ll T‘

4. The optical mirror can be installed around Electron Gun

. Collector —__|
2. Because the distance from the trap to the i

the trap. The high efficiency visible

spectroscopy is possible.

At present, this compact EBIT has started run, Fig.4 The experimental apparatus. (CoBIT)
and we advance visible and EUV spectroscopy.
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Abstract

The three-center Coulombic over-the-barrier model is developed for Coulomb ex-
plosion of a homonuclear diatomic molecule in collisions with a slow (~ 10 eV/amu)
highly charged ion. A conventional two-step picture of multiple electron transfer followed
by Coulomb explosion is far from appropriate because the molecule sets out to dissoci-
ate before the incident ion approaches the closest distance. We treat the formation of a
quasi-molecule and its decay into the three moving atomic ions. Charge-asymmetric pop-
ulation between fragment ions observed in a triple-coincidence measurement is suggested

to reflect the bond elongation during a collision. Collisions of Kr¥" 4+ N, are analyzed.

Keywords: highly charged ion, slow collision, multiple electron transfer, Coulomb ex-
plosion of diatomic molecule, over-the-barrier model, three-center quasi-molecule, charge

asymmetry, bond elongation

1. Introduction

Much attention has been called to the Coulomb explosion of molecules in a variety
of collision processes on the basis of the momentum imaging technique. In particular,
Kaneyasu and coworkers [1, 2] have made a triple coincidence measurement in a coplanar
geometry for Ny molecules colliding with slow (10 — 100 eV/amu) Kr®*" ions. They
employ an experimental setup where the fragment ion pair (N®+ N@'*) is detected ‘back-
to-back’ in transverse to the beam axis and in coincidence with the scattered ion. The
most remarkable aspect in their measurement is unequal strengths of charge-asymmetric
(Q # Q') fragmentation between the near and far sites relative to the point of closest
approach on a projectile trajectory [1, 2]. For a given charge pair (Q, Q'), the asymmetry
parameter A = (P~ — P-)/(Ps + P-) is obtained through the measurement of coincidence
populations, Py = P[Qfar > Qnear) and P = P[Qpar < Quear]- The experiment indicates a
positive asymmetry A > 0; the far site is populated more by the higher charge than by the

lower charge. This asymmetry was interpreted [1] as coming from electron polarization by
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the projectile in the course of dissociation, and qualitatively supported by a microscopic
calculation [1] with the time-dependent density functional theory.

In a former paper [3], we made an analysis to get insight into the charge-asymmetric
fragmentation observed, by applying the three-center Coulombic over-the-barrier model
[4]. We took for simplicity a conventional but questionable two-step picture of the electron
removal followed by the Coulomb explosion. In this picture, the charge asymmetry is only
caused by residual electrons in the target, which are localized into two atomic sites on the
way of fragmentation. Although leading to a correct sign of A, this effect is too small to
account for the observations.

In this contribution, we further examine the electron stereodynamics in the charge-
asymmetric fragmentation without taking the two-step picture but by treating the for-

mation of a three-center quasi-molecule and its decay into three atomic ions [5].

2. Three-center Coulombic over-the-barrier model
We modify the three-center Coulombic over-the-barrier model so as to describe an
inseparable process of electron transfer and Coulomb explosion, and so as to take full
account of the three-center nature in the electron localization among three moving (one
scattered and two dissociating) atomic ions.
We address collisions of a slow (v < 1 au) highly charged ion A?" with a homonuclear
diatomic molecule BC. The collision dynamics is treated as formation and decay of a

triatomic quasi-molecule ABC?*,
AT+ BC — ABC* — Aln+ 4 prst 4 Qrot

where 7 = rg + r¢ is the number of removal electrons from the molecule. According to
the model by Niehaus [6], many-electron dynamics is described by a sequence of quasi-
molecule formations of respective electrons in numerical order of ‘rank’ ¢t (= 1,2,...) in
the way in of a collision, and by a sequence of their decays in the reverse order in the
way out. The t-th electron is assumed to be initially bound in the molecule with its ¢-th
ionization potential. One electron dynamics in respective steps is described with a three-
center Coulomb potential determined by ion core charges qa, g, and gc. The three-center
potential has two saddle points, higher one Uy;g, and lower one Uy, in contrast with the
two-center potential (see Fig. 1) .

A critical distance of the quasi-molecule formation is determined for each electron by
a classical over-the-barrier criterion, E = Uysen, with the electron diabatic energy £ and
the barrier height Upign. The intramolecular bond length is not fixed to be the equilibrium

one but allowed to be elongated during a collision due to the Coulomb repulsion between
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dissociating ions with charges gg = qc = t/2 after passing the ¢-th critical distance.

As indicated in the right panel of Fig. 1, the electron localization may occur in general
via three processes according to the nuclear configuration formed by three ion cores A, B,
and C. Note that, relating to the three processes (labeled by I, II, and III), the nuclear
configuration space is divided into three domains labeled by D _gc, Do_ag, and Dg_ca in
view of classical electron motion when Upign, > E > Uloy. In the respective decay processes,
the branching probabilities are calculated with classically available phase-space volumes

at B = Upign and E = Uy, along a nuclear (scattering and dissociating) trajectory.

!
—

C B A

two-center system three-center system

Figure 1: Formation (upward arrows) and decay (downward arrows) of a quasi-molecule.
In the decay of a three-center quasi-molecule, the electron is localized into three atomic
ions via two steps associated with higher (Ui ) and lower (Ul ) saddle points generated
by a three-center Coulombic potential.

3. Results and Discussion

We apply the present model to collisions of Kr®t 4+ Ny at velocities of v = 0.01
— 0.08 atomic unit (i.e., 2.5 — 160 eV/amu) and consider 10 covalent electrons in the
Ny molecule. We assume a linear trajectory of incidence with the impact parameter of
b = 3, together with a dissociation trajectory retaining the initial orientation taken in

perpendicular to the beam axis.
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Time 7 evolution of half the bond length d is calculated and shown in Fig. 2, where the
horizontal scale is taken v, representing the projectile position along the incident linear
trajectory. Also plotted is a boundary between nuclear domains Dj_pc and De_ap for
the 6-th electron. Note that the nucleus B (C) is defined to belong to the near (far) site

relative to the traiectoryv of incident ion A.

Figure 2: Time 7 evolution of half the bond length d for collision velocities of v = 0.01,
0.02, 0.04, 0.08 (dashed lines). Also shown (solid line) is a boundary between nuclear
domains D_pc and D¢_ap for an electron of rank ¢ = 6 by effective charges (¢a, ¢, qc) =
(8,3,3) of ion cores.

It is seen from Fig. 2 that the nuclear configurations asymptotically belong to Da_pc on
the way in (7 < 0) regardless of the velocities. On the way out (7 > 0), however, relevant
domains depend on the velocity; both Da_gc and Dc_ap are competing at v = 0.08,
while only Dc_ap is involved for v < 0.04. At the lower velocities, therefor, the near site
B is populated exclusively via two steps as ABC — AB — B, while the far site C via one
step as ABC — C. This mechanism is due to nuclear trajectories such that the molecule
sets out to dissociate before the projectile recedes from it.

Using nuclear trajectories shown in Fig. 2, one-electron branching probabilities in the
decay scheme above have been calculated for ion core charges of (qa, gs,qc) = (8,t/2,t/2)
(t =2, 4, and 6) and shown in Fig. 3. It is found that the probability of ABC — AB
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(ABC — C) at £ = Uygn is almost one (vanishing), while the probability of AB — B at
E = Uy is 0.1 ~ 0.2. This result qualitatively supports the observation [1, 2| that the
near (B) site is more populated than the far (C) site.

1 811
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0.8 |
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= b=3 v=0.02
<
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Q@ 0.4- |
,-833__

02 o0 e |
',-.822 ___________________________
a8 e
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Figure 3: One-electron branching probabilities of ABC — AB at E = U, (solid lines)
and of AB — B at F = U, (dashed lines) with ion core charges of (¢a, g5, qc) = (8,1,1),
(8,2,2), and (8,3,3).

4. Concluding Remarks
The contribution from a nuclear domain D¢_ap is expected to account for the sign
(A > 0) of charge asymmetry observed and also for the larger asymmetry in the slower
collisions [1, 2|. This means that the large charge asymmetry reflects the nuclear dynamics
of molecular bond elongation during a collision and also the electron stereodynamics
associated with three-moving centers (i.e., the scattered ion and the two dissociating
fragment ions).
Further systematic calculations are in progress for the charge-asymmetry parameter A,

taking account of all covalent electrons of a target molecule.
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Abstract

The tokamak is one of the magnetic confinement fusion experimental devices and is
most promising. In order to understand the recycling and emission processes of hydro-
gen atoms in the HT-7 tokamak, spectral profiles of the D,(H,) line emitted in front of
the limiter have been observed with a high-resolution spectrometer and simulated by the
neutral particle transport code DEGAS 2. The results show that four processes are nec-
essary to interpret the D, (H,) line shape: 1) atom desorption, 2) molecular dissociation,
3) particle reflection, and 4) charge-exchange. The products of the first two processes are
cold atoms which emit photons near the peak of D,(H,) line shape, and those from the

last two are warm atoms contributing to the blue side of the spectrum.

Keywords: tokamak, atomic and molecular processes, edge recycling

1. Introduction
The ever increasing demand of mankind for controllable energy sources is perhaps
the most important and difficult problem faced by the world today. Energy from the
thermonuclear fusion of light elements is the most promising long term alternative source.
The most intense international effort has concentrated upon the Tokamak concept, in
which a high temperature plasma is contained by strong magnetic fields in a toroidal con-
figuration. To characterize the plasma, the experimental diagnostics are very important.
For the spectroscopic diagnostics, it can identify impurity species, monitor the impurity
behaviors. It can also study particle confinement, impurity transport in plasmas, edge
recycling, plasma and wall interaction, and so on. This paper will be focused on the study

of edge recycling.
For extrapolation to future fusion reactor devices, an understanding of the edge plasma
in present tokamaks is necessary. The transport of neutrals, atomic processes, and
plasma-wall interactions play key roles in edge plasma physics. To study basic recycling

processes [1], the spectral profile of the D,, line emitted from the divertor region of JT-60U
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Figure 1: Schematic diagram in the poloidal cross-section of HT-7 tokamak.

was measured and simulated. In TFTR, Monte Carlo neutral transport simulations of hy-
drogen velocities using DEGAS were compared with experiment using Balmer-« spectral
line profile [2]. In TEXTOR, the profiles of the D, (H,) lines emitted in front of limiters
were observed with high-resolution spectrometers and analyzed by Monte Carlo calcula-
tions [3]. H, line shape tokamak was once analyzed by multi-Gaussian fitting [4] in front
of the limiter in the HT-6M. The spectral profile of the H,, line contains abundant infor-
mation on the velocity distribution of hydrogen atoms which determines their penetration
depth into plasmas and their basic recycling processes. Understanding the behaviour of
hydrogen atoms in the edge region is necessary to control fuelling and pumping in fusion
plasmas.

For the HT-7 tokamak in a limiter configuration, recycling particles contribute more
than 90% of the total fueling to sustain particle balance during the plateau of a dis-
charge [5]. The limiter plays an important role in edge recycling, so the study of recycling
from the limiter is the focus of this paper. To investigate the recycling mechanism in
detail, the D, (H,) line shape was simulated by DEGAS 2 [6].

The paper is organized as follows. In section 2, a description of relevant diagnostics
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Table 1: Atomic and molecular processes considered in DEGAS 2 (A-J); plasma and
surface interactions (K: reflection, L: desorption)

Label Processes

Hy +e — H(1s) + H(1s) + e
Hy + e — H*(n=3) + H(ls) + e
Hy+e—e+Hf +e

Hy + e — H(1s) + HT + 2¢
Hy +e—e+H"+H"+e
Hy +e— H(ls) + HT +e

Hf +e— H'(n=3)+H"+e
Hj +e — H*(n = 3) + H(1s)
H+e—e+H" +e
H+H" —H"+H

H+ C — H (Reflection)
H+ C — H + H; (Desorption)

CExRe—=IDOQHREIOQW >

is given. A brief description of DEGAS 2 code and the simulation method for HT-7 are
presented in section 3. In section 4, the basic recycling processes of deuterium atoms are
discussed by comparison of the observation and simulation of the D, (H,) spectral profile.

Finally, section 5 is a short summary.

2. Experimental measurement
HT-7 is a medium-sized iron core superconducting tokamak. The main parameters
are: major radius R = 1.22 m, minor radius a = 0.27 m; the working gas is deuterium. It
is equipped with active water-cooled up-down symmetric toroidal limiter and belt limiters
located on the high-field side, shown in Fig.1. A new form of doped graphite with a SiC
gradient coating is chosen as the plasma facing material. Edge electron density and
temperature profiels from 25 cm of raidal radius to 30 cm were measured by a Langmuir
probe located on the top of the tokamak along the central line [7]. Plasma electron density
profile from 0 cm to 25 cm was measured by a vertical 5-channel far-infrared hydrogen
cyanide (HCN) laser interferometer [8]. The electron temperature profile is estimated
from the soft x-ray pulse height analyzer (PHA) [9]. The center ion temperature was
measured with the neutral particle analyzer (NPA) [10].
The D, (H,) spectral profile is measured by an optical multi-channel analysis (OMA)
system. It is equipped with a high-resoulution Acton Research Spectrometer (SP-750)
and ICCD (EEV 384 x 578 pixels) cooled by a multistage Peltier element. The 2400 gr
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Figure 2: Radial distribution of electron density n.(r) for a ohmic discharge shot 68520.

mm~ ! grating is used with a spectral resolution 0.01 nm. Ten lines of sight shown in Fig.1
go through the upper-midplane plasma region. The lowest chord of these sights, used for
this analysis, passes through the plasma center facing the belt limiter located on the
high field side. Thus, the photons from particles moving towards the centre are Doppler
shifted to shorter wavelengths and wavelength shift due to plasma rotation is avoided. The
measured D, (H,) line shape is determined by the convolution of a number of effects: the
instrument function, the geometry of observation, the geometry of the source, the effects
of plasma profiles, atomic and molecular processes, etc. Because of the strong toroidal
magnetic field perpendicular to the plane of observation, the D, (H,) spectral line is split
into three Zeeman components. The two ¢ components can be eliminated by the use
of a suitably orientated polarizer, and the measurements refer to the unshifted single m
component. The instrument function is taken as the measured shape of 6328 A He-Ne
laser line and can be deconvolved. Corresponding to the 2400 gr mm™! grating with the
slit width 50 pm, the measured instrumental width is about 0.03 nm. Electric fields in the
plasma also affect the energy level structure of hydrogenic ions through the Stark effect;
however, the ambipolar fields and ion mircrofields are generally too small to influence

spectral line widths. So, the Doppler Effect is dominant.

3. Simulation
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Figure 3: Raidal distribution of electron and ion temperature (shot 68520).

In this work, the simulation of D,(H,) line shape was performed using the three-
dimensional neutral gas transport code DEGAS 2 in which toroidal symmetry is assumed.
For a given geometry and plasma parameters, neutral atoms and molecules are tracked
using the Monte Carlo technique as they undergo ionization, charge exchange, dissocia-
tion, and interactions with surfaces. The result is effectively a numerical solution of the
Boltzmann equation for the neutral distribution function.

As shown in Fig.1, the magnetic geometry of HT-7 is assumed to be a circular configu-
ration. Four regions are set: core plasma (0-25 cm), cold plasma (25-27 cm), SOL plasma
(27-30 cm), and vacuum (30-33 cm).

In the simulation, it is assumed that the hydrogen ions arriving at the limiter are either
reflected as atoms or desorbed as atoms and molecules. The H* flux or current to the
surface is input to DEGAS 2. In computing the neutral profile associated with that
source, DEGAS 2 begins by sampling an ion from that flux using the ion temperature
and velocity near that surface. The local sheath potential is evaluated using the electron
temperature there and used to accelerate the ion to the target. This gives the energy
with which it will strike the plate. It is assumed that it hits at normal incidence. The ion
is assumed to be neutralized by the cloud of electrons at the surface, and thus interacts
with the material as an atom. This allows us to use the same set of particle-material

interactions to describe incoming ions and atoms. Some are reflected as atoms (H4+C—H
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Figure 4: Comparison of D, /H, observed spectrum(black line) in a typical ohmic dis-
charge (shot 68520) and H,, line shape (dashed) from a hydrogen lamp.

shown label K in Tab. 1). The reflected atoms from the ion incidence on the limiter
have the energies Fi.q = Rg(E; + ®4,), where Rg is the fraction of the incident energy
retained by the reflected atoms, which is dependent on the incident angle, energy and
the target material, E; is the ion energy before the sheath, &g, is the sheath potential,
taken to be 37,. The dependence of reflection yield and energy reflection coefficient on
the incidence energy used is from ‘refl.dat’ in DEGAS 2 which is calculated by VFTRIM
code [11]. Reflected particles are assumed to have a cosine angular distribution. In low
incident energy of carbon or deuterium, the sputtering yields of deuterium are less than
the reflection probability [2]. So, in our case the sputtering of hydrogen isotopes from the
graphite limiter can be neglected. Deuterium ions that are not reflected are assumed to be
desorbed as atoms or molecules with an energy of the surface temperature of the limiter. In
[12], it is observed that at the limiter temperature Trry, > 1100 K the direct atomic release
is dominant, whereas at low temperature (550 K< Ty, < 1100 K) the ratio of molecules
to atoms is unknown. Thus, desorption process is set as H+C—H+H, (label L in Tab. 1).
Molecular hydrogen entering the plasma will be ionized and/or dissociated by electron
collisions. Tab. 1 lists all atomic and molecular reactions considered in our simulation.

The energy of the hydrogen product atoms depends on the particular dissociation pathway
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Figure 5: Observed (black line) and simulated (dashed) D, (H,) spectra of shot 68520.

and the energy transferred from the electron [8].

4. Results and discussion

The plasma electron density n. and electron (ion) temperature T,(T}) of a typical ohmic
discharge 68520 are shown in Fig.2 and Fig.3, respectively, which are fitting chart accord-
ing to repetitious measured raw data. The ion temperature profiles are not available and
are treated as an adjustable parameter.

The spectral profiles for the present study were measured in the plateau state of this
discharge with an integration time of 0.1 s. Fig. 4 shows the observed D, (H,) line shape
and the H, spectral profile from a hydrogen lamp as a comparison. The working gas was
deuterium; hydrogen came from the wall and limiter surfaces. The rest wavelength of
H, is 656.285 nm (D,: 656.104 nm), and the center wavelengths of observed D, and H,
line shape were 656.102 and 656.276 nm, respectively. It is shown that compared with
standard H, shape, the spectrum differs strongly from the Gaussian profile and is clearly
asymmetric with a slight but significant blue shift of the peak.

Observed and simulated D, (H,) spectra are shown in Fig.5. The simulated line profile

agrees reasonably well with that observed. The isotopic mix of incident hydrogen ions
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Figure 6: Composition of the simulated D, (H,) spectrum with four processes: 1) atom
desorption (32%), 2) molecular dissociation (15%), 3) particle reflection (32%), and 4)
charge-exchange (21%).

is adjusted to match that experimentally observed in the Balmer-a spectral profile. Ac-
cording to the area of the shape of the D,(H,) spectra, the ratio of H/(H+D) is about
30%.

Fig. 6 shows that four processes are necessary to interpret D, (H,) line shape: 1) atom
desorption, 2) molecular reactions, 3) particle reflection, and 4) charge-exchange. The
products from the first two processes are cold atoms which emit photons near the peak
D,(H,) line shape, and those from the last two are warm atoms contributing to the blue
side of the spectrum. These components have the proportions 32%, 15%, 32% and 21%,
respectively. Atom desorption and reflection are the two dominant processes in edge
recycling. Although charge-exchange does not contribute to particle recycling directly, it
can transfer energy from plasma ions to atoms produced by dissociated, increasing their
penetration into the plasma.

Since the edge density is insufficient to thermalize the velocity distribution, the contri-
butions of the various reaction pathways that generate hydrogen atoms may be associated
with different wavelength regions (velocities) in the spectral profile. For atom desorption,
the position of its simulated peak is at 656.102 nm. According to Doppler shift, a mean
energy of an atom is about 0.05 eV which corresponds to 600 K of the limiter temperature.

The limiter temperature used in DEGAS 2 was based on measurements. This leads to a
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Figure 7: Detailed composition of the molecular reaction component (each label shown
in Tab. 1).

slight shift in the peak of the emission from desorbed atoms which seems consistent with
observations. The peak of the reflection component is 656.082 nm, corresponding to an
energy of 12 eV. The models used in the code imply a shift in the emission from reflected
atoms. The resulting emissions are consistent with observations given the overall agree-
ment of the observed and simulated spectra. Those atoms from molecular reactions have
a mean energy of 3.7 eV. The detailed composition of the molecular reactions is shown
in Fig.7. There are two principal breakup reactions, dissociation into two ground state
atoms (A in Tab. 1) and ionization (C in Tab. 1) followed by dissociation (F in Tab. 1).
In molecular reactions, F contributes 42% to Balmer-a emission, and A about 21%. The
edge electron temperature of this shot from 25-27 cm is about 40-15 eV shown in Fig.3.
Under these conditions, molecular ion dissociation and molecular ionization are the two
principal breakup reactions.

To understand the phenomena observed in the D, (H,) line shape, the characteristics
of edge plasma must be examined more closely. The deuterium ionization length can
be expressed as A; = vp/(ne(ov;)). The reaction rates for the most important neutral
processes are given in [13]. As can be seen in [1] for temperatures lower than 15 eV, Franck-

Condon (F-C) breakup of Dy into atoms is important, while above 15 eV, direct ionization
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dominates. In a typical HT-7 ohmic discharge plasma, edge parameters are ne(a) ~
2 x 10 m™3 and T.(a) ~ 20 eV. First, for thermal Dy particles, vp ~ 1.7 x 10° cm/s,
(ov;) ~ 2 x 1078 cm?/s, then \; ~ 4 cm, which shows that recycing molecules can only
exist near the limiter region. Secondly, D, ionization by electron impact predominates,
producing F-C atoms with an average energy of 4.3 eV corresponding to vp ~ 2x10°® cm/s,
(ov;) ~ 1.5 x 1078 em?3/s, and \; =~ 60 cm. Thus, not only charge-exchange atoms but
also FC atoms can reach into the core plasma. During ionization, ion molecules D can
also be formed, vp ~ 1 x 10° cm/s, (ov;) ~ 2 x 1077 ecm®/s, A; ~ 0.25 cm, that means

once Dj is formed, it will be dissociated as soon as possible.

5. Summary

To investigate the recycling mechanism in HT-7, spectral profiles of D,(H,) emitted
from the limiter have been observed and simulated. The results show that four processes
are necessary to interpret the D,(H,) line shape: 1) atom desorption, 2) molecular dis-
sociation, 3) particle reflection, and 4) charge-exchange. For a typical ohmic discharge
shot 68520 (n.(0) ~ 3 x 10 m™2), these components have the proportions 32%, 15%,
32% and 21%, respectively. Atom desorption and particle reflection are the two dominant

processes in edge recycling.
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Abstract

Dielectronic recombination and visible emission spectra are investigated theoretically
and experimentally. Spectra of x-rays emitted from electron beam ion trap plasmas
allow the study of correlation and quantum electrodynamic effects in relativistic few-
body systems. In the visible range, exploring the forbidden M1 transitions in Be- and
B-like argon ions provides one new insights into the relativistic modelling of isotope shift

effects and extend the scope of bound-electron g factor measurements to few-electron ions.

Keywords: dielectronic recombination, relativistic theory, highly charged ions, rela-

tivistic nuclear recoil, bound-electron g factors, electron beam ion traps

1. Introduction

One of the dominant atomic processes occurring in astrophysical and nuclear fusion
plasmas is dielectronic recombination (DR). Spectra of x-rays emitted during this resonant
process yield indispensable information on a range of plasma properties. Furthermore,
studies of DR processes with highly charged few-electron ions provide unique possibilities
for investigating correlation, quantum electrodynamic (QED), and nuclear effects in many-
body systems bound by strong Coulomb fields [1,2].

At medium charge numbers Z, e.g., in the case of Ar (Z=18), relativistic and nu-
clear effects are intertwined with large electron correlation contributions. Because of this
complex interplay, increasingly accurate measurements of transition energies and excited-
state lifetimes characterizing the visible emission spectra of electron beam ion trap (EBIT)
plasmas represent a challenge to theory. We have performed extensive studies [3] of the
ground-state forbidden M1 transition in Be- and B-like argon ions. The mass isotope

shift [4], the radiative lifetime [5] and the bound electron gyromagnetic (g) factors [6]
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Figure 1: Scheme of KLL dielectronic recombination into He-like ions.

associated with this line have been determined with high accuracy using the Heidelberg

electron beam ion trap.

2. KLL dielectronic recombination with heavy few-electron ions

We study the dynamical process of dielectronic recombination (DR) as a means of
generating and studying excited ions in an electron beam ion trap. In the first step of DR,
a free electron is captured into an ion by the simultaneous excitation of a bound electron
(see Fig. 1). The designation KLL refers to the shell structure of the bound electronic
states actively involved in the process. The resolving power of the experiment allows us
to separate peaks corresponding to different charge states and electronic states.

We calculate resonance features of dielectronic recombination into He-, Li-, Be- and
B-like heavy ions in the KLL energy range, applying the multiconfiguration Dirac-Fock
and the configuration interaction Dirac—Fock—Sturmian methods, and quantum electro-
dynamic many-body theory [1]. Table 1 shows a breakdown of physical contributions for
specific resonances in the case of recombination into Li-like W ions.

Theory results are compared to our experimental spectra explored with the Heidelberg
EBIT [2]. This comparison illustrates the significance of relativistic electron correlation ef-
fects and QED corrections. Few unexplained discrepancies found in specific recombination
resonances for initially Li-like Hg ions led us to further studies along these isoelectronic

sequences.

3. Relativistic nuclear recoil effect in B- and Be-like Ar ions
Isotope shifts arise from the combined effect of the finite nuclear mass and volume
on the electronic binding energy. The mass-dependent, or recoil part, is usually divided

into the normal mass shift and the specific mass shift (also known as mass polarization).
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Table 1: Theoretical contributions to the energy of specific dielectronic resonances in the
case of initially Li-like W™*. The resonance energy F.. is given as the difference of the
level energy Ej of the intermediate autoionizing state and the level energy F; of the initial
ionic ground state. DF: Dirac-Hartree-Fock energy; rel. correlation: relativistic electron
correlation contribution (beyond the DF approximation); FS: field shift in the one- or
many-electron case; NMS, SMS: normal- or specific mass shift; Breit: Breit interaction
contribution; VP and SE: vacuum polarization and self-energy correction in the one-
electron approximation; VP and SE screening: electron screening correction of the QED
effects.

Ei . 18228 Ed : L12 Eres . L12 Ed : L13 Eres . L13

[eV] [eV] [eV] [eV] [eV]
Dirac -182401.6 -141143.6  41258.0 -141143.6  41258.0
DF correction 2338.2 2553.6 215.4 2592.4 254.1
rel. correlation -1.3 -1.5 -0.2 -2.2 -0.9
FS, one-el. 63.7 34.6 -29.1 34.6 -29.1
FS, many-el. 62.8 34.4 -28.4 34.3 -28.5
NMS 0.6 0.5 -0.2 0.5 -0.2
SMS 0.0 -0.0 -0.0 -0.0 -0.0
Breit 172.5 24.3 -148.2 29.6 -142.9
VP -63.6 -34.7 29.0 -34.7 29.0
VP Screening 0.9 0.4 -0.5 0.3 -0.6
SE 335.5 185.6 -149.9 185.6 -149.9
SE Screening -5.7 -3.0 2.7 -2.7 2.9
Total -179624.1 -138418.6  41205.5 -138374.6  41249.5

In highly charged ions, large relativistic nuclear recoil contributions must be included.
The volume effect, also called the field shift (FS), is caused by the penetration of the
electronic wave function into the nucleus. In our systems, the mass shift terms strongly
dominate over the FS.

The many-body relativistic recoil operator for a general atomic system of electrons with

indices 14, j, reads (see Ref. [7], in relativistic units, h = c =€y = 1)

i Za (L (@R -
Ry = PP a<ai+u>.pj, (1)

2M 2Mr; r?

i
Here, 7; and p; are the position vector and the momentum operator of the ith electron,
respectively, and @; is the vector of Dirac matrices acting on its bispinor wave function.
The nuclear mass is denoted by M and « is the fine-structure constant. The normal mass
shift correction to a given atomic state is obtained as the expectation value (3°; R;;),

whereas the specific mass shift term is given by (3, .; Ri;). The first term in Eq. (1)
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corresponds to the mass shift operator also known in the nonrelativistic theory.

The wavelengths of the 15*2s?2p 2Py 5 - 2Py 5 forbidden M1 transition in B-like Ar'?*
and the 1522s2p 3P, — 3P, M1 transition in Be-like Ar'**t measured at the Heidelberg
EBIT were compared for the isotopes *Ar and °Ar as described in Ref. [4]. Table
2 summarizes the results and compares experimental values to theoretical predictions.
The observed isotope shift has confirmed the relativistic theory of nuclear recoil effects
in many-body systems. Our calculations, based on the fully relativistic recoil operator
(1), are in excellent agreement with the measured results. A calculation applying the
nonrelativistic part of the operator only would yield values for the isotope shift which are

smaller than the experimental result by a factor of roughly three.

Table 2: Transition wavelengths for °Ar!3™14+ and isotope shifts (*Ar — 4°Ar) (in nm,
air). The m- and o-components are marked accordingly, and their average is denoted by
the superscript av. See text for further explanations.

Wavelength (*9Ar) Isotope shift (*Ar — 1 Ar)

Ton Theory  Experiment  Theory  Experiment
ArB3T 441.16(27)  441.2556(1) 0.00123(5) 0.00120(10)™
0.00125(7)

( o
0.00123(6)>
Ar'%t 594.24(30) 594.3879(2) 0.00122(5) 0.00120(10)

4. Zeeman splitting and ¢ factor of the ground-state levels in B-like Ar

The Zeeman line components of the magnetic-dipole (M1) 15*2s*2p 2P; 5-*P; /5 tran-
sition in B-like Ar'3* were experimentally resolved by high-precision emission spectroscopy
using the Heidelberg EBIT. A typical Zeeman spectrum is shown on Fig. 2.

We determined the gyromagnetic (g) factors of the ground and first-excited states
through measurements of the transition wavelengths of the magnetic dipole M1 transi-
tions between the levels. The results for the J = 1/2 and J = 3/2 state are g1/,=0.663(7)
and g3/,=1.333(2), respectively. This corresponds to a measurement of the g factor of
a relativistic electron in a bound non-S state of a multielectron ion with a 1.5 per mil
accuracy. In Table 3, the results are compared to theoretical calculations by means of rel-
ativistic multiconfiguration methods including electron correlation effects and additional
quantum electrodynamic corrections.

Our measurements show that the classical Landé g factor formula is sufficiently accurate
to the present level of accuracy in few-electron ions of medium nuclear charge number Z.

To the best of our knowledge, the achieved 1.5 per mil accuracy of determining the g factor
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Figure 2: Emission spectrum of the ?P;, — 2P line in Ar'**. The six dashed curves

are fits to the Zeeman components. The lower plot shows the fitting residue. See text for
further details.

of a bound electron in a P state of a few-electron highly charged ion is unprecedented.
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Table 3: Theoretical contributions to the g factor giot. in comparison with the experi-
mental result gexp. The symbol gy, stands for the nonrelativistic Landé ¢ factor, gp is the
relativistic Dirac value, Agcor represents the electron correlation correction, Agyeg is the
contribution of the negative part of the continuous spectrum, and Agqrp denotes QED
corrections to the g factor. See text for further details.
Level Ynr 9o Agcorr Agneg AgQED Gtotal Jexp
*Pijs 0.6666667 0.6637754 0.0006943 -0.0000425 -0.00078 0.66365 0.663(7)
*Py»  1.3333333 1.3310304 0.0005443 -0.0000613 0.00077 1.33228 1.333(2)
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Abstract

High-resolution UV laser spectroscopy has been performed by frequency doubling of the
diode-laser beam together with the collimated atomic beam. Spectroscopic data on hyperfine
structure, isotope shift and atomic configuration have been obtained for high-lying atomic levels.
High-resolution spectroscopy has also been used to measure the Stark effect of alkali atoms. Results
on the Rb Stark shift produced by strong electric field are reported and scalar and tensor
polarizabilities are discussed.

Keyword: high-resolution laser spectroscopy, isotope shift, hyperfine structure, Stark effect
1. Introduction

High-resolution laser spectroscopy has been proved to be a powerful method to measure atomic
hyperfine structure (HFS) and isotope shift (IS). From such measurements, one can obtain atomic
properties such as atomic configuration, electron density and HFS constants as well as nuclear
properties such as nuclear moments and charge distribution. These spectroscopic data are
indispensable information to deepen understanding of atomic and nuclear structures [1].

Up to now, extensive studies have been performed in the visible region that is related to the
atomic level of about 16000 cm™'[2]. Measurements in the ultraviolet (UV) region, corresponding to
the atomic level of 26000 cm™', have been scarcely reported. Atomic properties such as hfs, IS, even
atomic configuration, are not yet well known for high-lying levels. Strong configuration mixing is
expected for such a highly excited level that provides a critical check of theoretical calculation.

Recently, study of parity nonconservation and search for permanent electric dipole moment of
atoms are performed and these experiments provide sensitive tests of the standard model [3]. Such
studies are related to the Stark effect. The Stark effect of alkali atoms is suitable for study of the
atomic core contribution and relativistic effect. Recently, precise calculation, up to several %, is
possible [4]. Therefore, precise experimental data are needed to check such theoretical calculation.

The Stark effect is less investigated even for alkali atoms compared with the HFS and Zeeman
effect. Strong electric field is necessary to get observable shift and splitting, particularly for light
elements. However, it is difficult to produce strong electric field experimentally.

Using the diode laser together with a highly collimated atomic beam, we developed a
high-resolution atomic-beam diode-laser spectroscopic system, which enabled us to make

systematic studies of HFS and IS as well as the Stark effect. Spectroscopic measurements were
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performed not only for the red and near-infrared regions but the UV region by the frequency
doubling of laser beam. In this paper, we report the high-resolution HFS and IS measurements in the

UV region for the rare-earth elements as well as measurements on the Stark effect of Rb atom.
2. Experiment

The present experiment was performed by high-resolution atomic-beam laser spectroscopy. For
the rare-earth elements, an electron-bombardment heating method was used to produce an atomic
beam. The atomic beam was ejected from a molybdenum oven heated to approximately 1500 °C for
Gd, Dy and Er. For alkali atoms such as Rb, the sample was heated to about 200 °C and the atomic
beam was collimated by a slit set at about 1.5 m far away from the oven in order to achieve
(Doppler-free) high resolution. A commercial tunable diode laser (Newport 2010) with an external
cavity was used to produce a laser beam with a wavelength of 780 — 810 nm. The UV beam with a
wavelength of 390 — 405 nm was obtained by the frequency doubling of a laser beam using a cw
frequency doubler (Spectra-Physics, WAVETRAIN).

To study the Stark effect, the electric field was produced in the interaction region between the
laser and atomic beams by two transparent electrodes, which were BK7 glasses coated with InSnO,.
We developed two types of electrode systems and the electric field, up to 82 kV/cm, could be
applied. Great attention was paid to large background produced by scattering of the incident laser
beam from the electrodes.

To reduce Doppler broadening, the laser beam was collimated and allowed to cross the atomic
beam perpendicularly. Laser-induced fluorescence was collected with a spherical mirror and
detected with a cooled photon-counting photomultiplier (Hamamatu R2257P). For relative
frequency calibration, the intensity of the laser light transmitted through a confocal Fabry-Perot
interferometer with a free spectral range of 300 MHz was measured simultaneously with the

fluorescence from the atomic beam. The experimental setup has been described elsewhere [5].

3. Results and Discussion
3.1 Hyperfine Structure and Isotope Shift

High-resolution diode-laser spectroscopy was performed in the red and near-infrared regions as
well as the UV region for the rare-earth elements. Figure 1 shows a typical observed HFS spectrum
of the 4f'5d6s* °D, — 4f 6p6s® "D, transition at 394.3 nm in Gd L. Peaks of the even-mass isotopes,
including the lowest abundance one *°Gd, are labeled with the atomic symbol, and other peaks are
HFS peaks of the odd-mass isotopes '*’Gd and '*’Gd. The full width at half maximum (FWHM) of
peaks is about 30 MHz and is considered to be mainly from the natural width of the upper level of

the transition and the residual Doppler broadening of the atomic beam.
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Fig. 1. Observed HFS spectrum of the 4f 5d6s* °D, — 4f 6p6s> "D transition at 394.3 nm in Gd I
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Fig. 2. Specific mass shift for different transitions in Er, Gd and Dy

The IS is the sum of the normal mass shift (NMS), the specific mass shift (SMS) and the field
shift (FS) [6,7]. Since the NMS can be calculated easily, the SMS and FS can be derived from the
observed IS by the King plot [6,7]. The derived SMSs are shown in Fig. 2 for different atomic
transitions of Er, Gd and Dy. It can be seen that the SMSs have quite different values for the
different transitions: the SMS of the /' — d transition is several times larger than that of the d — p
transition. This shows that the SMS strongly depends on the orbital angular momentum of electrons.

The SMS is related the correlation between electrons which is important effect particularly for
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many-electron atoms such as the rare-earth elements. The present experimental data are useful to
check theoretical many-electron atomic calculation; as the SMS provides the challenge task for such
calculation.

From the FS, the 6s-electron charge density at the nucleus [8] Dgg = 47r|‘1’(0)|2 was derived. We
also performed the non-relativistic Hartree-Fock calculation for Dg, using the computer code written
by Fischer [9]. The experimental and calculated 6s-electron densities at the nucleus are shown in Fig.
3 as a function of the atomic number. It is seen that the experimental and calculated values have a
same tendency of increasing with the increase of the atomic number. However, the calculated values
are smaller than the experimental ones by 30 %. This can be attributed to the configuration

interaction and core polarization, which were neglected in the Hartree-Fock approximation.
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Fig. 3. Experimental and calculated (Hartree-Fock) 6s-electron

density at the nucleus as a function of the atomic number

From measured IS, atomic configuration can be determined for the unknown levels. For the 397.4
nm transition in Er I, atomic configuration of the upper level at 25159 cm ™ is not yet known. The IS
of this transition was measured to be 966.15(61) MHz for '"*'®*Er. The ISs of other transitions for
0-1¥Er were also measured to be 918.42(72) MHz for the 4265 — 4f''5d6s” transition and
-496.32(80) MHz for the 4f'*6s> — 4f''54%6s transition. Comparing these results, we determined the

atomic configuration of the upper level at 25159 cm™ for the 397.4 nm transition as 4/''5d6s”.
3.2 The Stark Effect

The Stark effect for alkali atoms of Rb and Cs was investigated by high-resolution laser
spectroscopy. For Rb, we used transitions of 5s °S), — 5p *Py, (D1) at 794.8 nm and 5s S, — 5p
*P3;, (D2) at 780.0 nm. Highly collimated atomic beam was used in this experiment. All HFS peaks
at zero electric field were clearly resolved and the FWHM of observed spectra is about 16 MHz for
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Rb D1 and D2 transitions. This width is considered to be from the natural width of the upper level
of the transition and the residual Doppler broadening of the atomic beam is negligible.

Figure 4 shows typical Stark spectra of 8Rb 55 %S, (F=2)-5p 2Py (F=3) transition measured at
different electric field. It can be seen that spectra are shifted to the lower frequency by the electric
field. Not only the shifts but splittings are observed and become larger as the electric field rises. The
F=2 (*S);2) — F=3 (°P3),) transition, corresponding to the right peak at 0 kV/cm in Fig. 4, is expected
to split into four peaks owing to the splitting of the upper level by the Stark effect according to the
theoretical prediction. These four peaks are all clearly resolved at the electric field of 80.6 kV/cm,
as shown in Fig. 4.

By carefully changing the electric field, dependence of shifts and splittings on the electric field
was measured. A linear relation between the shift (splitting) and the square of the electric field was
confirmed, which agrees with the theoretical prediction calculated by the second-order perturbation.
From these measurements, we deduced scalar and tensor polarizabilities, which measure the atomic
electric dipole moments induced by the electric field [10]. For Rb D2 transition, the scalar
polarizability was derived to be 110.6(9) kHz/(kV/cm)® and the tensor polarizability —54.0(31)
kHz/(kV/cm)?, which can be compared with the previously reported values [11] of 146(32)
kHz/(kV/cm)® and —40(6) kHz/(kV/cm)’. The precision of the present values is improved
considerably compared with the reported values, where HFS was not resolved. The present obtained
scalar and tensor polarizabilities are related to the atomic wave function and are the fundamental

properties for atomic physics.
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4. Summary

High-resolution atomic-beam diode-laser spectroscopy has been performed. ISs and HFSs have
been measured for the rare-earth elements in the UV region as well as the red and near-infrared
regions. Atomic property such as the configuration has been determined for the high-lying atomic
level of Er. From IS measurements, the SMSs have been derived for different atomic configurations
and found to strongly depend on the orbital angular momentum of electrons. The 6s-electron
densities at the nucleus, related to the 6s-electron wave function, have been derived and compared
with the Hartree-Fock calculation. Results show that the electron-correlation effects, such as the
configuration interaction, core polarization, play an important role for the atomic structure.

The Stark effect of Rb atom has been investigated by high-resolution laser spectroscopy. Strong
electric field, up to 82 kV/cm, has been successfully produced and the Stark shift and splitting have
been observed for the Rb D1 and D2 transitions. Dependence of the shift and splitting on the
electric field has been carefully examined. The scalar and tensor polarizabilities have been obtained

for the Rb D1 and D2 transitions. Further experiments on other atoms are now performing.

The authors thank Y. Nemoto, H. Nakai and K. Nagami for assistance in this study. This work
was partly supported by the JSPS-CAS Core-University Program in the field of “Plasma and

Nuclear Fusion”.
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Abstract

With a developed program for studying dielectronic recombination (DR) process,
which is based on Multi-configuration Dirac-Fock (MCDF') method, the KLL DR processes
for highly charged He-like to C-like iodine ions have been investigated systematically. The
contributions from quantum electrodynamic (QED) effect and Breit interaction to the DR
processes have been discussed. The KLL DR resonant energies and corresponding resonant
strengths have been calculated. The theoretical DR spectra for different charged iodine
ion are obtained in the KLL region. Comparison has been made between the present

calculations and the experiments in Tokyo-EBIT.

Keywords: DR spectra, resonant strength, MCDF, KLL resonance, iodine

1. Introduction

Dielectronic recombination (DR) is a two-step resonant electron capture process. In
the first step, a free electron is captured radiationlessly by the simultaneous excitation
of a bound electron, and in the second step, the doubly excited state decays radiatively
to a bound final state. The DR resonances are normally labeled by analogy with the
nomenclature used for Auger process [1], such as KLL, KLM, KLN, etc. The case of KLL
DR for initially He-like ions involves a continuum electron being captured to the L shell
and a bound electron promoted from the K shell to the L shell.

The DR process is important in high-temperature plasmas, where it strongly affects
both the charged state distribution and the emitted x-ray spectrum [2-7]. Accurate
knowledge of DR cross sections is extensively needed in models of astrophysical and fusion
plasmas [2]. Indeed, the understanding of the DR process is considered very important
nowadays in plasma research. For example, it is well known that the ions of heavy ele-
ments such as tungsten can exist in fusion plasmas due to sputtering of the wall materials
of the vessel [3]. The DR of such heavy ions is one of the primary sources of radiative
energy loss from fusion plasmas and can lead to plasma cooling. The understanding of

DR process is important for controlling such energy-loss.
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Over the last two decades, the theoretical and experimental progress in investigations
of the DR process of highly charged ions has opened perspectives for probing relativis-
tic, quantum electrodynamic (QED), electron interaction, and nuclear effects in strong
Coulomb fields (for review article see, e.g., Ref.[8-10]). Recently, Watanabe et al. [3] stud-
ied the DR processes of open-shell highly charged He-like to C-like iodine (Z=53) ions
using the Tokyo-EBIT for the first time, where the different charge states were clearly
separated. However, there are no available theoretical calculations to confirm the exper-
imental resonant strengths and resonant energies for the highly charged iodine ions so
far. In the present work, based on our previous computational experience, which has
obtained success on the KLL DR processes of highly charged He-like to B-like mercury
and uranium ions [11], a systematical study on the KLL DR processes of He-like to C-like

iodine ions was performed.

2. Theoretical method
The DR cross section for an individual resonance, involving excitation from an
initial state i, via a doubly excited state 7, to a final state k, can be given by the following

equation in atomic units in the framework of the isolated resonance approximation:
O-DR(ivju k) = Uz'c,j ;,Im (1)

where of ; is the cross section for the resonance capture process from ¢ to j, and B, is
the radiative branching ratio for the process from j to k. The quantities of ; and B} ; can

be written by [12]
. m2h?
Tij =

95y

“5(e — e 2
mee; 2g; 7 (€ 61)7 2)

and

Brk = r Jk a (3)
” 2 Ajk’ + 2y Ajz"

where g; and g; are the statistical weights of the state i and j, respectively. The summa-

tion i runs over all the possible Auger final states, and the summation k& runs over all

possible radiative final states. d(e-¢;) is a delta function that requires the matching of

the free electron energy ¢ to the resonance energy €;. The DR strength S;;; is obtained

by integrating the DR cross section opg(i, 7, k) in Eq.(1) over the energy ¢ in the vicinity

of the resonant energy ¢;. Substituting Eq.(2) and (3) into Eq.(1), we can obtain [5]
2R g

ik (€5) mee; 2g; 7' 3y A;k, U A;i' | N
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Then, the total DR strengths may be obtained by a sum of S;j;, over all possible inter-
mediate states j and the final states k. In order to compare with experimental results,
the calculated cross section should be convoluted with a Gaussian distribution with an

energy resolution I". The convoluted cross section is given by [12]

2
o) = 5 S ey | - EE ] )
Here, an experimental resolution of 36 el (FWHM) [13] is adopted in the present calcu-
lations.

In this study, energies and wavefunctions have been generated by the widely used atomic
structure package GRASP92 [14], which is an implementation of the MCDF method.
Where, an atomic state wavefunction (ASF) is approximated by a linear combinations
of the configuration state wavefunctions (CSFs) of the same symmetry. In the stan-
dard computations, the CSFs are linear combinations of the antisymmetrized products
of a common set of orthonormal orbitals, which are optimized on the basis of the Dirac-
Coulomb Hamitonian. In order to accounting for electron correlation effects, the active
space method has been applied. In our calculations, the active space of CSFs includes
all single and double excitations from the reference configurations up to one-particle or-
bitals in the n = 3 shell. Further relativistic contributions to the atomic states owing to
(transverse) Breit interactions were also added by diagonalizing the Dirac-Coulomb-Breit
Hamiltonian matrix. In addition, the dominant QED contributions (i.e. self-energy and
vacuum polarization effects) to energy levels are estimated in the computations as a per-

turbation. The radiative decay rates and the Auger decay rates are calculated using the

programs REOS99 [15] and AUGER [16], respectively.

3. Results and discussions

The contributions from the QED and Breit effects to the energy levels of the ground
states and doubly excited states involved in the DR processes of He-like to C-like iodine
ions are given in Fig.1(a) and (b), respectively. As shown in Fig.1, the QED and Breit
contributions to the ground states are greater than that to the doubly excited states.
For the Li-like iodine ion, for instance, the present QED and Breit contribution to the
ground state Liy [15°2s]1/2 is 85.50eV and 60.83 eV, respectively, while to the doubly
excited state Liy [1525*2p;/s]; is 50.84 eV and 8.85eV respectively. It is obviously that
the QED and Breit effects are very sensitive to the inner-shell excitations. The reason is
that following the transfer of the inner 1s electron to a higher orbital, the strong orbital

relaxation happened, which is consistent with our previous study for high-Z ions [17].
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Figure 1: Contributions from QED and Breit effects to the energy levels of the ground states (a) and doubly excited states
(b) as functions of different charged iodine ions. The labels of the energy levels are similar to that used by Gonzilez
Martinez et al. [10].

Table 1 listed the present results of the total strengths for KLL DR processes of He-
like to C-like iodine ions. As a comparison, the newly experimental results measured in
Tokyo-EBIT by Watanabe et al. [3] are also presented. It can be found that the total
resonant strengths increased gradually with increasing charge state. This increase mainly
comes from the increased number of L shell vacancies, since which causes the number
of the intermediate doubly excited states increasing. Compared with the experimental
results, we can found that the present total KLL strengths for different charged iodine

ion are smaller than that of experiments by around 20 % .

Table 1: Comparison between the present theoretical and the experimental total resonant strengths (in 1071° cm? eV) for
He-, Li-, Be-, B-, and C-like iodine ions.

Resonant strengths

Iodine ions  This work  Experiment[3]

He-like 3.411 4.27(39)
Li-like 2.316 2.91(26)
Be-like 1.856 2.39(22)
B-like 1.178 1.49(14)
C-like 0.593 0.764(76)

In order to further investigate the discrepancy between the present calculated and the
measured DR strengths, the behavior of the resonant strengths with atomic number Z are
analyzed for He-like ions in detail. The KLL resonant strengths for He-like ions, which
have been widely studied [2,3,7,11,18-21], are summarized in Fig.2 together with the
present result for iodine ion. Although we found that the present resonant strength for
He-like iodine ion is less than the experimental result [3], it is in better agreement with
other theoretical calculations for He-like ions. As shown in Fig.2, for elements heavier than

Ar, the resonant strengths become smaller with increasing Z since electron capture into
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doubly excited states becomes more difficult as Z increases. However, for lower Z elements
Auger processes which compete with radiative processes become significant which tends to
decrease the resonant strength. In the high-Z region, no experimental resonant strength
has been reported apart from the recent result for iodine ion. So, the present and previous
[11] results can give important theoretical guide for further DR experiment of high-Z ions.
Also, more benchmarked measurements over a wide range of atomic numbers are needed
to validate the behavior of the KLL resonant strengths for He-like ions.

100
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Figure 2: The KLL DR resonant strength of He-like ions. The solid circles are experimental values, while the open circles
are theoretical values. The open square is present result (I°!*). The other data are Ar'6+ [18], Ti20+ [2], Fe24+ [19],
Ni26+ Mo%0+t  and Ba®* [20], Ge30t [7], Kr34+ [21], IP'+ (3], Hg"®t and U®F [11].

The theoretical DR spectra for each ion species can be obtained through convoluting the
resonant strengths using a Gaussian distribution with the experimental energy resolution
of 36 eV [13]. In Fig.3, it present the our theoretical DR spectra and the experimental
spectra by Watanabe et al. [3]. In order to match with the experimental results, the
calculated DR resonant positions have been shifted by 420 eV around toward high electron
energy. The comparisons with the experimental results are made, which shows very good
agreement for both the amplitudes of the cross section and the line shapes. At present, the
reasons for the discrepancy between theoretical and experimental resonant energies (i.e.

peak positions) are still not very clear and should be the subject of future investigations.

4. Conclusions

Based on the systematical calculations of DR resonant strengths and cross sections
related with the KLL DR processes of highly charged He-like to C-like iodine ions, the
contributions from QED and Breit effects to the DR processes have been discussed. The
KLL DR resonant energies and corresponding resonant strengths have been obtained,
which are necessary for further identify the experimental DR spectra in detail. Finally,

the theoretical DR spectra for each highly charged ion species are gained through convo-
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Figure 3: The KLL DR spectra of He-like to C-like iodine ions.

luting the resonant strengths using a Gaussian distribution with the experimental energy
resolution of 36eV. Good agreement has been found between the present calculations

and the recent experiments.
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Abstract
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1. Introduction

An electrostatic ion storage rings is a suitable device to investigate slow dynamic
processes and spectroscopic properties of ions. As compared to a magnetic storage ring,
this has several advantages, i.e. the absence of magnetic field, no hysteresis, the smaller
size, and, in particular, no restriction on the mass of the stored ion.

After the construction of the first electrostatic ion storage ring, ELISA, at University of
Aarhus, Denmark in 1997 [1] and that of the second one at KEK (High Energy Accelerator
Research Organization in Tsukuba, Japan) in 2002 [2], we have developed the third ring
at Tokyo Metropolitan University in 2003 [3].

2. Experimental setup
Figure 1 shows a layout of our electrostatic ion storage ring, named TMU E-ring.
It was basically designed with a common concept to the preceding rings, and it has a
race-track-type shape of about 7.7 m in circumference. However, we specially designed it
to be kept all electrodes at very low temperature with a cooling system by using liquid
nitrogen for the reduction of the black-body radiation which is irradiated on the stored
ions.
Two neutral particle detecters were equipped to the ring in order to observe the intensity
and profile of the neutrals produced by fragmentation or neutralization of primary ions.
Each detector consists of a chevron type microchannel plate (MCP) and a phosphor screen

with a diameter of 45 mm.
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Figure 1: Schematic diagram of the TMU E-ring with two different ion sources and a
Nd:YAG and OPO lasers.

In this ring, three different-type ion sources has been installed for injections of various
kinds of ions, i.e. a duoplasmatron for positive atomic and small molecular ions, a cesium
sputter ion source for negative atomic and small cluster ions, and a laser desorption ion
source for positive and negative large molecular and cluster ions. As the typical injection
energy for the ring is 20 keV, the circulation time is about 4 us for the lightest ion, HY,
and about 0.1 ms for a heavy fullerene ion as Cg,. The typical storage lifetime, which
depends on the background pressure in the ring, is about 10 s for heavy ions under vacuum
conditions of several 1072 Pa. Therefore, the relatively slow processes having the reaction
rates from ms to a few seconds are feasible to be investigated with this apparatus.

Since the construction of TMU E-ring, several kinds of ions have been stored in it,
and the following physical experiments have been performed: 1) lifetime measurements
for metastable states of CO?** [4], 2) laser spectroscopy of metastable OF ions, 3) photo-
detachment of porphyrin (HyTPP) anions [5], 4) collisional detachment cross sections of
C~ with rare gases [6], 5) observation of weakly bound excited states of C,, (1 <n < 8) [6].

In this report, we describe the some results on these topic very briefly.

3. Lifetime measurements for metastable states of CO?*"

Generally speaking, doubly charged diatomic molecular ions are thermodynamically
unstable due to the Coulombic repulsion. These ions occasionally survive for a certain
period, however, due to the shallowness of their potential well and the corresponding
thickness of the potential barrier. Eventually the ions dissociate by tunneling through the
barrier. Since the tunneling rate is very sensitive to the thickness of the potential barrier,

the lifetime of such doubly charged ions also depends on their vibrational states in the
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Figure 2: Neutral particle yield for the 20 keV 2C!80%*" beam as a function of time after
injection into the ring. The solid line shows the fitted decay curve, obtained as the sum
of three exponential functions with the lifetimes of 0.76 ms, 8.1 ms, and 3.6 s.

shallow potential well. When a repulsive potential curve crosses the potential well, these
vibrational states often decay immediately.
When spontaneous dissociation of metastable CO?* occurs, two charged fragments are

produced :
CO** — Ct 4+ O, (1)

where the pair of fragment ions is either C*(?P) + O (1S) or C*(*P) + O (®D). Though
these fragment ions cannot be detected in this apparatus, we measured the neutral parti-

cles which originate from the fragmentation through charge exchange reactions between
the CO?* ions and the residual gas (R) :

CO** +R — C+O"+R* (2)
— Ct+0+R". (3)

The two fragmentation paths of CO?* are both accompanied by a neutral product created
by collisions with the residual gas.

We used the duoplasmatron ion source in electron impact mode to prepare CO** ions.
In this experiment, a CO gas consisting of isotopic *O was used to separate CO?** from
UN and "“N2ZT. The '2C'80 ions were injected into the ring with the kinetic energy of
20 keV at a beam current between 100 and 600 pA.

Figure 2 shows the decay curve of the neutral yield from stored CO?** ions measured

by the neutral detector 1, which clearly consists of multiple components. This decay
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Figure 3: The neutral particle yield for the HoTPP anions. (a) Yield of the delayed
detachment by the laser irradiation as a function of the storage time; (b) Log-log plot of
the relative neutral yield, normalized using the first peak, versus the time after excitation
with various laser fluence.

curve was reasonably fitted by the sum of three exponential components with lifetimes
of 0.76 ms, 8.1 ms, and 3.6 s. The longest lifetime is not relate to the spontaneous
dissociation of metastable CO?** ions, and is likely to be governed by the storage lifetime
for population decaying only by collisions with the residual gas. The shorter lifetimes
corresponding to the inherent lifetimes. The results obtained by our ring agree well with
results obtained by the magnetic ring ASTRID [7].

4. Photo-detachment of porphyrin (H,TPP) anions
A laser desorption ion source equipped with the ring can be used to produce positive

and negative large molecular ions. Powder of a typical metal-free porphyrin molecule,
5,10,15,30-tetraphenyl-21H,23H-porphyrin (hereafter HyTPP), was dissolved in CHCl3,
and the solution was put in a sample holder. An HyTPP cast film prepared in this way
was desorbed by the fourth harmonic output of an Nd:YAG laser. The produced H,TPP
anions were extracted and injected into the ring with the kinetic energy of 15 keV.

Generally speaking, the large molecular ions produced by the laser desorption are ex-
tremely hot, and the radiative cooling of the ions with emissions of infrared photons
continues during the circulation in the ring. This cooling process of H,;TTP anions has
been investigated with measurements of the neutral yield by the laser merging of various
wavelengths and fluences at different storage times.

The signals of the neutral particles measured by the neutral detector 2 with the laser
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merging at the storage time of 75 ms is shown in Figure 3(a). The delayed components,
which are observed several revolutions after irradiation, are clearly seen in this figure. The
log-log plots of the integrated intensity of each peak against the time after irradiation with
the 600 nm laser, obtained for various laser fluences, are shown in Figure 3(b). As reported
by the ELISA group, a broad distribution of the initial internal energy gives the delay
process being fitted to a ¢t~' function [8]. The data in Figure 3(b) can be fitted with
straight lines, indicating that the power law is also valid in these cases. However, the
slope deviates considerably from —1, depending systematically on the laser fluence. That
is, lowing the fluenece produces a gentle slope, which is about —0.5 at a low fluenece.
This indicates that the super-excited anions do not populate various internal energies

uniformly, at least if the contribution of multiphoton excitation is small.

5. Collisional detachment cross sections of C~ with rare gases

The negative carbon atomic ions, C~, were produced by using a cesium sputter ion
source and injected into the ring after the accelerate by the electric potential of 20 kV.
The neutral carbon atom produced by the collision with the residual gas can be observed
by the neutral particle detectors. When the target gas was introduced in the ring with
the very small pressure, we can observe the enhance of the neutral intensity. The decay
curve of the neutral yield from stored C~ ions with the velocity v measured by the neutral

detector 2 can be given by the following equation :
I(t) = I(ty) exp [— (ornr + ornT) vt] (4)

where og and ot are the detachment cross sections by the residual and target gases, and
ng and nr are the densities of the residual and target gases, respectively. From the decay
curves measured with the different target gas pressures of various target gases, we have
obtained the detachment cross sections of the C~ ion with the rare gases, namely He, Ne,
Ar, Kr, and Xe.

Figure 4 shows the detachment cross sections as a function of the scattering length of
s-wave electron. The cross section of the elastic collision of an electron with a neutral gas

is given by
4m[?

e (5)
where K is the wave number of the electron, and L is the scattering length of s-wave elec-
tron [9]. These theoretical calculations show fairly good agreement with the experimental
results. This finding indicates that the naive model, in which an extra electron in the
anion is treated as a free electron moving at the same velocity of the anion, would be not

so far from reality.
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Figure 4: Measured detachment cross sections in collisions of C~ with rare gases at 20 keV,
and theoretical cross sections of the elastic collision of an electron with rare gases, as a
function of the scattering lengths of s-wave electron.

6. Observation of weakly bound excited states of C; (1 <n <8)

For C~ ions, we observed that the lifetime of the excited state (2p®2D) depends on
the environmental temperature, because this state has the binding energy of a few ten meV
and can be easily photo-detached by the black-body radiation at the room temperature.
This measurement has been achieved with the cooling of the electrodes by liquid nitrogen.
The observed lifetime of the excited state at room temperature of 2.7 ms became about
6.0 ms after the cooling, with contract of a constant storage lifetime of the ground state
(2p31S) determined by only the collisional cross-section with the residual gas.

Not only atomic anions, but also the small carbon cluster anions, C

n

(n > 2), were
also produced by the same sputter ion source. The decay curves of C, (2 < n < 8)
were measured to find the short lifetime components for every size of the clusters. The
metastable states of carbon cluster ions is reported by J. U. Anderson et al. by using the
magnetic storage ring ASTRID [10] only for n = 2, 3, 5, 7, and 9. The difference between
the works done in the ASTRID and in the TMU E-ring might be due to the different

operation conditions of the cesium sputter ion source.

7. Conclusion
Using the electrostatic storage ring, we perform several types of experiments on

light and heavy ions. The metastable states and highly excited states of ions have been
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investigated from the various viewing points. Very recently, we measured the absorption
spectra of zinc phthalocyanine anions, and time evolution of the spectra as a function of

the storage time allows us to observe the hot anions undergoing radiative cooling [11].
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Abstract

We have developed methods to produce nanometer-sized beams of keV highly charged
ions and MeV charged particles with various glass-made beam optics. The beam size of
900 nm was obtained for keV ions. (1) For keV energy region, a focusing effect for an
Ar®t beam of 8 keV through a cm-long tapered capillary was obtained with a density
enhancement of the transmitted beam compared with that of the input beam, which
increases from 1 to 6 as the input current decreases from 30 pA to 0.8 pA. (2) For 4 MeV
He?* beam, a 100 times density enhanced beam by a cm-long tapered capillary with a
closed outlet was utilized to irradiate a biological cell in liquid. The range of the beam
was controlled by the closed outlet with accuracy of ~1 pym. Moreover, muon beams with
an energy of 13 MeV were also focused with a density enhancement of a factor of ~2

using 40 cm-long tapered glass tubes.

Keywords: atomic processes, highly charged ion, glass capillary, insulator surface,

microbeam, cell irradiation, muon

1 Introduction

Interaction of slow (kV - 10 kV accelerated) highly charged ions (HCI) with multiple
nano-capillaries in insulator foils has recently been intensively studied experimentally [1-
11] as well as theoretically [12-14]. One of the most prominent features is a so-called
guiding effect, a transportation of slow HCIs along the capillary axis keeping their initial
charge states even when the capillary axis was tilted against the beam direction. The

fact that most of the guided ions keep their initial charge suggests that the ions do not
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touch the inner wall of the capillaries during transportation, i.e., an amazingly well-tuned
electric field is automatically formed in each capillary. In other words, a self-organized
charge-up of the inner wall plays an important role in realizing the guiding effect.

A somewhat similar but qualitatively different phenomenon has been reported for MeV
ion beams by Nebiki et al. [15], where a 2 MeV He™ beam was transmitted through a
cm-long single tapered glass capillary and focused down to several hundreds nm in size.
In this case, multiple small angle scatterings are expected to be dominant to induce the
phenomena, and the beam density at the capillary outlet was found to be much higher
than that at the inlet, which is called a focusing effect. It is then an interesting question
whether various charged particles are guided and focused by a tapered single capillary.
We briefly describe here how slow HCT’s [16-18], MeV ions [19, 20], and positive/negative

muons [21] are really focused by a tapered single glass capillary (tube).

2 Transmission of keV-energy HCI beams

A beam with the diameter of less than 1 ym (hereafter, nanobeam) of slow HCIs is
not yet practically available because HCI beams are sometimes so weak that the beam
intensity is reduced drastically by a collimator or slit. In addition, collisions of the beam
with the inner wall of the collimator or the slit induce contamination due to charge-
changed ions. When magnetic and/or electrostatic lenses are combined, good emittance
is required. Single tapered glass capillary has the following advantages. (1) Slow HCI
can be reflected from the inner wall without a close collision, keeping its initial charge
state. (2) The taper can enhance the density of the output beam. (3) The size of the
output beam is the same size of the outlet inner diameter. Considering these points, single
tapered glass capillaries are one of the feasible techniques to produce a nanobeam of slow
HCI.

The first experiment of the transmission of slow HCI beam through insulator capillaries
was performed by Stolterfoht et al. [1]. They found that most of the transmitted ions
kept their initial charge state for a 3 keV Ne’* beam through a multi-capillary foil of
polyethylene terephthalate (PET). The phenomenon can be explained as follows: The
incident ions entering the capillary hit the inner wall and consequently cause it to become
charged. When the accumulated charge becomes large enough to prevent the following
incident ions from touching the inner wall, the ions travel more or less parallel to the wall,
and then the ions can exit from the outlet. If the diameter of the outlet is smaller than
that of the inlet, and is in gm/nm order, a density enhanced micro-/nanobeam of slow
HCI is realized.

101



Experimental setup

An ion beam of 8 keV Ar®* was extracted from a 14.5 GHz Caprice ECR (Electron
Cyclotron Resonance) ion source at RIKEN, and then transported to an experimental
chamber, where the vacuum level was ~107° Pa, via a mass/charge selecting magnet.
The ion beam was then cut by a 2 mme aperture (see Fig. 1), injected in a tapered glass
capillary made of borosilicate, and finally detected by a PSD (Position Sensitive Detector)

set at 125 mm downstream from the capillary inlet via a deflector. The divergence of the

Glass
Al plate Capillary

inlet outlet
S| 0.8mmg  0.9-24umg

—

St
Deflector
EH Al foil flec
ap?rture 1 46’.5;?]“ p
% T?’—uamm 4 Figure 1: A schematic view of the

110 mm ~50 mm .
experimental setup[16].

incoming beam after the aperture was at most +3.3 mrad. The deflector was used for
the charge-state analysis of the transmitted ions. The tapered capillary was prepared by
heating a straight glass tube, and then stretched by pulling both ends with a constant
force. The taper angle can be controlled by tuning the temperature and the force [17].
The outer and inner diameters of the capillary at the inlet were 2 mm and 0.8 mm,
respectively, and those at the outlet were 55 pm and 24 pm, respectively. (Hereafter, Dj,
for the inlet inner diameter and D,y for the outlet inner diameter.) A typical length of

the capillary was 50 mm.

Density enhancement of the output beam

For a capillary of Dy, = 24 um, the transmitted beam was guided within as large as
+87 mrad (==£5°), and had a circular spot at the PSD and the divergence of £5 mrad
without the charge transfer inside the capillary, where the transmission rate was at most
1% [16]. Without tilting the capillary with respect to the beam axis, we have observed
stable transmission for more than 1200 sec as seen in Fig. 2, where the maximum counts at
the PSD was about 1600 cps for the entering current of 0.2 pA. The density enhancement
factor, o, was introduced and defined by the ratio of N;/S, to N;/S;, where N, is the
number of transmitted ions, /V; the number of injected ions into the capillary, and S, and

S; the geometrical outlet and inlet cross sections of the capillary, respectively. For this
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the PSD was about 1600 cps [16]. beam.

measurement, the density of the output beam was larger than that of the input beam,
where the factor, o, was approximately 10 [16]. However, the density enhancement could
depend on the beam energy, the charge state of the ion, the ion mass, the input current
intensity, outlet size and surface resistivity of the capillary and so on. We examined the
input current dependence of the density enhancement. Figure 3 shows the enhancement
factor as a function of the input current without tilting the capillaries of Dy, = 20 pm.
The horizontal and vertical errors were estimated to be about 10 % due to the input beam
fluctuation. The enhancement factor was found to decrease from 6 to 1 with the input

current varying from 0.8 pA to 30 pA.

Nano-meter sized beam

Slow HCIs have high ability to modify surfaces and cause efficient sputtering without
damaging the substrate very much. For example, a single HCI induces a nanometer sized
dot on graphite [22-24] and Al,O3 surfaces [22]. It was also found that the F-Si bond
direction of a Si(001)-F surface can be reconstructed from the 3D momentum distribution
of F* ions desorbed by slow HCISs, i.e., a stereo-chemical analysis can be done with slow
HCIs [25]. Once a nanobeam is available, these functions specific to slow HCIs can be
used to realize various nano-fabrications, e.g., nano-patterning of nanodots and element-
sensitive nano-imaging.

The transmitted beam through a capillary with D,,;= 900 nm was successfully obtained
for Ar®" ions with an energy of 64 keV. The spot at the PSD had widths (FWHM: full
width at half maximum) of 0.30 mm and 0.40 mm in the vertical and horizontal directions,
respectively. The corresponding divergences were +£2.0 mrad and +2.7 mrad, respectively

[17]. An outlet with D,y more than ~ 900 nm has been obtained by cutting around
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1pm Figure 4: A manufactured outlet (Dg,=
500 nm) of a glass capillary by FIB.

the outlet under an optical microscope. However, for the outlet with D,,; smaller than
several hundreds of nm, a focused ion beam (FIB) of 40-keV Ga™ was employed to realize
such smaller outlet sizes. Figure 4 shows a thus manufactured outlet of a glass capillary
with Dy, = 500 nm. The scanning parameters of the Ga™ beam, e.g., scanning directions,
interlace rate, scanned region, etc., were tuned to prevent the Ga™ beam from being bent
due to the charge up around the capillary outlet.

3 Transmission of MeV-energy beams

An application of pm-/nm-sized He ion beams in a MeV region with glass capillaries
has already been performed for the analysis of materials [15, 26]. In the work of [15],
transmission of 2 MeV He™ ions without significant energy loss was reported. We have
developed another technique using MeV-energy ions for biological applications with closed
outlet capillaries.

Considering the focusing of MeV ion beams due to multiple small angle scatterings, a
muon beam with an energy of more than MeV could be focused by a tapered glass tube.

Consequently experiments investigating the focusing of muon beams were performed.

Range control with a closed outlet

If the outlet of a glass capillary is closed by a thin lid for a beam injection into liquid,
it is possible to control the range of the beam in the liquid, because the energy-loss of
ions within the lid can be controlled by adjusting the thickness of the lid. Recently, glass
capillary with a sub-micron-thick glass lid was introduced to realize the irradiation of wet
samples, especially biological cells. As a calibration, 4 MeV He?* ions were injected into
liquid scintillator and the scintillation volume [19, 20], which corresponds to the range
and struggling of the ions, showed good agreement with a simulation by SRIM-2006 [27].
The enhancement factor was observed to be more than 100. Figure 5(a) shows how to
fabricate a capillary outlet with a thin lid, where FIB is used to cut the thick lid, which
is already made by filling with melted glass. Figures 5(b) and (c¢) are the photographs of
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the fabricated outlet taken by an FIB device and an optical microscope, respectively. The

thickness was set to 1um. The arrows in Figs. 5(a) and (b) are the trace of Gat beam.

melted glass. (b) and (c) are photographs
of the fabricated outlet taken by an FIB

1] Figure 5: (a) FIB is used to cut the thick
; W lid, which is already made by filling with

(d) Capillary s device and an optical microscope, respec-
e tively. Arrows in (a) and (b) are the trace
C»@ of the Ga* beam. (d) ion irradiation of a

Base glass plate cell in liquid.

Application to cell irradiation

Figure 5(d) explains how to use the capillary for ion irradiation of a cell in liquid
without breaking the vacuum of the beam transport. A typical animal cell is about 50 ym
in diameter, composed of complex intracellular organelles and assembled macromolecules
with various shapes and sizes. Selective inactivation or disruption of appropriate cellular
structures, ranging in size from several ym down to 100 nm or less, would be an attractive
approach to investigate their function in living cells.

The distance from the outlet to the Bragg peak can be set inside a cell with the accuracy
of ~1 pm for 2 ~ 4 MeV He?" ions. The experiment with a biological cell, a HeLa cell,

is described elsewhere [20].

Focusing of muon beams

Muons implanted into a sample are quickly thermalized and then localized at charac-
teristic sites. These muons interact with the local magnetic field, resulting in muon spin
precession and/or depolarization. This makes spin polarized muons very sensitive and
versatile microscopic probes to study magnetic properties in various materials. One of
the obstacles of this technique is that the size of the polarized muon beam from accel-
erator facilities is relatively large; typically a few tens of mm FWHM at the focal point.
However, most of intriguing samples, such as newly synthesized chemical compounds and
biological samples, are often much smaller in size than the beam diameter. Therefore,
density enhancement of muon beams by capillary focusing should have many potential

applications.
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The experiment was performed in RIKEN-RAL Muon Facility at Rutherford Appleton
Laboratory, U.K. [28]. Figure 6 schematically shows the experimental setup. Muons with
specified momentum are transported to the beam port, and extracted into atmosphere
through a thin Mylar foil and an aluminum collimator. Typical beam intensity is about

10* muons per pulse for the momentum of 54 MeV/c. Considering the size of the muon
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Figure 6: A schematic view of the exper- E ]
imental setup (not to scale). The scin- 0 5 10 15 20
. Outlet diameter Doy [mm]
tillator was placed 3 mm downstream of
the tube [21].

Figure 7: The beam density enhancement
o for 54 MeV /¢ pu* as a function of Dyy;.

beam, we used tapered glass tubes with D;, = 46 mm. The tubes were made of Pyrex,
whose components are similar to those of borosilicate. The length of the tubes was 400
mm. In order to make variations of taper angles, D, varied from 3 to 20 mm. The wall
thickness of the tube was 2 mm. A plastic scintillation counter with thickness of 0.5 mm
and diameters of 20 mm was placed 3 mm downstream of the tube.

Figure 7 shows the enhancement factor o as a function of D, together with the results
of the numerical simulation. The enhancement factor ¢ increases from ~1.5 to ~2.3 as
D, decreases from 20 to 3 mm. This enhancement occurs because a certain fraction
of muons is reflected from the inner wall via small angle scattering and transported to
the outlet of the tube. It is worth noting that the enhancement for negative muons was
almost identical to that of positive muons [21]. The enhancement factor of ~2 can reduce

beam time by half.
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Abstract

The sub-shell excitations of rare gas atoms have been investigated by electron energy-
loss spectroscopy at various impact energies. In energy-loss spectra, we have observed
several structures involving ones by the optically forbidden transitions, which are
embedded in a continuum. Besides, we have found new states formed by two-electron
excitations. In this region, above the first ionization limit the rare gas atoms can be ionized
either directly or via the other excited states like inner-shell excited states or doubly excited
states, which are coupled to the ionization continuum. These resonance line profiles have
been theoretically studied by Fano. We have found that the line profile depend on the
incident electron energy and scattering angle. In particular, the line profile parameters q for
each state of spectra of argon have been determined. Besides, for 3s — 4p excitation it has
been found that the q parameters which are described as a function of momentum transfer
has fallen on the straight line.

Keywords: electron energy-loss spectroscopy, Fano profile, rare gas, excitation, g-
parameter, sub-shell, resonance

1.Introduction

It is well known that sub-shell excitations like an inner-valence excitations of a neon 2s,
an argon 3s, a krypton 4s, and a xenon 5s electron have resonance shapes which show a dip
structure in photo-absorption spectra. This is a window resonance. When there is a discrete
state embedded in a continuum, they interact with each other, and give rise to characteristic
structures in absorption spectra, which are called Fano profiles.[1] There have been many
works reported about these resonance shapes, energy levels, and electron correlation effects
since Fano’s theoretical pioneer work in 1960’s and experimental reports by Codling and
co-workers.[2,3] They had found the window resonance in photo-absorption spectra of rare
gas atoms. Brion and co-workers[4] had also found the window resonance in electron
energy-loss spectra of rare atoms. They carried out the electron impact experiments at the
condition of optical limit. In this case, the electron energy-loss spectra are obtained by
using fast incident electrons and observing forward scattering electrons. In general,
compared with the photo-absorption method, the electron impact method has a lower
energy resolution, but it can be obtain the information of the optically forbidden transitions,
i.e. higher order electric transitions and spin-exchange ones under varying experimental
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conditions of impact energy and scattering angle. Therefore we have started the electron
impact experiment about the sub-shell excitation of rare gas atoms as a collaboration
project of the Core-University Program on Plasma and Nuclear Fusion. Recently, electron
impact experiments of xenon using a relative lower incident electron beam have been
carried out, and the energy levels, the Fano profile, and quantum defects of autoionization
Rydberg series of xenon have been obtained from electron energy-loss spectra. These
results have been already published by Yuan et al. [5]

In this paper, line profiles and excitation states in electron energy-loss spectra of argon
and krypton are reported. Besides, we discuss the new experimental results about the line
profile factor q for 3s — 4p excitation of argon as a function of the magnitude of
momentum transfer.

2. Experimental set-up and procedure

Figure 1 shows the experimental apparatus which is in the Institute for Laser Science,
University of Electro-Communications. The detail information for this apparatus has been
described in the previous papers.[6,7] Briefly, the electron energy loss spectrometer

consists of an electron energy selector ) a
situated in front of the interaction Interaction v AN
region to get a monochromatic Region X
electron beam and an energy analyzer | Analyzer \

to analyze the scattered electrons. s e |

Both energy selector and analyzer are
simulated hemi-spherical analyzers
called “Jost type” [8], and each mean
trajectory radius is 50 and 80 mm,
respectively. The typical energy
resolution is about 50 - 70 meV full
width at half maximum (FWHM) at
the incident electron current over 10

nA for all incident electron energies. :
The energy sclector is rotatable | Fig.l Schematic diagram of the Experimental

Selector

around the collision center from -5¢ to apparatus

+110°. Calibration of the scattering
angles was performed by use of the symmetrical nature and the value of the scattering
intensity ratio of the peaks for 2'S excitation to 2'P excitation in electron energy-loss
spectra of helium [9]. The 2'P excitation peak was also used for the calibration of the
excitation energy.

The Fano profile is described as follows,

o(E)=% ()

Where q is the line profile factor which is sometimes called g-parameter for each resonance
and ¢ indicates the departure of energy-loss E from an idealized resonance energy E,

which pertains to the discrete auto-ionizing level of atom with a line width T"as given by
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the equation,
E-F
£ = - .2
o ")
In order to estimate the q factors, after the electron energy-loss spectra were obtained, we
fitted the peak shape to the equation (1). In fact, when the q was estimated, our apparatus

function was considered as the Gaussian function. Because the obtained spectra o, (E)

contains the apparatus function.

3. Result and Disscussion
3.1 Electron energy-loss spectra

Typical electron energy loss spectra of argon are shown in Fig. 2. We have observed
several peaks and dips in each energy loss spectrum. The dips are due to the transitions of
3s — np, which are window resonances. There are some difference between the spectra by
electron impact experiment and photon impact one. The peaks of 3s — nd series which are
very weak in photo-absorption spectrum have been observed as clear peaks. The structure
located at about 25 eV has clearly appeared only in the energy loss spectrum by 35 eV
electron impact. This is due to the 3s — 4s forbidden transition, 'S and/or S. Even the
spectrum by 200 eV electron impact, this structure has been remained as a step. This had
been also found in the energy-loss spectrum by fast electron impact experiment using the
fast 2.5 keV incident electron and detecting 4 degrees scattered electrons, by Zhu et.al.[10]
It is worthy of special mention in the present results that the line profile of the 3s — 4p
excitation depended on the impact energy and were changed. The line shape which shows a
dip in the experiment by 200 eV incident electron impact changes the profile to a peak in
the experiment by 35 eV. This means that the g-parameter which characterizes the line
profile decreased to minus value from near zero value. It can be seen to have appeared like
for other experiments.

Figure 3 shows the typical energy-loss spectra of krypton. Several structures by 4s —
np series and 4s — nd series have been clearly observed in each spectrum as well as the
case of the results of argon. The line profile of the 4s — 5p excitation also changes from a
dip to a peak along with the decrease of the incident energy. Comparing with the case of
argon, the structure of 4s — Ss forbidden transitions is clear. In particular, the ’S peak can
be remarkably confirmed in a spectrum by 35 eV electron impact.

It is strange that two unknown peaks exist in the spectrum by 200 eV. One is located
near the 4s — 4d transition peak at 25.75 eV. This is not the 4s — 6s transition, because the
peak of 4s — 5s does not appear at the position in which it should be located at about 23.5
eV. There is no single excitation corresponding to this peak, so it might be attributed to a
two-electron excitation. In fact, this peak had been also observed by Yuan et.al.[11] and
Baxter et al. Although our assign agrees with them, a detailed electron configuration is not
understood.

Another unknown peak is located at about 26.5 eV. This is not the 4s — 6s transition,
too. In the 2.5 keV fast electron impact experiments by Yuan et al.[11], this peak had been
not observed, instead, the peak of the 4s — 6s transition had been observed. But, in our
energy-loss spectrum, the structure by 4s — 5s transition is very weak compared with the
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spectra by fast electron impact. Normally, the peak by 4s — 6s transition is weaker than the
peak by 4s — 5s one. Therefore it is reasonable that this peak is also assigned as a double
excitation.

We have found that a lot of new double excitation states have existed in the sub-shell
excitation region of xenon though it doesn't put on this paper.

3.2 Line profile parameter q for Ar 3s — 4p excitation

In this section, we discuss the line profile parameter q for Ar 3s— 4p excitation, again.
Using equation (1), we have estimated the g-parameters for this resonance from the energy-
loss spectra by 200 eV electron impact and various scattering angles. In the case of the
experiment obtained at 3 degrees scattering angle, the q-parameter was estimated to be -
0.25 with a least square fitting method. The g-parameter obtained from the photo-
absorption spectrum by Madden et al.[3] was -0.22, while Wu et al.[12] had obtained that
by fast electron impact experiment to be -0.31. Thus, it seems that our result is in good
agreement with the previous ones. But, recently, Zhu et al.[10] had carried out the another
fast electron impact experiments, and estimated the q-parameter for this transition from
their energy-loss spectrum measured at 4 degrees. The g-parameter estimated by them had
positive value, 0.08. Since the difference between the experiments by Wu et al, and Zhu et
al is in the scattering angle, each momentum transfer K is different. The magnitude of
momentum transfer defined as

K? =k’ +k; —2k;k, cos® ,(3)
where 6 is the scattering angle, k, and k, are the initial and final momenta,

respectively. Then the value of K* for the result by Zhu et al. was 0.90, while the
experiment by Wu et al. was carried out at near-zero momentum transfer. This means that
the g-parameter depend on the value of K.

In order to discuss this topic, we have plotted g-parameters estimated from the
energy-loss spectra measured at various scattering angles as a function of the magnitude of
momentum transfer, K>. This result is shown in Fig.4. Surprisingly, our data line up on
the straight line, and connect two different results by fast electron impact. This fact means
that the quantum interference between the discrete state and continuum changed with the
increase of the momentum transfer. The g-parameter is proportional to the ratio of the
transition matrix elements as follows,

)
SAUL
Where T is the interaction potential, ¥ is the wave function, besides subscript i, f,
and conmean the initial, final, and continuum states, respectively. The change of g-

q G

parameter might be due to the transition matrix element <‘Pi |T ‘ ‘Pf>, because it may be

sensitive to the changes in momentum transfer squared.

Very recently, using the linear density response theory, Tong and Watanabe[13] have
succeeded in the representation of the g-parameter as a function of the momentum transfer
squared for 3s— 4p transition of argon under the Born approximation. They have
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calculated the generalized oscillator strength, have indicated that the change of q-parameter
is due the quantitative problem. Furthermore, they have predicted that the resonance shape
of the 3s to 4p transition changes from a diplike resonance to a peaklike resonance as the
momentum transfer K increases.

The energy dependence of g-parameter may be also due to the similar reason. But in
the low energy electron impact experiments, the Born approximation is not valid. Then the
quantum interference between the discrete state and continuum may not be depend on the
momentum transfer but directly depend on the incident energy. This phenomenon is a
feature of the optically allowed transition.

4. Conclusion

In order to investigate the sub-shell excitations, the electron energy-loss spectra of
rare gas atoms have been measured at a various scattering angles and different incident
energies. The several structures by optical allowed and forbidden transition have been
observed in each energy-loss spectrum, and new resonance states formed by two-electron
excitations have been found by careful analysis. Besides, the g-parameters for the several
optical allowed transitions of rare gas atoms have been estimated, we have found the
phenomena that the g-parameters have been changed with change of the incident energy
and scattering angle. In particular, the change of g-parameters for Ar 3s— 4p excitation can
be described as a function of momentum transfer, which line up on the straight line.
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However detail mechanism has not been clear, yet. In order to discuss the mechanism of the
interference between the discrete state and continuum, the further experimental investigates
are needed. An of course theoretical research is indispensable, and we need those help.
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Abstract

With high level ab initio description of molecule-field interaction, we have developed
an optimal control algorithm for manipulating molecular transformation and quantum
populations. High order molecule-field interactions are fully taken into account through
the use of electric-nuclear Born-Oppenheimer (ENBO) approximation [J. Chem. Phys.
122, 084110(2005)]. The present algorithm is demonstrated on the control of molecular
post-pulse (transient)alignment and orientation. High degrees of alignement and orienta-
tion are achieved in a vibrationally selective manner by optimized infrared laser pulses of
duration on the order one rotational period of molecule. To reveal the control mechanism
behind the complicated optimal pulses, an analytical pulse design method is developed
within the ENBO approximation, which is based on a two-state treatment of the dynam-
ics in a Floquet picture. This analytical method is also illustrated on the control of the

alignment of homonuclear diatomics.

Keywords: optimal control, alignment, orientation

1.Introduction

Recent years have witnessed rapid acceleration of research activity in the general
area of coherently controlling the quantum phenomena in atomic and molecular motions.
Cohenertly controlling molecular transformation and quantum population using shaped
or specially designed laser pulses began as a theoretical concept[1-4] but has now been
realized in an increasing numbers of successful experiments|5-9] especially those guided
by closed loop techniques[10].

The work described here attempts to apply high level ab initio theory to designing
laser pulses in a quantitaive manner which should be amenable to direct experimental
verification. The calculations begin with ab initio electronic structure calculations of the
energy of a molecule in a static (electric) field[11]. This is known as the Electric-Nuclear
Born-Oppenheimer (ENBO) approximation. In this method the energy of the molecule
is computed as a function of: 1)the geometry of the molecule, 2)the electric field strength

and 3)the orientation of the molecule with repect to the electric field direction. The
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validity of this approximation is discussesed in detail of Ref. [11] and it is shown to be
applicable to infreared excitation of Hy. The ENBO approximation takes account of the
interaction of the molecule with the electric field to all orders of the field strength. The
application of the ENBO approximation, in conjunction with optimal control theory and
numerical solution of the time-dependent Schrodinger equation, provides an alogrithmic
method to design laser pulses to achaive the desired control goals.

In one recent application [12] of the formualtion presented above, we have successfully
optimized the laser pulses to manipulted the post-pulse (transient) alignment and orien-
tation of carbon monoxide in a vibrationally selective manner. High degress of alignment
and orientation are achieved by optimized infrared laser pulses of duration on the order of
one roational period of the molecule. In Ref. [12], we have also established an algorithm,
within the optimal control procedure, by incorporating a projection operator into the
objective functional that permits the final wavefunction to be restricted to lie within a
prescribed subspace of the Hamiltonian.

Beased on the ENBO approximation, we have formulated an analytical method for
design infrared laser pulses for controlling the vibrational and rotational excitation of
homonuclear diatomic molecules[13], which is beased on an two-state treatment of the
dynamics in a Floquet picture. The analytically derived pulses provide a transparent
explanation of the control mechanism. In Ref.[14], this analytical method is extened to

control the alignment of Hs.

2. Optimal Control of Molecular Alignment and Orientation

Optimal control theory proceeds by defining an objective functional, J, which is max-
imized by varying the control parameters. For our purposes the objective functional is
written in the following form:

. T ) T o i
J = () [0 6(1)) — o [ e dt —2R | [~ (x()| 5 + Bl o) pdt| (1)
0 0 at  h

where T' is the target time, «q is a positive real number which weights the penalty on
the total fluence of the laser pulses, and x(t) is an undetermined Lagrange multiplier

which ensures that the function v (¢) satisfies during the pulse. The opeator O defines the

control objectives:

Oalignment = p’u COS2 QPU ) (2)
and
Oorientation = Pv COS epv . (3>
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Figure 1: Contour map of the square of the electric field of the optimized laser pulse as
a function of both frequency and time for the alignment of CO with the final vibrational
state restricted to be v = 1.

A

In the above equations, P, is a projection operator defined as:
P, =3 [ujm)(vjm| . (4)
Jm
The use of this projection operator permits us to limit the target wavefunction of the
system to be mixture of rotational states associated with a single vibrational manifold.
Without these projection operators a higher degree of alignment or orientation then occurs
on a very much longer time scale.
Functional variation of this objective function provides us with an expression for deriva-
tive of J with respect to the electric field, €(t), at time ¢. Armed with this expression we
can find the time varying electric field which maximizes J with a standard optimization

procedure such as conjugate gradient method.

As an illustration, we show in Fig. 1 the results of the optimal control calculations
for the design of a laser pulses to achieve the alignment of CO in a vibrationally se-

N

lective manner. With this pulse, a vibrationally restricted alignment of (Ouignment) =
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(Pv cos? HPU) = 0.886 has been obtained, with 99.3% of CO molecules being in the v = 1

vibrational manifold.

In an attempt to gain insight into the vibrationally selective alignment, the time evo-
lution of the wavepacket is illustrated in Fig. 2 during the action of the optimal laser
field. Figure 2 shows snapshots, at various stages of the action of the laser pulse, of the
probability density of the nuclear wavefunction of CO, |¢(t)|?, represented in cartesian
coordinates. The z-axis is positioned along the laser polarization vector. The first snap-
shot, at ¢ = 0, shows an isotropic angular distribution corresponding to an initial state
with 7 = 0. As the laser pulse acts on the molecule it is excited rotationally and vibra-
tionally. At ¢ = 2.5 ps, it can be seen that some radial nodes have formed, implying that
the molecule has been excited to the vibrationally excited states with quantum numbers
v = 1 and v = 2 with a significant probability. At this point the molecule is already
slightly aligned, with an alignment of about 0.18. This arises because the v = 1,7 =1
level is populated. At t = 3.75ps and t = 5 ps, the molecule is clearly concentrated around
0 = 0 and 6 = 7 in the density plot. However, we know that the alignment in the vibra-
tional manifold v = 1 is nearly zero, i.e. (Pvzl cos? Hpvzl):O. This is simply because the
v = 1 manifold is not significantly populated at these times, the main states populated
being (v =0,7=0), (v =0,j=2), (v=2,7=0) and (v=2,j =2). At t = 7.5ps CO
exhibits some degree of anti-alignment, i.e. a significant portion of system concentrated
around 6 = 7/2. By t = 8.75ps an alignment of about 0.42 is achieved. Although at
this time the rovibrational state populations are almost the same as those attained at
the end of the pulse, the alignment is not yet optimal. To achieve the best alignment,
the relative phases of the rotational states must be adjusted. At the end of the pulse,
t = 10 ps, the system is strongly confined in two narrow angular regions around 6 = 0 and
0 = m as shown in Fig. 2. A high alignment of 0.886 is then attained in the vibrational
manifold v = 1. The presence of a single radial node shows that only states with the
vibrational quantum v = 1 are populated at the end of pulse. Since only odd rotational
states in the manifold of v = 1 are populated at the end of pulse, the total wavefunction
of CO corresponding to an odd parity state. This leads to an angular distribution of CO
molecules which is symmetric with respect to reflection in the xy plane at the end of the

pulse.

3. Analytical Pulse Design for Vibrational-Rotational Excitation of Homonu-
clear Diatomics

Our underlying model for the analytical design of IR laser pulses for vibrational-
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Figure 2: Time evolution of CO wavepacket being driven by the optimal field €(¢) given in
Fig. 1 towards the alignment in the vibrational manifold v = 1 at ¢t = 10 ps. In this figure
snapshots of |¢(t)|* are plotted at selected times during the action of the laser pulse. A
cartesian coordinate system is used and the z-axis (denoted by the arrow) is taken to be
along the laser polarization vector.
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rotational excitation fo homonuclear diatomic molecules is a two state model consisting

of a ground state |g) and an excited state |e). The states are coupled by a laser field

e(t) = eeof(t) cosD(t) | (5)

where € is the polarization vector, €, is the field strength, f(¢) is the normalized pulse
envelope, and ®(t) is the temporal phase of th field. The Hamiltonian of this two level

model may be written as

Eg O‘gg‘5 *(t)/2 _aeg€2(t>/2
i = ( L0 (1))2 By — anel(t))2 ) (6)

where E; is the field-free energy of state |i) energy of state |i) and a;; = (i|€é] - o - €[j)
is a matrix element of th epolarizability tensor alpha. If the pulse envelope f(¢) and
laser frequency w(t) = d®/dt are both slowly varied in comparision to the fast optical
oscillations, we can invoke the two-photon rotating wave approximation (RWA), transform
Eq. (6) into a Floquet representation ans solve it analytically.

Under two-photon resonance
2hes(t) = E, — B, — B f(1) (7)

the final populations of the states |¢g) and |e) may be written as

a,(D) = cos? 2, Ja (1)) = sin® £ ®)
where ¢ is the pulse area
Qe €215
o=~ (9)

where sy = [ f2(t)dt/tau and 7 is the duration of pulse. We can see that the populations
of states |g) and |e) depends on the pulse area ¢ only, which can be controlled through
the adjustments in laser amplitude £y or the pulse duration 7. On the other hand, the

relative phase between the levels |g) and |e)

arga (1)~ argay(T) = [ [y — 230}t — 260 (10)

can be fully controlled with the changes of the carrier-envelope phase (CEP) ¢, of the
pulse. We can the manipulate the populations and the phases of the levels |g) and |e)
through the adjuestments of th epulse area ¢ and the CEP ¢, which enables us to create

an arbitrary cohereent superposition of the two levels |g) and |e).
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Figure 3: Rovibrational populations of Hy (upper panel) in the states (v = 0,J = 0),
(v =20,J =2)and (v = 0,J = 4) under the action of two subsequent two-photon
resonant pulses (lower panel) which are optimized to align the Hy at ¢y = 16 ps.

As a demonstration, we consider the alignment of Hy by two subsequently two-photon
resonant pulses. In the left panel of Fig. 3 we plot the time variation of the rovibrational
populations of Hy under the action of two subsequent two-photon resonant pulses. The
corresponding laser pulses are shown in the right panel of Fig. 3. The first pulse couples
the states (v =0,J = 0) and (v = 0, J = 2) through the two-photon resonant interaction,
which transforms 82.87% of the population of the system from (v = 0,J = 0) into
(v = 0,J = 2) and also controls the relative phase between the two states with its
CEPD. The second pulse then induces an excitation from (v =0,J = 2) to (v =0,J =
4) with a transition probability of 33.14%, with respect to the 82.87% obtained in the
excitation to J = 2. At the end of the two pulses t = 16 ps, the alignment obtained
is (Y(ty)| cos? OlY(ty)) = 0.8692 and the overlap of the controlled wave packet with the
optimized aligned state of Jmax = 4 is [(¥*[¥(t7))]* = 0.9993. We should point out that
the two pulses employed in the two subsequent pulses are long pulses, they contain 53 and
75 optical cycles respectively. High alignment of H, is also achieved by using two short

pulses which includes 13 and 18 optical cycles, respectively.

4. Conclusion

In conclusion, we have developed an optimal control algorithm for manipulating molec-
ular transformation and quantum populations, where the molecule-field interaction is
represented by high level ab initio calculations. The present algorithm provides optimal
control pulses in a quantitaive relabile manner, which is amenable to direct experimental

verification. In the present work, we applied this algorithm to the control of the alignment
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and orientation dynamics of carbon monoxide. High degrees of alignment and orientation
are obtained in a vibrationally selective manner with laser pulses with a duration of the
order of one rotational period.

To reveal the control mechanism, we have aslo developed an analytical scheme to ma-
nipulate the field-free alignment of molecules by using a series of optimized two-photon
resonant pulses. The laser frequency is tailored continuously and smoothly to maintain
the two-photon resonance as suggested in Ref. [13]. Under the two-photon resonant
condition, the transition probability is controlled by changing the time integral of laser-
molecule interaction, which depends on the field amplitude and pulse duration only for
a given pulse envelope. The relative phase between two coupled levels is controlled with
the changes in the CEP of associated two-photon resonant pulse. The effectivness of this

analytical scheme is illustrated on the alignment of Hs.
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Abstract

Resonant processes in electron-highly charged ion collisions have been observed with
the Tokyo electron beam ion trap. In addition to the ordinary X-ray measurements, charge
abundance measurements were used in the present study. Results obtained for very highly

charged heavy ions, such as Li-like Bi®*, are presented.

Keywords: highly charged ions, dielectronic recombination (DR), electron beam ion
trap (EBIT)

1.Introduction
In the collisions of highly charged heavy ions with electrons, relativistic effects be-

come very important as the atomic number, the charge state, and the interaction energy
increase. The electron beam ion trap in Tokyo (Tokyo-EBIT) [1] is suitable for studying
such relativistic collision processes because it can produce and trap very highly charged
heavy ions which interact with a mono-energetic and unidirectional relativistic electron
beam with an energy of up to 200 keV. In particular, recently we have been studying
resonant processes in ionization [2] and recombination [3]. In the interactions with highly
charged ions, a free electron is captured with a large probability and simultaneously a
bound electron is excited to form a doubly excited state resonantly. This unstable inter-
mediate state may decay by photon emission: Dielectronic Recombination (DR), or by
emission of two electrons due to successive autoionization: Resonant Excitation/ Double
Autoionization (REDA).

DR: ATt pem — AlemDier o Ale=D+ 4y

REDA: A% 4 e~ — Al A0t Lo 5 AGFDT Lo g e
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Figure 1: Typical results for X-ray measurements.

In this paper, we present new experimental technique for measuring these resonant pro-

cesses for various charge states and various elements.

2. Experiments
Up to now, DR processes have been studied with an EBIT through X-ray observation,
where the X-ray intensity is measured as a function of electron beam energy [4]. Typical
result obtained for highly charged iodine ions is shown in Fig. 1. The lines whose X-ray
energy is independent on electron energy are the characteristic X-rays from iodine, e.g.
K-likes at around 29 keV and L-lines at around 4 keV. The lines whose X-ray energy
linearly increases with electron energy correspond to radiative recombination (RR) X-
rays whose energy is the sum of the electron beam energy and the binding energy of the
captured level. As seen in the figure, enhancement of X-ray intensity can be found at
several electron beam energies, e.g. around 20 keV and 25 keV. These enhancements
correspond to DR processes. For example at an electron energy of around 20 keV, the
beam electron is captured into the L-shell of highly charged iodine ions with exciting a
K-shell electron to the L-shell. As a result, K X-rays are enhanced at that energy. This
process is labelled as KLL using the inverse Auger notation. The DR cross section can
be obtained by normalizing the X-ray intensity arising from DR to that arising from RR,
for which reliable theoretical cross section can be obtained [3].
There exists a few problems on DR measurements through X-ray observation with an
EBIT. First, since an EBIT confines several charge states at the same time, contributions
from them are mixed in the spectrum. Although the charge state distribution can be

concentrated to closed shell states, it is practically impossible to concentrate the charge

124



e-beam Tokyo-EBIT
DT1 DT2 DT3

e-gun L o
t analyzing
~ I Q e~ magnet

P e B
i i
E— extracted ions %

(leaky mode) position
— \U/ sensitive

voltage controll of detector
\-voltage the gun potential

Figure 2: Diagram for the experimental setup and procedure used in the charge abundance
measurements.

state to open shell states, so that most of the previous studies were devoted to closed shell
ions. Second, since the observation solid angle is usually less than 1073, the efficiency is
quite limited so that weak processes can not be measured.

Recently, we are studying resonant processes such as DR by measuring charge abun-
dance inside the EBIT at the equilibrium. The abundance ratio between adjacent charge

states can be represented at the equilibrium as follows [5],

ng—1 04+ <OqCX>

= i 1
nq glon ’ ( )

q—1

where ¢7¢ is the recombination cross section which is the sum of RR (o) and DR (o)

cX
q

residual gas, and o

) is the effective charge exchange cross section for the collisions with
ion
qg—1
varies slowly with the electron energy. However, when the electron energy coincides with

cross sections, (o

is the ionization cross section. For off-resonance region, the ratio

the resonant energy at which ionization or recombination is enhanced, the abundance
ratio can drastically change. Thus, the resonant processes can be studied by measuring
the abundance ratio between adjacent ions as a function of electron beam energy.

In the present study, the ion abundance ratio was obtained by measuring the intensity
of ions extracted from the EBIT. Figure 2 shows the diagram for the present experimental
setup and procedure. The ions escaping from the trap were extracted into a beam line [6],
and detected after the charge separation with an analysing magnet. Several charge states
were detected at the same time by using a position sensitive detector. Here, we assumed
that the total efficiency (extraction, transport, and detection) should be practically the

same for the ions with adjacent charge states. Actually we compared the charge abundance
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Figure 3: Intensity ratio of Li-like to He-like iodine extracted from the EBIT. Structures
correspond to the Knn' DR resonances of He-like iodine.

obtained from x-ray observation of trapped ions to that obtained from the observed ion
intensity, and found that there was no significant difference between them [7]. Thus, the
intensity ratio between adjacent charge states is considered to give the ion density ratio
inside the trap.

The extracted ion measurements have the following advantages compared to the ordi-
nary X-ray measurements:
(1) The ion measurements have higher efficiency because the total (extraction and trans-
port) efficiency is an order of 10%. This advantage enabled us to study weak resonant
processes.
(2) The charge state of extracted ions can be clearly separated by using an analyzing
magnet while it is difficult to separate the charge state by X-ray observation with an
ordinary solid state Ge detector. This advantage enabled us to study any charge state

including open-shell systems [7].

3. Results and discussion

Figure 3 shows the intensity ratio of extracted Li-like to He-like iodine obtained as
a function of electron beam energy. A background obtained by fitting a second-order
polynomial function to the non-resonance region has been subtracted. Thus the structures

on

a1, the DR cross section for He-like iodine scaled with

in the figure correspond to o’ /o

the ionization cross section of Li-like iodine. As seen in the figure, the Knn' DR series
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Figure 4: DR cross sections of Li-like ions normalized to the ionization cross sections of
Be-like ions for iodine(Z = 53), holmium (Z = 67) and bismuth (Z = 83). The horizontal
energy scale was calibrated with the theoretical resonance energy.

has been clearly observed.

In this way, DR processes have been measured for a wide range of the atomic number.
Figure 4 shows the intensity ratio of extracted Be-like to Li-like ions obtained for I (Z =
53), Ho (Z = 63), and Bi (Z = 83). Similarly to Fig. 3, the structures in Fig. 4 correspond
to DR cross sections of Li-like ions normalized to the ionization cross sections of Be-
like ions. For all the elements studied, three manifolds were observed in the K LL DR
resonance region, which correspond to K Lis Lo, K L1sLs and K L3 L3 DR resonances (Lo
denotes the 251/, and 2p;/; levels and L3z the 2ps/, level). As seen in Fig. 4, it was found
that the resonance at the lowest energy side has strong Z-dependence; i.e. its relative
intensity with respect to that of the other resonances rapidly increases as Z increases. By
comparing the present results with theoretical calculations [8], we found that the strong
Z dependence of the resonance at the lowest energy side is due to the generalized Breit
interaction (GBI) effect, which is one of the quantum electrodynamics (QED) effects. As
shown here, the present result showed that the Z-dependence of DR resonant strength

can be quite different among resonant levels.

4. Conclusion
As shown in this paper, the present method has been confirmed to be very useful to

study DR for a wide range of atomic number and charge state. In addition to DR, the

present method is very useful also to observe recombination in ionization, such as REDA.
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The cross section for REDA is usually very small for highly charged heavy ions because
radiative rates predominate over Auger rates. The highest charge state for which REDA
was observed so far is Na-like Fe!®". On the other hand, through the ion abundance
measurements, we have successfully observed REDA for Li-like I°°* [2]. This shows the

high efficiency of the present method.
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Abstract

The single charge transfer process in He' + H collisions is investigated using the
quantum-mechanical molecular-orbital close-coupling method, in which the adiabatic
potentials and radial couplings are calculated by using the ab initio multireference single-
and double-excitation configuration interaction methods. Total and state-selective cross
sections for the single charge transfer are presented for incident energy range from 5eV/u
to 15keV/u for the projectile He". Obvious discrepancy is found in comparing with the
calculations by B. Zygelman et al [Phys. Rev. A 40, 2340 (1989)] in the low-energy range
and the charge transfer processes to higher states become more important with increment

of the incident energy.

Keywords: single charge transfer, MOCC, MRDCI, state-selective, ion-atom.

1. Introduction

The investigations of ion-atom collisions are important for both fundamental
physical research and applied fields, and thereinto the charge transfer in collision of ions
with neutral atoms and molecules has attracted much attention. In addition to the
necessity of a clear understanding of the fundamental collision dynamics in
many-electron systems, the requirements of detailed cross sections for various collision
processes in some applied research fields such as astrophysics and plasma physics are
partly responsible for the profusion of work in this subfield of atomic collisions. Charge

transfer provides a recombination mechanism for multiply charged ions in x-ray ionized
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astronomical environments which may have sparse electron abundances. "' In the diverter
region of tokamak fusion device, charge exchange of impurity ions with neutral atoms
and molecules plays an important role in the ionization balance and production of
radiative energy loss leading to cooling. ! In the core of the plasma, charge exchange
spectra produced by neutral beam injection are also an important method to diagnose the
populations of impurities.

The quantum-mechanical molecular-orbital close-coupling (MOCC) method has

been described thoroughly in the literature [*~*

and we only give a brief introduction in
this paper. It involves solving a coupled set of second-order differential equations and the
solutions are the scattering amplitudes of total system wave function expanded over a
truncated set of molecular eigenfunctions. The differential cross section for single charge

transfer (SCT) is given by

do(9) _ I 2 1
aTE [Z(zzﬂ)s P(cosO)]*, (1)

where the S matrix is

[+iK'
§h=—. 2
iK' )
and k is the initial momentum. The K matrix is obtained from the scattering amplitude
after a partial-wave decomposition *!and 7 is the identity matrix.
The state-selective cross sections for the charge transfer process He' (1s)+ H (1s) —
He (1snl) + H' has been investigated using the MOCC method. The multireference

single- and double-excitation configuration interaction (MRDCI) programs” !

were
employed to obtain the adiabatic potentials and radial couplings for HeH" system, in
which the Gaussian ( 6s53p2d1f )basis sets of cc-pVTZ type were used for helium or
hydrogen atom and three additional diffuse (3s3p3d) set of functions centered on helium
or hydrogen atom are also used to describe the molecular Rydberg states,"'* in which the
exponent factors have been optimized to obtain accurate dissociation limits for a few
low-lying states. Total and state-selective cross sections for the single charge transfer

(SCT) are calculated and compared with that of B. Zygelman!'! et al. for the incident
energies from 5eV/u to 15keV/u for the projectile He .
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2. Adiabatic potential and radial coupling calculation

The calculated adiabatic potentials for the lowest eight ', and %, states are shown
in Fig. 1(a) and Fig. 1(b) respectively, and the corresponding potential curves for the
lowest six 12g of Green et al.,!'® which are calculated using the method of superposition
of configurations, are also shown in Fig. 2 for comparison, in which the solid lines are the

1.1 It can be found

present calculations and the solid circles are results of Green et a
from Fig.2 that there is a good agreement between the present calculations and the results
of Green et al''® in the whole internuclear distance considered. For the avoided crossing
positions, it can be observed that the ones between each two adjacent potential curves are
very close for the two calculations, as shown in Figs. 2. The radial couplings for the
adjacent molecular states in 12g symmetries are displayed and compared with the
corresponding results of Green ef al''” and Zygelman ez al'')., as shown in Fig. 3. It can
be found that the present calculation agrees well with the result of Green ef al/l'” for the
radial coupling between the 312g and 412g, as shown in Fig. 3 (b). And for the radial
coupling between the IIEg and ZIEg, there are obvious differences between the present

;17 1 151 at the small

calculation and the results of Green et a and Zygelman et a
internuclear distance, which is due to the strong electrons correlation effect, and large
numbers of configurations are needed in the calculation for radial coupling. It can also be

found that there is a better agreement between the present calculation and that of Green et

al',
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Fig.2. Adiabatic potential comparison between the present calculation

(solid lines) and the results of Green et al''® (solid circles) for lZg state.
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Fig.3. Comparison of the adiabatic radial couplings between the present

calculation and the results of Green et al'” and Zygelman et alt'”.

3. SCT cross section

With the adiabatic potentials and the radial coupling matrix elements shown in Figs.
1 and Figs. 3, the state selective cross sections for the single charge transfer processes are
calculated with the MOCC method at the incident energies range from 5eV/u to 15keV/u
for the projectile He', which are presented and compared with the corresponding
theoretical results of Zygelman et all'”), as shown in Figs.4 (a) and Fig.4 (b). In the
calculation of the SCT cross sections, 1'Zg, 2'Z,, 3'Z,, 4'%,, and 1°%,, 2°%,, 3°%, channels
are included, where 2'S, and 1°Z, are the incoming channels, and the total SCT cross
section is obtained by summing the partial SCT cross sections for all the outgoing
channels in both ‘zg and 3Zg symmetries. It is found from Fig. 4 (a) that the charge
transfer cross section to llZg increases with the increment of the incident energy, which is
consistent qualitatively for the present calculation and the results of Zygelman et al'.
But quantitatively, the charge transfer cross section increases more quickly with the
increment of the incident energies in the present calculation, which is due to the different

radial coupling used in the calculation, as shown in Fig. 3 (a). Furthermore, it can be
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observed from Fig. 4 (b) that the charge transfer processes to higher states (23Eg, 332g and
3'%,, 4'%,) become more important as the incident energies increase beyond about 60eV,
which differs from the estimation of Zygelman er al'” who neglected these

contributions.

(a) 1 o

—24—to He(n=1) + H’, 1‘:;

+

Charge Rransfer Cross section (10 '°cm?)

—o—results of Zygelman E

—o—to He(n=2) + H', 3’:; and4's’ F

. E g
L] resent calculation ]
P O —i—toHe(m=2)+H" 2% s and 33:; I
E —e— Sum of the above E
— —r —r e e
10' 10° 10’ 10° 10° 10°

Incident energy (eV/u)

Fig.4. Single charge transfer cross section in the He +H collision.
(a) Comparison between the present calculation and the results of Zygelman et
al'** for the charge transfer process of He" (1s)+ H (1s) — He (1s, n=1)+ H';

(b) States selective and total cross section for He' (1s)+ H (1s) — He(ls, nl)+H"

4. Conclusion

In summary, using the ab initio MRD-CI method the adiabatic potentials and radial
coupling matrix elements for the (HeH)" system are obtained, on which the state selective
cross sections for the SCT process of He' + H — He + H' are calculated in the
quantum-mechanical molecular-orbital close-coupling (MOCC) method at the incident
energies from SeV/u to 15keV/u for the projectile He". Comparison with the exiting data
of Zygelman et al reveals that accurate potential and radial coupling calculations are very
important for the collision process investigation and the charge transfer process to higher

states become more dominant while the incident energies increase beyond 60eV/u.
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Abstract

Fully relativistic distorted-wave (RDW) calculations of electron impact excitation
(EIE) cross sections for Ne-like iron and neutral xenon have been performed. In the
present method, Multi-configuration Dirac-Fock wavefunctions are used to describe the
target-ion states, and the relativistic continuum wavefunctions are calculated in the frozen
orbital self-consistent-field (SCF) approach with inclusion of exchange effects between the
continuum electron and the target-ion. And in the calculations, the effects of electron
correlation, Breit interaction and high partial wave contributions on EIE cross sections
are considered systematically. The results are compared with previous calculations and

experiments, good agreement is obtained.

Keywords: RDW, EIE, Cross Sections

1. Introduction
Electron impact excitation (EIE) cross sections are widely required for calculating
level populations and spectral line intensities in diagnostic of plasmas occurring fusion
experiments, X-ray lasers and astrophysics|[1-4]. With the development of experimental
techniques, such as, electron beam ion traps (EBIT), merged electron-ion beams energy-
loss (MEIBEL), atom trap-based technique, synchronous photon detection, radiation trap-
ping etc., some high accurate data of EIE have been obtained experimentally, which not
only provide much valuable information for understanding electron collision dynamics,
but also bring some new challenges for theorist to study EIE[1,3]. In theory, there are
three methods commonly used, namely, distorted-wave approximation (DW), R-matrix
method and close-coupling (CC) method[2-4]. It is well known that the R-matrix and CC
methods are accurate for neutral atoms or low charged state ions, but they consume more
computational efforts and are usually limited to the low collision energies. In practical
applications, the DW method is more easy and effective to obtain the EIE cross sections.
Recently, to satisfy the urgent demand of large numbers of electron collision data,
a new rapid and accurate fully relativistic distorted-wave (RDW) program[5Jhave been
developed by us based on the well-known atomic structure procedure package GRASP92/6]
and RATIP[7]. As a application of the program, the EIE processes of Ne-like ion and
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neutral xenon were investigated, which are very useful for studying of laser plasmas, solar
plasmas, cataclysmic variable binary systems and cool stars etc. In the present work,
the EIE cross sections connected with the ground state, metastable states and inner-shell
excitated states have been calculated systematically. In the calculations, the configuration
interactions (CI) of the target states were considered, which plays a very important role
in low energy impact excitations. Also, the contributions of resonance excitation near

threshold were discussed.

2. Theoretical method
In the independent-processes approximation, the total excitation cross section from

an initial state ¢ to a final state f is given by

azT_ﬂc —0%—#0?_@ (1)

where JfEEf is the resonant-excitation (RE) cross-section. oP%  is the nonresonant back-
ground cross-section, namely the direct-excitation (DE) cross-section and is defined as
DE mag
Z~>f( ) k2 Q (8>7 (2)

where ag is the Bohr radius, g; is the statistical weight of the initial level of the N-electron

target ion, and k; is the relativistic wave number of the incident electron,

a’e
P =c|ll+— 3
(1) )
with the energy ¢ in rydbergs. The relativistic distorted wave collision strength €2;¢(¢) is
defined as,

2

N+1 R N
sz(éf) = 82(2J + 1) Z <\I/ Z (VCoul + VBreit) |\I/f> ) (4)
J Ky K/ P,ap<q

where k and k' are the relativistic quantum numbers of the initial and final continuum
electrons, respectively; ‘A/Coul is the Coulomb operator and \A/Breit is the Breit operator. ¥;
and Wy are the antisymmetric wavefunctions for both the initial and final states of the
(N + 1)-electron impact systems including the target ion plus continuum electron, which
can be written as

N+1

(N+ 1 1/2 Z N+1—p Z C(thth; JM)¢<JtREMt7N)u6nm(N+ 1)7 (5)

Mt,m
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where C is the Clebsch-Gordon coefficient, J;, j, and J are the angular momentum quan-
tum numbers of the target-ion, continuum electron and the impact system, respectively.
W(J,P.My; N) is wavefunction of the target-ion with N electrons, which can be approx-
imated by a linear combination of configuration state functions (CSFs) of well-defined
total angular momentum J; and parity F;, and generated by using the widely used atomic
structure package GRASP92[6]. uc.m, is relativistic continuum wavefunction of the free
electron with the certain energy €, wich are produced by using the relativistic program
COWF|7], and in the calculations, the contributions from both direct and the exchange
interactions between the contimuum electron and bound electrons were considered.

In the independent-processes approximation, the resonance excitation is treated as a
two-step process: dielectronic capture followed by Auger decay to a singly excited state.

The RE cross section at an incident energy ¢ is given by

2magl s )?
ofts, = ZTOLH) S 9y (k) B(k, £)Li(e) (6)
9 & 291
where (27ag)?ry = 2.6741 x 10%cm?s, A,(k,i) is the radiationless excitation capture

probability, which can by obtained from the autoionization transition probability from a
doubly excited state k to an initial state ¢ by detailed balance, the branching ration for
autoionization from a doubly excited state k to an electron-impact excited final state f

is given by

Aa(k, f)

B“hf*:zmAghwo+z;A4hn)

(7)

where A,(k,m) is the autoionization rate to all states m which lie below k, and A, (k,n)

is the radiative rate to all states n which also lie below k. Lj is the lorentz profile

(1/27)T
(e + Ei — Ep)? + (1/4)I75

Li(e) = (8)
The total width, Ly = hY",, Au(k,m) + X, A.(k,n), and contains contributions from all

radiative as well as autoionization rates.

3. EIE Cross Sections of Ne-like Iron

The highly charged neon-like FeXVII ion, because of its closed-shell nature, has
become a very good candidate to test all kinds of atomic collision calculations and physical
effects. In the past 20 years, there are many theoretical methods such as the distorted-
wave approximation[8-10], R-matrix method[11,12], and close-coupling approach|[2], have

been widely used to study EIE processes of FeXVII. Also, some experimental work at
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electron beam ion trap (EBIT) and tokamak sources has been performed to study L-shell
emission line ratios [1-3,13]. However, there are still several long-standing discrepancies
and inconsistencies when calculated and measured line intensities are compared. As is
well known, the collision strengths or cross sections for the resonance line (2p} /23d3/2)1 —
2p° 1Sy (labeled 3C) and the intercombination line (2p3 53ds/2)1 — 2p® 'Sy (labeled 3D)
of FeVII are extremely interesting for physicists because of their potential diagnostic
applications. Resently, Brown et al.[1] measured EIE cross-sections for 3C and 3D lines.
Their measurements show that the resonance contributions to the cross-sections of 3C
and 3D are very samll, and which are not sufficient to explain the discrepancies of 3C and
3D line intensity ratios between theoretical calculations and expermental observations.
The real reason is that all previous calculations overestimate the direct cross-sections of
3C and 3D by more that 25%.

In this study, we calculated the direct electron-impact excitation cross sections of 3C
and 3D with the different correlation approaches. Model A contains seven configurations
2522p% 25%2p°3I(1 = s,p,d) and 2s2p°3I(l = s,p,d) with 37 fine-structure levels. Model
B contains 15 configurations with 89 fine-structure levels, namely eight configurations
2522p°41(1 = s,p,d, f) and 2s2p®4l(l = s,p,d, f) are added to the seven configurations
from Model A. The results are plotted in Fig. 1 as a function of electron-impact energies.
As can be seen from Fig. 1, the correlation effects are much more important for the
resonance line 3C than for the intercombition line 3D. When the 4/ electron correlations
are included, the cross-sections for 3C are decreased by about 3 -10%, and the results are
better than the previous calculations compared to the experiment. For the 3D line, the
effects of correlation on cross-section are not important, and both results calculated in
Model A and B are in good agreement with the experiment[1]. Although the results from
Mohan et al.[11] also agree with the experiment for the 3D line, there are limit partial
wave contributions (k = 9) considered in their calculations. In the present calculations, all
partial waves in the range x = 50 were included. In addition, we studied the contributions
of Breit interaction on the 3C and 3D cross-sections, it is about 0.5% and can be negelected
compared to the contribution of electron correlations.

For neon-like FeXVII, the RE contributions are much larger for the 2p°3s states than
the 2p°3p and 2p°3d states[3,4]. To test our theory, we calculated the indirect RE cross
sections of 2p°3s states, and studied the contributions of resonance excitation to total
cross-sections. In the present calculations, we explicitly included contributions from the
2p°3pnl’, 2p°3dnl’ (T < n < 15,1' = s,p,d, f) and 2p°414l’, 2p°4150'(1,1' = s,p,d, f) reso-
nance series. It is found that the 2p°3dnl resonances dominate the indirect contributions.

In Fig.2, the RE, DE and total cross sections for 2p% 'Sy — (2pi/2331/2)1 transitions are
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Figure 1: Comparision of the present calculations in Model A (solid line with open triangle) and Model B (solid line
with open star) for 3C and 3D Cross sections of FeXVII as functions of electron elergies, with the results of the resent EBIT
experiment[1] (full cicle with error bars), and the previous calculations by Mohan et al.[11](solid line with open circles), by
Chen et al.[2] (solid line with open squares) and the FAC calculations with resonance excitation by Brown[1] (solid line).

presented. As can be seen from the Fig.2 (a), the larger resonance peaks occur near
threshold with the incident electron energy ¢ < 880eV, and there are also some small
resonance peaks around 960eV and 1080eV. Compared to the fully relativistic R-matrix
calculations by Loch et al.[3], who employed 139 coupled atomic levels through n = 5, the
present RE cross sections are close for both resonance positions and the shape. We found
that the discrepancies are less than 10eV for resonance positions. The resonance contri-
butions to total cross-sections are very significant, they increase the DE cross sections by
1-2 orders of magnitude near threshold. At higher collision energies with ¢ > 900eV, the
DE contributions dominate the total cross sections, while the RE contributions are very

small and can be neglected.

4. EIE Cross Sections of Neutral Xenon

Beside of long lifetimes, the metastable states of rare gas atoms are known for having
rather large EIE cross sections, if compared with the ground state. Thus, those cross
sections are highly interested for analysising of emissions from low temperature plasmas,
and finding applications in the fields of gas-discharge lasers, Hg-free fluorescent lighting
and plasma displays[14-17]. The neutral Xenon, because of its stronger correlation and
relativistic effects, has become a typical example in the study of electron collision with
heavy elements. The ground state of xenon is formed by the very stable closed-shell
configuration 5p°. The relative low excited states are formed by the configurations 5p°6s
and 5p°6p. Those excited levels are separated obvious into two pairs by their parent

(core) terms 5p°(*Ps9) and 5p°(*Py ). The lower lying metastable states of the xenon

140



1E-18 g1+

(@)

1619
1E-20
121
122

sfund soomad sovd sovid o ovmd el oo

o E — RE cross section
£ 1E-23k
O E
e 3
c 1E24f
Sgppsbo v vt v
élE_lgEllll|llll|llll|llll|llll
2 (b)
o
et
O 1E19F E
Total cross section
1E-20 F ® DE cross section 3
dolhloe oo oo .
. A T T B
700 800 900 1000 1100 1200

Energy (eV)

Figure 2: Cross sections for the 2p8 1Sy — (2p?/2351/2)1 transition of FeXVII as functions of electron temperature.

are the 5p°6s J=2 and J=0, which denoted as 1s5 and 1ss in Paschen notation, with
the core angular momentum j.=3/2 and j.=1/2 respectively. For the ten levels of 5p°6p
configuration, it also exhibits the similar two pairs, namely, the upper four levels with
je=1/2 denoted as 2p; to 2p, and the lower six levels with j.=3/2 denoted as 2ps to 2pig.

In this study, to obtain the convergent results of cross sections, the maximal partial
wave k = 40 were included for most of excitations at incident energy below 20eV and more
high partial wave up to k = 60 were included for the high energy region. In addition, to
discuss the correlation effects of the target on EIE cross sections, two models are used to
describe the target states. Model A, similar with the descriptions by Srivastava et.al.[18],
includes the configurations of 5s525p%, 5525p°6s and 5s25p°6p, with total 15 CSFs. And
in the calculations, single electron orbital wave functions including the core (1sq/9, 2519,
2p1/2, 2p3j2 35172, D172, 3Ds/2, 3dsj2, 3ds/2, 4512, 4p1)2, 4p3j2, 4dsse and 4ds/, ) and peel
(5s1 /25 OP1/2, P32, 651/2, 6p1/2 and 6ps3 /o ) are obtained by using an extended optimal level
(EOL) method[19]. Model B includes the configurations of 55*5p°, 5s25p°6p, 5s5p°6s and
5525p°5d. To deal with the rearrangement of the valence orbits, we divided all levels into
six groups according to their parity and total angular momenta, and optimized the states
by using EOL method independently. In the calculations, all virtual single and double
excitations from the 5sy /2, 5p1/2, 5p3/2 shells into the unoccupied 5ds /2, 5ds /2, 651/2, 6p1/2
and 6ps/, shells were incorporated by using the active space method[19]. Table 1 listed
in detail the number of the CSF's used for different level groups in the Model B.

Fig.3 plotted the EIE cross sections from the metastable state 1s5 to the six excited
states of 5pSp (2ps to 2pig) as functions of incident electron energy in two models. As

comparisons, the results of the newly experiments[20] and calculations by Srivastava et

141



Table 1: Number of CSFs in the expansion of the target state functions of Xel in model B. J¥ is the total angular
momenta and parity, NL is the number of the optimized levels, NCSF is the number of CSFs.

Configurations JP NL NCSF

5525p°6s + 5s25p°5d  2— 1 963
0— 1 301

5525p% 4+ 5525p°6p 0+ 3 263
1+ 4 630
2+ 3 778
3+ 1 660

al.[18] are also presented. Firstly, we pay attentions to the excitations from 1lss to 2pg
and 2pqo, since these excitations are dipole allowed transitions, both the theoretical and
experimental results show similar variational trends, namely, they have larger cross sec-
tions and broad peaks, which decrease slowly with increasing of incident electron energies.
From the figure, we can see that our results in model A are much larger than the exper-
iments, but in model B, which are in good agreement with experiments, except for the
transition 1s5 — 2pyg, for this transition all theoretical results including ours and Srivas-
tava et al.[18] are lager than the experiments|20] a factor of 2. Comparing our results with
the Srivastava[l8], although the description of the target states by Srivastava et al.[18]
are same as the present descriptions in model A, some larger differences are still existed.
Secondly, for the excitation from 1s5 to 2ps, which is a dipole forbidden transition, the
cross sections decrease rapidly with the increasing of incident electron energies. The dif-
ference between two models are very small and our results are excellent agree with the
experiments. In addition, when the incident electron energy is higher than 4eV, because
of the cascade contributions from more highly excited states are becoming important, so
the experiment results are larger both than our results in two models and the results of

Srivastava et al.[18].

5. Conclusions

In summary, the electron impact excitation cross sections of Ne-like iron from the
ground state to 37 excited states, and neutral xenon from the metastable states to the
ten levels of the 5p°6p configuration were calculated systematically by using the RDW
method. It is found that the accurate description of target states plays a very important
role and the more detailed description should be included especially for neutral xenon.

For the high energy impact, the high partial wave contributions should be considered both
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for Ne-like iron and neutral xenon, and for the electron impact excitation at low energy

region, the RE contributions can not be ignored.
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Abstract

We have developed the scattered electron- ion coincidence (SEICO) apparatus which
has the capability to measure time-of-flight (TOF') mass spectra in coincidence with scat-
tered electrons. The SEICO apparatus has the TOF mass analyzer and the electron
energy analyzer, which is used to study the dissociative ionization processes under the
both dipole and non-dipole electronic excitations by low energy (50-300 eV) electron im-
pact. The TOF spectra in coincidence with inelastically scattered electrons are named
“SEICO spectra”, which have been measured under a variety of experimental conditions of
electron energy loss value. In this study, we have obtained the SEICO spectra of methane
and estimated the apparent generalized oscillator strength distributions as a function of

excitation energy.

Keywords: electron- ion coincidence measurements, electron impact, methane, ion-

ization, generalized oscillator strength

1.Introduction
The dissociative ionization process is one of the important process for physics, i.e.
plasma, atmosphere of the earth and other planet, and fundamental atomic and molecular
physics. We have such interests in the information of total and partial ionization cross
sections, and kinetic energy distributions and angular distributions of fragments about
the dissociative ionization processes on molecules. In plasma physics, many experimental
data have been stored for many years since the beginning of plasma studies [1]. These
experimental results were usually reported as the function of incident electron energy.
However, in order to study these processes as the fundamental physics, it is desirable that
the data should be described as the function of excitation energy. Therefore, recently, the
experimental studies of dissociative ionization processes have been carried out by pho-
ton impact rather than electron impact. In particular, the photoionization experimants
with various coincidence measurements, such as photoelectron-photoion coincidence and
photoion-photoion coincidence measurements, are powerful tools. These measurements
were usually carried out as the function of excitation energy.
In this paper, we have reported the new experimental apparatus. This is the scat-

tered electron- ion coincidence (SEICO) apparatus for the study of dissociative ionization
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processes of simple molecule by low energy (50-300 eV) electron impact. The SEICO
apparatus is a kind of (e, e+ ion) spectrometer, which has the capability to measure the
intensity of fragment ions as the function of excitation energy. In SEICO experiments, we
can obtain the information about not only the electric dipole allowed transition caused
by photon impact or high energy electron impact, but also other electric multipole and
spin-exchange transitions, under a variety of experimental conditions of impact energy,
energy loss value, and scattering angle. Although a new high energy (e, e+ ion) spectrom-
eter have been recently designed for similar studies by Cooper et al. [2], there have been
still few studies about the dissociative ionization from non-dipole states by low energy
electron impact.

Using the SEICO apparatus, we can obtain the differential and partial cross sections for
every ions including fragment ions at a energy loss value that is excitation energy. Besides,
the obtained differential cross section can be transformed into the generalized oscillator
strength (GOS). The GOS for electron scattering provides a very useful framework for
quantitative analysis of inelastic electron scattering. This is only the function of the
magnitude of momentum transfer K2 under the first Born approximation. Then the GOS

F(K?) is defined as
Wky .,do
F(K*)=——K"— 1
( ) 2k, dY (1)
where W is the excitation energy, kg and ks are the momentum of the incident electron
and the scattered electron respectively, and do/dS2 is the measured differential scattering

cross section. For continuum region, the GOS distribution dF(K?)/dE can be defined as

dF (K?) Wk, dc
artnt) W Ro g , 2
dE 2 &y dEdD 2)

Where d?c/dEdS) is the differential cross section for inelastic scattering into an angle
dS2 over the energy loss range dE. When the first Born approximation is not valid, the
Eq.(1) and the Eq.(2) may be used to define the apparent generalized oscillator strength
(apparent-GOS) for discrete region and the apparent-GOS distribution for continuum
region. These are the function of not only K2, but also the incident electron energy. In
this work, we have carried out the SEICO experiment of methane, CHy, as the first step
of the dissociative ionization studies. Since the impact electron energy is not high enough,

the first Born approximation is not fully valid in the present experiment.

2. Experimental set-up
The experimental set-up is shown in Fig.1. The SEICO apparatus consists of a pulsed

electron-gun, an electron energy analyzer, and a time-of-flight (TOF) mass analyzer. All

146



these components are enclosed in a vacuum chamber, which is evacuated with 500 L/s
turbo molecular pump (TMP). Besides, we furnish the chamber with 150 L/s TMP for
the TOF mass analyzer as a differential pumping system. The ultimate vacuum pressure
was lower than a few times 1077 Pa, and the pressure during the measurements was
maintained below 3x10~* Pa.

Top view
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Figure 1: The experimental set-up

The sample gas is introduced through a nozzle into the centre of the interaction re-
gion. The incident electrons which are supplied as pulsed electron beam collide with
the molecules sprayed from the nozzle (crossed beam geometry). The primary electron
current was about 5 nA as continuous electron beam on average. The pulse width and
rate were about 70 ns and 40 kHz, respectively. After colliding with the target molecules,
electrons are analyzed with electron energy analyzer and detected with a channel elec-
tron multiplier. The electron energy analyzer is a simulated hemispherical analyzer called
“Jost type” [3], and its mean trajectory radius is 52 mm. The typical energy resolution
was 0.5 eV full width at half maximum (FWHM). The scattering angle was determined
by the ratio of 2'S peak intensity to 2'P peak intensity in electron energy loss spectra
of helium [4]. The interaction region is kept at the earth potential while ions are being
produced by electrons.

After the pulsed electrons pass through the interaction region (about after 0.2 microsec-
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ond), the produced ions are extracted from that region by applying the pulse electric field
of 90 V/cm, and analyzed with TOF mass analyzer which is Wiley and McLaren type
analyzer [5]. The interaction region and the second accelerate region are 20 and 10 mm
in length, respectively, and the drift tube length of the TOF mass analyzer is about 480
mm.

A pulse signal which was for producing electron beam was input to the time-to-
amplitude converter (TAC) as the start signal with the gate signal which was a detected
electron signal. The detected ion signal was used as the stop signal of TAC. Where,
the start signal pulse for TAC was formed with 2.6 microseconds delay. We needed this
delay time to prove the coincidence measurement between a scattered electron and an
ion. Because, it takes about 2 microseconds from producing the incident electron beam
to forming the scattered electron signal. When the both start signal and gate signal are
coming here at same timing, the start signal is valid, otherwise not valid. Besides, valid
start counts which are corresponding to energy selected electron counts were measured

with a counter for normalization.

3. Results and discussion

Figure 2 shows the typical SEICO spectra which were obtained as the TOF spectra
in coincidence with energy selected electrons of methane. For every spectra, the impact
energy of electron is 150 eV, and the scattering angle is 4 degree. The excitation energy
which are corresponded to the energy loss value of each spectrum is 14.4, 16.5, 19.7, and
22.4 eV. The intensity of CHJ decreases, as the excitation energy increases, while the
CHY intensity is turned to a decrease, after the maximum value is taken at 16.5 eV.
These results agreed with photon impact experiments.

In order to compare with photoionization cross sections, the apparent generalized os-
cillator strength (apparent-GOS) distributions were estimated. The apparent-GOS dis-
tributions for CH; and CHj are shown in Fig.3, together with partial photoionization
cross sections measured by Samson et al. [6], as the function of excitation energy. Both
the apparent-GOS data of CH; and CHJ were normalized at the excitation energy 16.5
eV, respectively. The data of 150 eV electron impact were good agreement with the pho-
toionization cross sections by Samson et al. except for a point at 22 eV excitation energy.
On the other hand, due to the statistical error, the data of 70 eV varied widely in this
experiment.

In future work we will carry out several SEICO experiments at various excitation en-

ergies, under a variety of experimental conditions of impact energy and scattering angle.
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4. Conclusion

We have developed the SEICO (scattered electron- ion coincidence) apparatus for the
study of dissociative ionization processes of molecule by low energy electron impact, which
is a kind of (e, e+ ion) spectrometer. We succeeded to obtain the SEICO spectra which
were the TOF spectra measured in coincidence with energy selected electrons at various
energy loss values. The apparent-GOS distributions estimated for CHf and CHJ were
good agreement with photoionization cross sections. In measuring at various scattering
angles and/or various impact energies, we hope that the dissociative ionization processes

will be completely characterized by low energy electron impact.
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Abstract

The shake up processes accompanying 3d photoionization and subsequent Auger de-
cay were studied using multi-configuration Dirac-Fock (MCDF') methods. General agree-
ment was obtained with the experimental results both for the photoelectron and Auger
electron spectra. The energy and relative intensity of the 5s — 6s shake up accompanying

the 3d photoionization process were identified quantitatively in the present investigation.

Keywords: photoionization, Auger decay, electron correlation, MCDF

1. Introduction

Recent progresses in the spectroscopic measurement and the light source technology
made it possible to measure higher order processes accompanying and consequent with
photoionization process [1-4]. Meanwhile, relativistic theory of atomic structure and
properties were also developed to study these processes [5-7|. It is found in both the-
oretical and experimental research work that the shake up process accompanying with
photoionization is very important in some cases [8-12]. In general, shake up processes
are mainly caused by the sudden change in the potential of the residual ions after an
inner-shell electron is ionized. This process is a typical multi-electron phenomenon which
can not be explained by the independent particle approximation. The main motivation
in the past for investigations of this process arose from the high sensitivity of the core
ionized states to the effects of correlation. Understanding such processes are crucial not
only to explain the basic atomic processes in various plasma but also to understand the
break down of the independent particle approximation and the significance of electron
correlation effects.

The alkaline earth metal element Sr is a good candidate to investigate the electron cor-
relation effects. However, there are few results available up to date on this atom. In one
of the experiments, the ratio of double to single photoionization in the 25-36 eV region
(4p excitation region) was measured for neutral strontium [13], while the absolute pho-
toionization cross section for Srt* in the 20-41 eV region has been determined by merging

beams of Sr™ with monochromatic synchrotron radiation [14]. The photoabsorption and
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photoionization spectrum of the 3d subshell from Sr I to Sr IV was also studied by dual
laser plasma (DLP) method [15]. In a very recent work, J. Nikkinen et al observed the
3d photoionization spectrum of Sr I and a detailed theoretical analysis was performed to
explain their results [16,17]. However, the dominant photoionization peaks still confused
and the shake up process accompanying 3d photoionization was not studied quantitatively.

Recently, the multi-configuration Dirac-Fock method has been successfully applied in
the study of atomic structure and spectra of complex atom [18-20]. The orbital relaxation
effects due to the creation of an inner-shell hole and configuration interaction (CI) effects
can be taken into account systematically in the calculations. Based on previous work, a
program RERRO06 for the study of the photoionization processes has been developed by
our research group.

In the present paper, a detailed investigation on the shake up process accompanying
3d photoionization and the subsequent Auger decay of 3d hole state of Sr I is presented.
A brief description of the theoretical method is given in section 2, the correlation model
and the calculation of the wavefunction are introduced in section 3. In section 4, we will
discuss the shake up process accompanying the 3d photoionization and subsequent Auger
decay of the 3d hole state of Sr.

2. Theoretical method
The photoionization cross section from the initial state ¢ to a ionic state f can be

expressed as,

df;
Oif = 47T2a(2)a§f (1)
€
where Cg—if is the oscillator strength density which is defined as,
dfis e . )
L2 — d* ds Ur P(L) V. >D kll 9
& = @L 1 & HOLU < Uy POIVEy > Dov ()] ¢

where P(") is the radiative field multipole tensor operator and L is the rank of the operator.
The Auger decay rates A}, from the core excited state f to the final state k can be
calculated by the following formula
27 1 2
fo = | (s (PIM)| Y —— + Vilaw(P' M) . (3)

s<t Ts’t

In order to incorporate the influence of the photoionization on the subsequent Auger
decay, the relative Auger intensity have been calculated using a two-step model. In this
model the primary 3d photoionization of the Sr atom is assumed to take place indepen-
dently of the Auger decay of the 3d hole states. The relative Auger decay intensity was

defined as

]fk:O"f s
YR AY

(4)
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3. Correlation Model and calculation of wavefunction

The ground state of the neutral strontium is 3d'°4s24p°5s2 1Sy. Since the binding energy
of 5s and 4d electron is quite close, it will form a set of near degenerate levels of the ground
state and lower excited states, such as 3d'°4524p%4d'5s' and 3d'°4s%4p%4d?. Dielectronic
correlation is found to be very important to these kind of configurations [21]. Therefore, it
is necessary to include dielectronic correlation in the calculation for the wavefunctions of
the ground, final photoionization and final Auger states. All of the configurations included
in the calculation are listed in table 1 and optimized by a two separated step same as
in Ref. [17]. At first, a simple computation for the single configuration is performed to
get a better approximation for the inner shells such as 1s to 4p. After that, an extended
calculation was carried out for the whole configuration list included in table 1 by fixing

the inner-shell orbitals and optimizing the valence orbitals.

Table 1: Configurations used in the MCDF calculation for ground, final photoionization and final Auger states.

Ground State 3d104524p08552
Correlation configuration 3d104524p5 (552, 4d?, 4d' 551, 4d 65!, 55165, 5p2, 652)
3d final photoionization State 3d4524p5552
Correlation Configuration 3d%4524p5(5s2,4d?,4d 55, 4d 651, 551651, 5p?, 652)

final Auger state
3d104524p0
3d104524p5 (4d?, 551, 5pt, 6s1)
3d104s14p0(4d", 551, 5pt, 6s1)
3d104524p* (4d?,4d' 55, 552, 5p2, 652)

gQw

4. Results and discussion
4.1. 3d Photoelectron spectra of Sr I

The 3d photoionization process interested here is,
hv + 3d"45*4p°55% — 3d°45%4p°(4d?, 55%,4d"5s", 55'65") +ef, p

The theoretical photoelectron spectrum of this process was presented graphically for
comparison with the experimental spectrum in figure 1, where a constant shift of 1 eV
towards higher energy for the theoretical results seems to optimize agreement between the
calculation and the observation, at least for the most pronounced features observed. In
obtaining the theoretical spectrum, each transition was given an intensity proportional to
its cross section, and an artificial Gaussian linewidth of 250 meV (instrumental resolution)
which was found to give optimum agreement with the experimental data.

The absolute photoionization cross section, binding energy and related photoionization
final states denotation and main components in jj coupling are listed in table 2. The
atomic state designation is described using all of the opened relativistic subshells [ni%];

in 77 coupling scheme. w is the occupation number, w = —1 represent for the hole state.
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Figure 1: Experimental (upper-part) and theoretical(lower

part) Sr 3d photoelectron spectrum. The solid line stands for
the experimental from the reference [17], while the dash dots
represent the theoretical spectrum from our calculation. The
stick lines are the strongest individual photoionization lines.
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Figure 2: Experimental (upper part) and calculated (lower
part) Sr 3d Auger electron spectrum to final states A-D. The
intensity at the energy region Ej;=120-140 eV have been mul-
tiplied by a factor of 10 in each lines.

The photo energy is 255 eV.

It can be found from the table that there are very strong mixing between these states,
especially between 3d%4s%4p5(4d?, 5s%,4d*5s'). The maximum of the main component is
just about 50%. Even for the ground state of Sr I, there is also very strong mixing among
3d04s%4p%(4d?, 5s%, 4d5st, 5p?).

According to the independent particle model it is forbidden that the radiative transition
process involved more than two electrons. However, due to the configuration mixing of
4d? with 5s% in both the initial and final states, the density of oscillator strength will be
redistributed. Moreover, due to the creation of the 3d hole state, the 6s orbital in the
final ionic state will fell less screening from the nucleus, and the wavefunction of the 6s
will contracted. The overlap integral of 5s orbital in the ground state with 6s orbital in
the ionic state will become very important, as a result the shake-up — even the double
shake up — photoionization process become possible. It can be found from figure 1 that
the shake up lines arising from 5s to 6s shake up near 149 and 151 eV as indicated in [16]
play a very important role in the profile of the photoelectron spectrum.

4.2. Auger decay of 3d hole state

From the viewpoint of single particle approximation, only normal Auger decay is valid
in the case of Auger decay following 3d inner-shell photoionization. However, we may
expect the appearance of spectator, participator Auger lines and so forth due to the
electron correlation effects. All the final Auger states include in table 1 can be classified

into (A) double participator, (B) and (C) spectator-participator and (D) double spectator.
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Table 2: Bind energy, photoionization cross section, and designation of the 3d photoionization process of Sr.

present result

Designation

bind energy*(eV)  cross section(Mb)
1 142.18 0.944 37% [3d; 5557 /2 + 22% [(3d5/124d§/2)5581/2]5/2 + 19% [(3d5/124dg/2)55s}/2]5/2
2 142.28 0.840 51% [(3d5/124d3/2)3531/2]5/2 + 34% [3d5/2]5/2 + 4% [3d5/2(4d3/2)2]5/2
3 142.32 0.409 44% [(3d; ! 4d5/2)2551/2}5/2 +17% [(3,515/124c13/2)2531/2]5/2 + 15% [3d5/2}5/2
4 144.03 0.258 21% [3d3/2(4d3/2)g]3/2 + 12% [(3d;/124d§/2)34d5/2]3/2 +12% 3d’
5 144.05 0.629 40% [3d3/2 Jolaje + 24 % [(3d3/124d5/2)2551/2}3/2 + 9% [3d;/2( d3,)2]3/2
6 144.14 0.437 57% [(3d3/124d3/2)35sl/2}3/2 + 27% Sd*/ + 7% [(3d5 p4d} 15)255] )32
7 149.90 0.367 53% [(3d;/2551/2)36sl/2]5/2 + 43% [(3clg/12531/2)2651/2]5/2
8 151.71 0.251 63% [(3dy 55t ,)2651 ,]5/0 + 34% [(3d 558t ,)1651 .13/

*: The calculated energy are shifted by 1 eV.

The double participator (A) should be the weakest while the double spectator (D) should
be the strongest. The theoretical Auger electron spectrum is shown in figure 2 with the
experimental spectrum is also provided for comparison.
5. Conclusion

The shake up processes accompanying 3d inner-shell photoionization of Sr I and the
subsequent Auger decay were investigated using MCDF methods. General agreement
was obtained between the experimental and theoretical results. The good agreement
between the different gauges, i.e. length and velocity, in the present theoretical calculation
indicate that the wavefunction used here are good enough to describe the present states
and processes. Due to strong mixing between dielectronic correlation configurations,
oscillator strength redistribution occurred in some spectator satellite lines, while the shake
up process for 5s — 6s also becomes possible due to the relaxation effects. According
to our results, there are some peaks very close to each other. In order to make a better
understanding of such features, it is necessary to improve the experimental resolution.
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Abstract

Based on the Multi-configuration Dirac-Fock method, theoretical calculations have
been performed for the dielectronic recombination (DR) rate coefficients of Sn®" ~ Sn!3*
ions. It is found that the total DR rate coefficient has its maximum value between 10 eV
and 100 eV and is greater than either the radiative recombination (RR) or three-body
recombination rate coefficients (the number of free electrons per unit is 10*'cm?) for Sn™*
~ Sn'3* ions at 7T, >10 eV. Therefore, DR can strongly influence the ionization balance

of laser produced multi-charged tin ions.

Keywords: dielectronic recombination, rate coefficient, MCDF, EUV

1.Introduction

Dielectronic recombination is a basic atomic process in electron-ion collisions. Ac-
curate DR cross sections and rate coefficients are essential for studying the ionization
balance of highly ionized ions in hot plasmas and calculating populations of lasing levels
in research of x-ray lasers[1,2,3]. In recent years, extreme ultraviolet (EUV) sources has
been extensively studied for next generation lithography. Laser-produced multi-charged
tin ions are regarded as one of hopeful candidates for such EUV emission[4-8]. Obser-
vations and calculations have shown that very bright emission lines from Sn™* to Sn'?*
ions lie in the region of interest[9] . However, to our knowledge, little work has been
reported on dielectronic recombination rate coefficients for tin ions up to now. In order
to consider the influence of DR on the ionization balance of tin ions, as an example, this
work presents a first calculation on the dielectronic recombination rate coefficient of Sn®*

to Sn'** jons using the Flexible Atomic Code (FAC) [10] .

2. Theoretical method
The dielectronic recombination rate coefficients from initial state 7 (4p%4d™) to ra-
diative final state k (4p®4d™nl) through resonant doubly excited state j (4p®4d™ 14 fnl

or 4p°4d™*1nl), for electrons in the Maxwellian distribution, can be expressed as [3]

h2 ]_ gAazAT EZ
. S
27Tmek'BTe 292 Zk’ Ajk" + Zi’ A],L/ kBTe

aDR<i7j7 k? Te) = (
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where T, is the electron temperature, m, is the electron mass, h is Plank constant,
kg is Boltzmann constant, g; is the statistical weight of the state i, Fj; is the resonance
energy. In practical calculations, the [,,,, is assumed as (n—1) for n < 8 and 7 for n > 7.
The effects of configuration interaction (CI) on considered by including 4p®4d™ !nl and
4p®4d™=t4 fnl doubly excited states. For comparison, the radiative recombination rate
coefficient and three-body recombination rate coefficient, which are also two important
recombination processes in plasmas, are estimated simply by Eq.(2) and Eq.(3) as used
in Ref. [11].

apr = 5.2 x 107%(¢/T.) 2 2[0.429 + ;lg(qﬁz)/Te +0.469(T./ 92)], (2)

Netrsy = Ne X 2.97 X 10727(6,/T.) 0% (4.88 + T,/ dz), (3)

where ¢ is the ionization potential and £z is the number of electrons in the outermost
shell corresponding to the state of charge Z, n. is the number of free electrons per unit

volume.

3. The dielectronic recombination rate coefficients of Sn ions

The calculated DR rate coefficients of Sn'’* ions are given in figure 1. It can be seen
that DR for n = 4,5 gives an important contribution at low temperature. The values
of the total DR rate coefficients are maximum between 10 eV and 100 eV. Although the
contributions from n > 5 decrease as n increases, their sum is more than the contributions
from n = 5, and from figure 1 it is also seen that the contributions from n > 15 should
not be neglected. This conclusion is quite similar to the case of Xe!" ions [12].

In figure 2, the DR rate coefficients, RR rate coefficients and three-body recombination
rate coefficients of Sn'®* ions are further shown. In our calculations, the number of free
electrons per unit volume is assumed as 10*'em ™3, the critical density for Nd:YAG laser
irradiation. It can be seen that the DR rate coefficients are great than the RR rate
coefficients and three-body recombination rate coefficients for 7, >1 eV.

Figure 3 and 4 show the DR rate coefficients, RR rate coefficients and three-body
recombination rate coefficients of Sn®" ~ Sn®* and Sn’*~ Sn'3* ions respectively. It can
be seen that the values of the total DR rate coefficients have maximum between 10 eV
and 100 eV just same as Sn'" ions. The DR rate coefficients are greater than the RR
rate coefficients and three-body recombination rate coefficients for Sn™ ~ Sn'3* ions at
T, >10 eV and for Sn®" ~ Sn'3* ions at T, >2 eV. Clearly, DR can greatly influence the

ionization balance of laser-produced multi-charged Sn ions.
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Figure 1: DR rate coefficients of Sn'°* ions.
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3. Conclusions

In summary, based on the multi-configuration Dirac-Fock method, theoretical cal-
culations have been made for the dielectronic recombination rate coefficients of Sn®* ~
Sn'3* ions using FAC. The results showed that the values of the total DR rate coefficients
are maximum between 10 eV and 100 eV and can greatly influence the ionization balance

of laser-produced multi-charged Sn ions.
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Abstract

The B-spline expansion technique and the method of model potential of atom have been applied
to study the properties of Rydberg states of lithium. Our results for Stark maps, oscillator strength
distributions for Li are in good agreement with other reported theoretical calculations and experimental
measurement. It shows that the method we used can be applied to investigate the properties of alkali-
metal atoms in external static electric field. Finally, we obtain the evolution of the oscillator strength

spectrum and Shannon Entropy of Li with the different static electric fields.

Keywords: B-spline function, Stark maps,Oscillator strength, Shannon Entropy

1.Introduction

With the development of laser techniques, great interest has been paid to the behaviors of highly
excited atoms in the presence of electric fields. People can obtain state-selective Rydberg atoms and
monitor the excited-state population. The measurement and analysis of the interactions of highly excited
Rydberg atoms with electric fields has been widely reported[1,2,3]. The theoretical calculations may
support the experimental data and provide a physical insight into the experimental phenomenon. One
should calculate different relevant atomic properties in the presence of the static electric field, such as
level splitting picture, oscillator strength distribution, lifetime, positions and widths of avoided crossings,
field ionization threshold and so on.

The B-spline expansion technique and the method of model potential of atom[4,5] have been applied
to study the properties of Rydberg states of lithium. Our results for Stark maps, oscillator strength
distributions, avoided crossing positions and widths for Li are in good agreement with other reported
theoretical calculations and experimental measurement[1,6,7]. It shows that the method we used can be

applied to investigate the properties of alkali-metal atoms in external static electric field.

2. Stark maps

Li atom Stark maps are calculated. The result in the neighborhood of n=15 are presented in
Fig.1. Our calculated results are excellent agree with those of experimental and theoretical results by
Zimmerman|[1]. The results of |m|=0 in Fig.1 show a striking contrast to hydrogentic features. Differently,
the results of |m|=1 show a typical hydrogenic features, they have approximately linear Stark shifts.As a
qualitative analysis, the avoided crossings for |m|=1 are obviously weaker than the avoided crossings for
m=0. The only difference between lithium’s Stark structure(|m|=1) and hydrogen is the nondegeneracy

in the ”p” state of Li at zero field strength.

3. Oscillator strength
The present theoretical spectrum of atom Li belonging to the absorption transition [3s >—

|n,n1,m2,0 >in the form of the component oscillator strength for different electric field strength, are
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Figure 1: Stark maps of Lithium with n=15,/m|=1(left) and |m|=0(right).

plotted in Fig.2. Obviously, the oscillator strength spectrum is very regular if the magnitude of electric
field is 1500v/cm, and there are some characteristic like periodicity. With the increasing of the magnitude
of electric field, the characteristic of periodicity is gradually destroyed. The oscillator strength spectrum
is very chaotic if the magnitude of electric field is 3500v/cm, the reason is that with the increasing of the
magnitude of electric field, the mixing between different n branches gradually become strong. From the
Fig.2, we could easily realize the characteristic of the mixing between different n branches. It also tell
us that the component oscillator strength to the (14,0) state takes up the largest proportion of oscillator
strength until the magnitude of electric field is 3500 v/cm. The reason is that there is no n-mixing for
the (14,0) state even the magnitude of electric field reached 3500 v/cm. But one could easily realize that
the case for the (15,13) state is not like that. The component oscillator strength to the (15,13) state
takes up the largest proportion of oscillator strength when the electric field F is 1500 v/cm. With the
increasing of electric field, n-mixing gradually appears. The larger the electric field F, the less proportion
of oscillator strength the (15,13) state takes up. Finally, the characteristic of large oscillator strength to
the (15,13) state disappear. With the strengthen of n-mixing, the redistribution of the oscillator strength
component along the substates of the Stark branch gives rise to the possibility of excitations from the
|3s > state that are not allowed by the Laporte selection rule. The result is that the Laporte selection
rule is not come into existence for atom in static electric field. Another characteristic in Fig.2 is that the
positions of the oscillator spectrum are removed when the electric field F is changed, that is a result of

the Stark effect.

4. Shannon Entropy
The evolvement of Shannon Entropy for Rydberg States of Lithium in static electric field is inves-
tigated in Fig.3. The fact that there is a point of intersection for Shannon Entropy as the static electric

field strength is varied across the region where an avoided crossing occurs indicates the informational
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Figure 2: The evolvement of the spectrum of oscillator strength of Li, the electric field strength F are
chosen from 1500 v/cm to 3500 v/cm.
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Figure 3: The evolvement of Shannon Entropy for 16s (jm|=0) and ((15,13), (|m|=1)) as the static electric
field strength is varied across the region where an level crossing occurs(left); The same for 16s(]m|=0)
and ((15,14), (Jm|=0)) as the static electric field strength is varied across the region where an avoided

crossing occurs(right).
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exchange of the two involved states. For level crossing, there is no point of intersection, no information
exchange and no interaction between the two involved states. The result indicates that the Shannon
Entropy is an indicator or predicator of the level crossing and avoided crossing for Lithium Rydberg
States in static electric field, our conclusions is consistent with that of Gonzélez-Férez[8] for hydrogen in
the presence of parallel magnetic and electric fields. Note that we only investigate the region where an

avoided crossing (level crossing) occurs. A more systematic study is required.

5. Conclusions

We have ignored the spin-orbit interaction in this paper, given the fact that the F-S interaction
is too small for light atoms, the result presently obtained for Stark maps and the oscillator strength
spectrum agree well with other calculations and experiment[1,6]. The accuracy of the B-spline expansion
method and the potential model given by Marinescu[9] is further tested. Specially, to our knowledge,
we obtain the evolvement of the spectrum of oscillator strength and the Shannon Entropy of Li in static
electric field for the first time. This has encouraged us to undertake the study of other characteristics of
atom in a static electric field such as the process of field ionization, the problem of atom in microwave

field and some others, which are in progress.
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Abstract

We calculated the hyperfine induced transition probability for 4" Ti'8* (2s2p 3Py — 252
Sy) and analysed the influence of the electron correlation effects in order to interpret
the reason for a large difference between existing experimental value and previous only

one theoretical result with neglected electron correlation effects. An improved result
Aprr=0.3708 s~! was obtained.

Keywords: hyperfine induced transition, hyperfine interaction, electron correlation ef-
fect, MCDF method

1.Introduction

Hyperfine interactions origin from magnetic field and nonspherical symmetric electric
field of nuclei and are related to both atomic and nuclear properties [1]. Therefore, hyper-
fine interactions build a bridge between atomic physics and nuclear physics. In general
instance, because the hyperfine interactions cause the coupling between the electronic
angular momentum J and nuclear angular momentum 7 to a total angular momentum
F =1+ J, both the electronic angular momentum and the nuclear angular momentum
are not good quantum numbers and different atomic state wavefunction with different
electronic angular momentum are mixed. Then, some radiative transitions can be in-
duced, such as J = 0 — J' = 0 (usually viewed as allowed through two-photon decay).
Therefore, the lifetime, especially for the metastates of atom with I # 0, may be affected
strongly and dependent on the nuclear properties. The study on hyperfine induced tran-
sition (HFI) are attractive in view of more subtle understanding electron correlation and
relativistic effects, testing theory of atomic structure and standard model [2], obtaining
ultraprecise atomic clocks [3], realizing novel types of cold atomic gases, determining rel-
ative isotope and nuclear properties and diagnosing the properties of low-density plasma

[4] and so on.
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Recently the hyperfine induced transition probability of 2s2p 3Py — 2s? 1S, for Be-like
4TTi!8+ jon has been measured using resonant electron-ion recombination method in a
heavy-ion storage ring TSR of the Max-Planck Institute for Nuclear Physics, Heidelberg,

lis almost 60% larger

Germany [5]. However, the experimental value Agpr = 0.56(3)s~
than only one theoretically predicted from Marques et al. [6]. In experimenter’s opinion,
the important error come form the neglected electron correlation effects.

In this paper, we studied the influence of the electron correlation effects on the electric
dipole matrix elements and hyperfine interaction constants in detail, which are need in
calculation of hyperfine induced transition probability, and show the significant core-
valence and core-core correlation effects. The hyperfine induced transition probability are

calculated using the latest program|7].

2. Theoretical Method
The Hamiltonian for the hyperfine interactions can be represented by a multipole ex-

pansion [1]

Hyps = TW . M®), (1)

k>1

where T® and M) are spherical tensor operators of rank & in the electronic and nuclear
spaces, respectively. The £ = 1 term of the expansion represents the magnetic dipole
interaction and the k = 2 term the electric quadrupole interaction.

The hyperfine interaction couples the nuclear I and electronic J angular momenta to
a total momentum F = [ + J, and only F' and Mp are good quantum number, the

wavefunction of atomic system can be represented by

aFMp) =3 (3> bl My)|IMy)). (2)
a,J M; My

where |aJ M) is pure atomic state function (ASF) and |IM;) is pure nuclear state func-
tion. Here we assume the state of nuclear does not change and can be describe as spin [

and M.
When the off-diagonal hyperfine interaction is weak, that is, the interaction between [
and J is small in magnitude and these angular momenta remain well-defined in magnitude
even though not in direction, which is called the weak coupling case, the wavefunctions

of the coupled states can be approximately written as,

lalJEMp)y = > (=1)/1Mr(2F 4 1)71/2

Myp,My

(JIF

Y- _MF>|aJMJ>|IMI>, 3)
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which is also called the zero-order wavefunction.
Using eq.(3) the eq.(2) can be represented as,
‘OZFMF> :Zha’]’OéIJFMF> (4)
a,J
where h,, s is the hyperfine mixing coefficients.
Hyperfine level energies and the hyperfine mixing coefficients h, ; can be obtained by
means of diagonalizing matrix of the full Hamiltonian H = Hps + Hyrs. Hpg is usual
electrons’ Hamiltonian. The matrix elements for hyperfine interactions Hamiltonian Hpy g

can be written as

Wan(J,J) = (=) =Fl@] + 1)1 + D)) W(IJ'I1J; F1) x
(aJ||TY ||’ JYVT|MWD|| ), T = T, J +1, (5)

Wea(J,J) = (=1D)H=F[(20 +1)(21 + D))V*W(IJ'1J; F2) x
(aJ||TP|| o’ JVT|MPN| ), J = J,J +1,J +2, (6)

where W(1J'IJ; F1) and W (1J'IJ; F2) are Racah’s coefficients. J' = J and J' # J rep-
resent diagonal and off-diagonal hyperfine interaction energies, respectively. The nuclear
tensor operator M(®) are related to the conventional nuclear magnetic dipole moment j;

and electric quadruple moment (); through the relations

o= <_[[ é §)(2]+1)1/2<f||M0<1>||I>, (7)
Qr = 2(_][ ; §)<21+1>1/2<f||Mé”|u>. (8)

Once the hyperfine level energies and corresponding wavefunctions are obtained, we
can further calculate the hyperfine transition probability for an electric dipole by [8, 9]
2w
3¢

2w JIF
— g(QF/ -+ 1)| Z Z hoz,Jhoz’,J’ { P J’ } <OZJ||O(1)||O/J,>|2

a,J o, J!

A(F-F) = 133 haghor,p(al JE|OW |/ T F')|?

a,J a,J’

(9)

where w is hyperfine splitting energy and (aJ||OW]||a’J’) is the electric dipole reduced

matrix element.

3. Results
To reflect the electron correlation effects, different calculational models were employed

in our investigation, i.e.,
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1. SC: Single-Configuration,

2. nSD: formed by single and double substitutions of valence electrons (the valence
electrons are 2s* for ground state and 2s2p for excited state) to the nth shell (the
6th shell only including 6s, 6p, 6d);

3. CP: including single electron substitutions of core electrons (1s?);
4. CC: including single and double substitutions of core electrons;
5. Breit: Breit interactions;

6. QED: vacuum polarization.

In Figl-2 the effects of electron correlation, Breit interaction and QED effects on level
energies, the electric dipole transition-matrix elements and hyperfine interaction con-
stants which are very important for calculating hyperfine induced transition are shown.
It is found from those picture that core-valence and core-core correlation effects are in-

dispensable, especially for hyperfine interaction constants.
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Fig.1 Level energies and electric dipole matrix elements calculated in different calculational model.

On the basis of these results, the calculated hyperfine induced transition probability is
0.3708 s71 1. The results improve on other theoretical value due to considering the impor-
tant electron correlation effects. However, the difference between theory and experiment

is still exist and need to be studied further.

4. Conclusion
In this paper, we shown the important electron correlation effects on the level energies,

electric dipole matrix element and hyperfine interaction constants for Be-like Ti ion.

lthe nuclear magnetic dipole moment and electric quadruple moment come form Ref[9)]
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Fig.2 The hyperfine diagonal and off-diagonal constants in different calculational model.

Although we obtained improved result, the difference between experimental value and

present theoretical result is still exist. Further study is necessary.
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Abstract

We present the theoretical investigation of the effects of the model potential on two-
color multiphoton ionization of atoms by solving the time-dependent Schrédinger equation
of a one-dimensional model atom. We choose two different model potentials with the same
ground-state energy: one is long-range(Coulomb-like), and the other is short-range(with
no excited state). Some effects are observed by two-color photoionization spectra and
ionization process for two different model potential. It is found that the magnitudes of
the photoelectron peaks depend on the choice of the model potential, and different model

potential can lead to different dynamics of the ionization of atoms.

Keywords: model potential, multiphoton ionization, intense laser field

1. Introduction

In the past decades, the study of the interaction of atoms with intense laser fields led
to a comprehensive understanding of the nonlinear physics in the underlying dynamics
of the ionization of atoms[l]. In particular, the simultaneous application of radiation of
two different frequencies has led to interesting new phenomena in multiphoton ionization
of atoms[2 — 4], and attracted many experimental and theoretical investigations. In the
experimental study of two-color above-threshhold ionization(ATI) of atoms by Muller et
al[5]. In the theoretical aspects, the multiphoton ionization in two-color laser fields has
developed rapidly. For example, G.G.paulus et al.[6] have studied the effects of the classi-
cal rescattering on two-color ATI, R.M.Potvliege et al.[7] have discussed the multiphoton
ionization of hydrogen by an intense laser field and one of its harmonics, V.Véniard et
al.[8] have studied the laser-assisted single-photon ionization (LASPI) process in a strong
low-frequency laser field and its high-order harmonic. All of these works, from both ex-
periment and theory, have been demonstrated the features of the two-color multiphoton
ionization and responding physical processes, and attempted to interpret the effects of
the occurrence of physical processes on two-color multiphoton ionization. Fortunately,
it is realized that these effects could be related to the structure of the atomic system
considered.

Recently, C.Figueira de Morisson Faria et al.[9] have investigated the influence of the
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binding potential on the ATI of atoms. The numerical simulations were performed
by choosing two classes of one-dimensional model potential, one is long-range, with a
Coulomb tail, and the other is short-range, with an exponential decay. Therefore, we will
choose two types of model atomic potentials commonly used in the studies on two-color
multiphoton ionization. The main difference lies that our two types of model atomic
potential have a uniform ground-state energy, which is convenient to compare the effects
of different binding potential on the multiphoton ionization, furthermore we will consider

two-color case, not a single color as mentioned above.

2. Theoretical Method
For a one-dimensional model atom under the influence of the time-dependent exter-
nal laser fields, the dynamical behavior of laser-atom interaction can be described by the

TDSE. In the dipole approximation, it is given by(atomic units are used throughout this
paper)

O0Y(x,t
20D a0, 1)
where Hj is the one-dimensional atomic Hamiltonian, which is given by
1 02

Here V(z) is atomic potential. In order to model the influence of the potential on the
coherent control of atomic MPI in the external laser fields, we have chosen two different

model potentials: one is long-range potential[10], which is given by

1
V(z) = ——=, 3
@ =-—— )
where the choice of parameters a = 2.0, the ground-state energy is £y = —0.5 a.u. It

behaves asymptotically as a one-dimensional Coulomb potential and supports an infinite
number of bound states. And the other is short-range potential[11] with an exponentially

decreasing tail, supporting only finite numbers of bound states. It is given by

2

V(x) = —beap(~~), (4)

where b = 1.986 and ¢ = 1.202, there is only one bound state with energy Fy = —0.5 a.u.,

i.e., the same as for the long-range potential discussed above.
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For external laser fields, we choose a combination of a laser field and its seventh-order

harmonics field,
E(t) = Frsin(wpt) + Fpsin(wgt + ¢), (5)

where F; and Fjy are the field amplitudes for the fundamental and seventh-order har-
monics,respectively; wy and wy(with wy=7wy) are the corresponding frequencies; ¢ is
the relative phase between the two fields.

To find the energy spectra of the ionized photoelectrons, let the evolved wave func-
tion be overlapped with the continuum-energy eigenstates. we define the photoelectron

spectra as[12]

En—l + En + En—l—l + En+2 _ | < ‘Pn(x)W(%T) > |2 + | < 9071+1(x>|,¢(m7T) > |2 (6)

P
( 4 ) En+1 - En—l En+2 - En

where ¢(z,T) is the wave function at the end time of the laser pulse, E, and ¢,(z) are

energy eigenvalues and eigenvectors of the one-dimensional atomic Hamiltonian H,.

3. Effects of the Model Potential on Two-color Photoelectron Spectra

We calculate atomic two-color photoelectron spectra for the long-range potential
Eq.(3) and short-range potential Eq.(4), respectively. The results are illustrate in Fig.1.
Here, we consider the radiation pulses containing the fundamental frequency w;=0.1a.u.
and its 7th harmonic with wy=0.7a.u., lying well in the ultraviolet range. The harmonic
field intensity Fig=0.0675a.u. and F;=0.021a.u.

-
o

°

|

08

Normalization

Time(laser cycles)

00 01 02 03 04 05 06 07 08 09 1.0

Energy(a.u.)

P(E) (arb.units)
o = N W A OO O N © ©

Fig.1 Comparisons two-color photoelectron spectra for the long-range potential Eq.(3)(solid line) and

short-range potential Eq.(4)(dot line). The inset window shows the corresponding ionization yields.
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It can be seen from Fig.1, the whole magnitudes peak of the short-range potential is
higher than long-range potential. This is because ionization yields are different for the
two different model potentials. For the short-rang potential, the ionization yield with the
laser cycles is always higher than long-range potential’s. This is illustrated in the inset
window. On the other hand, we note that, every photoelectron peak for the two different
model potentials is located at the same position. Actually we have obtained photoelectron
spectra here, representing the LASPI is dominated process, the reason will be discuss in

the following. According to the energy-conserving relation|[13]

En R Wy +nwr,— ‘ E(] ’ —Up, (7)

where Fj is the ionization energy for the ground state, and U,=F7 /4w? is the ponderomo-
tive energy, it can be seen that Eq.(7) describes the process in which one high-frequency
photon wy is absorbed causing ionization, and then n low-frequency photons are absorbed
or emitted (for n positive or negative), causing the redistribution of the continuum states.
It is just because the same ground state energy for long-rang potential and short-rang
potential, therefore, the photoelectron peak is almost exactly located at £_;=0.09a.u.,

£0=0.19a.u., £;=0.29a.u., £,=0.39a.u., etc, and the energy interval of the peaks w;=0.1a.u.

4. Effects of the Model Potential on Two-color Ionization Process
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Fig.2 Effects of the high-order harmonic radiation on the photoelectron spectra for long-range potential,

in the same conditions as in Fig.1. (a) Fr,=0.021a.u. solid line, Fg=0.0675a.u; dot line,Fy=0. (b) Same
as (a), with F, = 0.044a.u.
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To discuss the effects of the high-order harmonic radiation on ionization mechanism
for two different model potential, we compare the two-color photoelectron spectra with
those obtained with the sole radiation. This comparison is illustrated in Fig.(2) and
Fig.(3) (note the logarithmic scale) for long-range potential and short-range potential,
respectively. From Fig.2(a), it is clearly shown that the effects of the high-frequency
field on the photoelectron spectra is much stronger. That is to say, the LASPI process
is dominated here, but the ATI is almost completely negligible. Fig.2(b) corresponds to
F;=0.044a.u. In this case, the photoelectron spectra is not influenced by the harmonic
radiation at the lower energies, which corresponds here to the first three peaks between 0
and 0.3a.u. Therefore, we can say that the ATT is dominated at this region. In addition, it

is also seen that, at energy range in photoelectron spectra, the interplay between ATI and
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Fig.3 Effects of the high-order harmonic radiation on the photoelectron spectra for short-range potential,
in the same conditions as in Fig.1. (a) Fr,=0.021a.u. solid line, Fg=0.0675a.u; dot line,Fgr=0. (b) Same
as (a), with F, = 0.044a.u.

LASPI are dominated from 0.3a.u to 0.4a.u. On the other hand, we note that the effects of
the high-frequency field on the photoelectron spectra becomes stronger gradually. That is
to say, the LASPI begins to dominate at higher energies, which ranges here approximately
from 0.4a.u to 1.0a.u..

For short-range potential, the results are shown in Fig.3. It is clearly shown that the
effects of the harmonic radiation on the photoelectron spectra are much stronger, either
at the lower laser intensity [as shown in Fig.3(a)], or the higher laser intensity [as shown
in Fig.3(b)]. Namely, for short-range potential, the LASPI is always dominated when the
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fundamental field intensity is varied.

5. Conclusion

In this paper, we have investigated the effects of the model potential on two-color
multiphoton ionization of atoms. Our own investigations have been based on the resolu-
tion of the TDSE for one-dimensional model potentials, either long-range or short-range.
We find that the whole magnitudes peak of the short-range potential is higher than long-
range potential’s. On the other hand, we have also shown that the two different model
potential leads to the two-color ionization process growing difference. For long-range po-
tential, the LASPI is dominant at relatively lower laser intensities, but at higher laser
field strengths, the ATI is dominant in the low-photoelectron-energy region, the LASPI
is dominant in the high-photoelectron-energy region. For short-range potential, whether

at lower or higher laser intensities, the LASPI is always dominant.
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Abstract
Using multi-configuration Dirac-Fock method and the corresponding packages GRASP92

and RATIP, as well as the recently developed computational program RERRO06, the
inner- and outer-shell photoionization cross sections related with the configurations 1s%nl
(n =2,3;1 = s,p) of Lithium have been calculated. In present calculations, the relaxation
effects and relativistic effect are included in systematical way. It is found that relaxation
effect plays important role in the inner-shell photoionization processes, but contrarily in
the outer-shell photoionization processes. Furthermore, the effects of relaxation on inner-
shell photoionization processes from different states is not the same. It is more important
for the excited states than for the ground state, and for the higher excited states than for

the lower excited states.

Keywords: Multi-configuration Dirac-Fock method, relaxation effects, photoioniza-

tion cross section, photoelectron spectrum

1.Introduction
Photoionization (PI) was regarded as an inverse process of Radiative Recombination
(RR), which is one of the basic processes in nature. In PI process an atom (ion) absorbs
one photon and the electron in the atom (ion) will be ionized. There are two typical
PI processes — main and shake up (down) PI processes. For main PI process, just one
electron involved in the PI process which is a normal one and can be explained by single-
electron approximation, while for shake up (down) process, accompanying the emission
of photoelectron, another electron has been shaken up (down) to a higher (lower) state in
residual ions, which can’t be explained if neglecting the correlation effects. Investigation
on PI process is very important for understanding the celestial physics, X-Ray, and espe-
cially in radiant balance of plasmas (such as high temperature plasmas and thermonuclear
fusion plasmas), etc.
Lithium has been chosen as a candidate for investigation of relaxation effects because
it is the simplest system with open shells and several electrons. Furthermore, the study

can provide useful information to other PI of similar systems. There are many works
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on PI of Lithium in early times. However, most of them just investigate the process
related to the ground state 1s22s. For example, the outer-shell photoionization cross
section (PICS) have been calculated in 1975 by Bhatia et al.[1] and Chang et al.[2] using
a method of polarized orbitals and many-body theory separately. And the inner-shell
PICS was calculated in 1990 by Lisini et al.[3] and Armen et al.[4] by applying R-matrix
and non-resonant multichannel scattering approach. In aspect of experiment advance,
Hudson et al.[5] observed the outer-shell PI process as early as in 1965, and Ferrett et
al.[6] measured the inner-shell PICS in 1987, afterward in 1991, Langer et al.[7] measured
the inner-shell PICS again in high resolution.

However, for lithium at excited states, there are only theoretical studies available[8 —
11] in early times. Until recently, with quick development of experimental techniques, it
is become possible to produce and keep Li atom at excited states (such as 1s*2p, 1s?3s
and 1s?3p, etc.) for a little long time. As a result, it is possible to measure the PICS
for excited states. For example, Cheng et al.[12] measured the photoelectron spectrum
from main PI process for 1s?nl (n =2,...,10,1 = s,p,d) in 1999. And in 2006, Amin et
al.[13] measured the outer-shell PICS of 1s?2p ?Ps/5 and 1s?3s 25} /2. At the same time,
Saleem et al.[14,15] measured the outer-shell PICS of 1s*2p 2P;; and 1s*3p 2Pj5. In
2007, Hussain et al.[16] observed the outer-shell PI process of 1s%3s 135, especially for
the first time, Cubaynes et al.[17] observed the photoelectron spectrum of inner-shell PI
of 1s?nl (n = 2,3;1 = s, p) including main and shake up process with high resolution, and
discussed the intensity inversion between main and satellite lines in atomic PI processes.
These latest experimental advances have provided good chances and new challenges to
carry out further theoretical study.

In order to obtain the full understanding of the PI process of 1s*nl (n = 2,3;1 = s, p),
the inner- and outer-shell PICS of this configurations have been calculated in detail by
using multi-configuration Dirac-Fock (MCDF') method[18] and the corresponding packages
GRASP92 and RATIP, as well as the recently developed RERR06 which could include
relaxation effects, the inner- and outer-shell PICS of configurations 1s?nl (n = 2,3;1 =
s,p) for atom Lithium have been calculated in detail , and the effect of relaxation on PI

from different initial states have been studied systematically.

2. Orbital Relaxation in Lithium
Electronic density distribution will be rearranged after emitting an electron in atom
(ion), because the potential of the residual ions have changed. This effect is the source

of relaxation effect and can be reflected purely by the electronic average orbital radius
(AOR). Fig.1 shows the electronic AOR before and after PI, it can be found that the AOR
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Figure 1: Electronic AOR before PI in atom and after PI in ion.

of inner-shell 1s; /5 nearly unchanged, while the AOR of outer-shell 25/, 2p; /2 and 2p3 /o
have been reduced about 1.3783 ag (35.6%), 2.6190 ag (54.6%) and 2.6194 ag (54.6%), and
the outer-shell 351/, 3p1/2 and 3ps/» have been reduced about 4.1853 aq (34.3%), 6.0230
ap (49.4%) and 5.8683 ag (48.2%) separately. In general, the AOR of electrons in residual
ion will change dramatically throughout the PI process. Furthermore, rearrangement of
electron density distribution will arise acute changing of character of relevant processes,

so 1t have to be considered in calculation of PICS for Lithium.

3. Inner-shell PICS

Fig.2-5 shows the inner-shell PICS of 1s?nl (n = 2,3;1 = s,p), and other experi-
mental as well as theoretical results. Where, V and L are the present calculated result in
velocity and length gauge separately. It is worth noting that in Fig.5 our results decreased
gradually as photon energy approaches the ionization limit. It is because of destructive
interference of configuration interaction[4,19]. Furthermore, it can be seen from Fig.2 that
the shake up PICS is smaller than the main PICS, and in Fig.3 they are almost the same,
but in Fig.4 the shake up PICS is a little bigger than the main PICS, while in Fig.5 the
shake up PICS are quite bigger than the main PICS. It indicate that the shake up process
for high excited state is stronger than for low excited and ground state. In another word,

the relaxation effect in high excited states is stronger than that in low excited state

4. Outer-shell PICS
Fig.6-9 shows the outer-shell PICS of 1s*nl (n = 2,3;1 = s,p). Good agreements are

obtained between our results in two gauge and between our results and other experimental
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Figure 2: Inner-shell PICS from the ground state 1s22s.
Corresponding to final states 1s2s(13S) and 1s3s(13S)
are the main and shake up PICS separately.
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Figure 4: Inner-shell PICS from the excited states 1523s.
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Figure 3: Inner-shell PICS from the excited state 1522p.
Corresponding to final states 1s2p(13P) and 1s3p(1:3P)
are the main and shake up PICS separately.
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Figure 8: Outer-shell PICS from excited state 1s23s. Figure 9: Outer-shell PICS from excited states 1323p1/273/2.

as well as theoretical results.

5. Relaxation effect on PICS

In the outer-shell PI process, inner-shell electronic density distribution nearly un-
changed, so the relaxation effect is not obvious. While in the inner-shell PI processes,
outer-shell electronic density distribution changed dramatically due to the creation of hole
in inner-shell, so relaxation effect is very important. To make clear the regularity of the
effect on different PI processes from different atomic states, the photoelectron spectrum
(PES) of 1s?nl (n = 2,3;1 = s,p) was shown in Fig.10 at photon energy 100eV with
kinetic energy of photoelectron shifted properly. Fig.10(a) and (b) include latest experi-
mental[17] and our calculated PES for 1s*2s and 1s*2p, while Fig.10(c) and (d) include
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results.

PES from 1s%3s and 1s%3p for experiment[17] and our results separately. In general, shake
up lines usually lies in the red wing of main PI lines. In Fig.10(c), lines 1-3 are relevant
to conjugate shake up processes. It can be found from Fig.10 that the relative intensity
of shake up lines to main lines is bigger for excited states than for the ground state, and
becomes bigger through the first excited state to the higher excited state 1s?3p, which
indicates that the relaxation effect is more important for excited states than for the lower
excited and ground state. It could be understood by the weaker penetration of the valence
electron in the excited states than in the ground states, and in higher excited states than
in the lower excited states. For the valence electron, the weaker penetration indicate the
more evident changing of the effective nuclear charge after PI. while it will lead to the
bigger changing of electron density distribution, and consequently, the more important
relaxation effect is induced[20]. Moreover, these results can be explained by a systematic
increase of the relative importance of electron correlation through the ground states 1s22s
to the excited states 1s*3p as in Ref.[17].

6. Conclusion

Using MCDF method and the corresponding packages GRASP92 and RATIP, as
well as the recently developed RERR06, the inner- and outer-shell PICS of configurations
1s’nl (n = 2,3;1 = s,p) of Lithium have been calculated, and the relaxation effects on
PICS have been discussed in detail. It is found that relaxation effect is important in the
inner-shell PI processes, due to the creation of inner-shell hole will lead to large change

in the potential of residual ions. Moreover, relaxation effect is the main reason for shake
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up (down)[10], so in the inner-shell PI processes, shake up (down) processes have to be
considered. While in the case of outer-shell PI processes, relaxation is not evident, and
it can be neglected, only the corresponding main PICS was discussed. Furthermore, the
PES of shake up (down) and main lines was shown. It is found that the relaxation effect is
more important for the excited states than for the ground state, and for the higher excited
states than for the lower excited states. Again, through the good agreement between our
results and the other experimental and theoretical results, it implies that MCDF is a good
method to study the atom (ion) PI process.
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Abstract

There exist notable discrepancies with regard to the resonance structures when com-
pared R-matrix calculations from the Opacity Project and other sources with recent ab-
solute experimental measurements by Bizau et al. (2005 Astronomy & Astrophysics. 439
387) for Be-like ions N3+ and O?* and B-like ions N2+ 03" and F**. To remove the dif-
ferences between theory and experiment, we performed close-coupling calculations based
on the R-matrix formalism for the photoionizations of ions mentioned above both for
the ground states and the first excited states in the near threshold regions. The present
results are compared with experimental ones by Bizau et al. and earlier theoretical ones.
Excellent agreement is obtained between our theoretical predictions and the experimental
photoionization cross sections. The present calculations show a significant improvement

in comparison with previous theoretical results.

Keywords: photoionization, resonance structure, Be-like ions, B-like ions

1. Introduction

Absolute photoionization (PI) cross sections of atoms and ions are required to model
many physical systems, such as astrophysical or laboratory plasma and the upper at-
mosphere. Multiply charged ions of low-Z elements such as carbon, nitrogen, and oxygen
have been concerned in a number of theoretical and experimental studies due to their
importance in astrophysics [1-11].

The accuracy of these data is very important for practical application. Recently, in
order to test the R-matrix calculations of the Opacity Projects, Bizau et al. [11] measured
absolute photoionization cross sections for the light multiply charged ions of astrophysical
relevance: N2t N3+ O3F O, F3* F*t and Ne**. In the experiment they used the
merged-beam technique combined with the synchrotron radiation from an undulator at
the storage ring ASTRID with ions produced by an ECR ion source. Although there
have been many theoretical studies for those ions, very significant deviations between the
experimental data and the previous R-matrix calculations are observed as concerning the
spectral structure of some ions studied. To improve the accuracy of theoretical calculation,

we calculated the photoionization cross sections of some Be-like and B-like ions mentioned
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above using the R-matrix method [12] and the corresponding program [13]. In this paper,
all cross sections are obtained by using a fine energy mesh of 10~%xz? Ry, z is the charge

on the N-electron target system, z=7%—N where Z is the charge on the nucleus.

2. Be-like ions N3t and O**

For N3+ and O%" ions, the present R-matrix calculation includes five lowest Li-like
LS target states. In the wave-function expansion of these target ions, six real and three
pseudo-orbitals (1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d) are employed. The 1s and 2s orbitals
are Hartree-Fock orbitals for the Li-like ground state 1s22s 2S given by Clementi and
Roetti [14]. The pertinent parameters and coefficients for other orbitals are obtained by

optimizing on the energy of given states using the structure CIV3 code of Hibbert [15].

o*

Present
250 ; Experiment

Present
Experiment

R-matrix (OP) —— Rematrix (OP)
R-matrix (Nahar)

251 MCDF (Bizau et al) MCDF (Champeaux et al)

Photoionization cross section (Mb)

0
65 70 75 80 85 90 100 105 110 15 120 125 130

Photon energy (eV)

Figure 1: Comparison of different results for the photoionization cross sections of the Be-like ions N3+ (left), O (right).
Top: dotted (black) line was experimental data of Bizau et al. [11], solid (red) line was present R-matrix calculations;
middle: previous R-matrix calculations, solid (black) line was result of Tully et al. [1] from Opacity Project, dotted (red)
line was calculation of Nahar [5]; bottom: the MCDF calculations, calculated by Bizau et al. [11] and Champeaux et al. [6]
for N3+ and O*t, respectively.

We calculate photoionization cross sections of N3* and O** from the ground state 2s?
1S and excited state 2s2p *P° near the thresholds. In order to make a comparison with the
recent measured absolute photoionization cross sections of Bizau et al. [11] directly, we
convolute our calculated cross sections with the resolutions used in the experiment (230

and 250 meV for N3* and O**, respectively), and the final result is a sum of the ground
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and metastable contributions, weighted by their relative abundance (65% and 50% for N3+
and O for ground states, respectively). Figure 1 displays the comparison between dif-
ferent results, besides the present R-matrix calculation, the earlier R-matrix and MCDF
calculations are also included. For N3*, the strength of the resonances obtained by both
the MCDF and R-matrix calculations is not agreed very well with the experimental mea-
surements. For O*", either the magnitude of the continuum cross section or the strength
of the resonances gets a good agreement between the present R-matrix calculation and
the experiment. To match the experimental results, we have shifted calculated energy
scale by 0.15 eV to the higher side for excited state in the case of O**,

As a part of the Opacity Project (OP), Tully et al. [1] calculated total photoionization
cross sections from all terms with L<3 lying below the first ionization threshold of Be-
like ions including N3+ and O*" in LS coupling using the R-matrix method. It can
be found that though the magnitude of the continuum cross section was reproduced
correctly in the calculations of Tully et al., the relative intensities of resonances are not
agreed well with experimental results especially for the excited states. More recently,
Nahar [5] calculated photoionization cross sections of several oxygen ions using both LS
coupling and relativistic Breit-Pauli R-matrix approach. For O**, Nahar obtained PI cross
sections for the ground 2s?(*S) and excited 2s2p(*P?,'P?) states. The calculated spectra
reproduced all observed resonant features, shapes, and energy positions in measurements
of Champeaux et al. [6], see Fig.7 in Ref.[5], but there are also differences. In comparison
with recent experimental results of Bizau et al. [11], Fig.1 (right, middle panels), some
discrepancies for the intensity of the peaks still existed. The MCDF calculations (N3* by
Bizau et al. [11], O** by Champeaux et al. [6]) described the resonance structures very
well, but it is not the case for the absolute values. For N3* the strength of resonances
is underestimated in the spectra of the metastable state. For O*" the magnitude of
the continuum cross section is smaller than that in measurements of the ground state
part. It also can be observed that the MCDF calculations are not able to produce all
resonances for the excited state of N3t and O*'. The present R-matrix calculations
reproduces all resonances observed in experimental spectra. For N3, it is the same
as what happened in the MCDF calculation of Bizau et al., the strength of resonances
calculated at present is underestimated in comparison with experimental measurements.

The resonance structures and intensities all agree very well with recent experiment by
Bizau et al. [11] for O*F.

3. B-like ions N?*, O3t and F**

In the calculations for B-like ions, we include twelve lowest target states. In the
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wave-function expansion of these target ions, six real and three pseudo-orbitals (1s, 2s,
2p, 3s, 3p, 3d, 4s, 4p, 4d) are included. The 1s, 2s and 2p orbitals are Hartree-Fock
orbitals for the Be-like ground state 1s?2s* 'S given by Clementi and Roetti [14]. The
pertinent parameters and coefficients for other orbitals are obtained by optimizing on
given energy of states using the CIV3 code [15]. The calculated energies for target states

and ionization energies agree very well with experimental values.

N2+ 03+ F4+

Experiment 1 Experiment Experiment

‘JAW L B RO e T

Present 1 Present Present

ZMMMZ Mj

R-matix (OP)
~~Rematrix (Nahar, 1998) i
Rematrix (Nahar,2004) s

10 4—R-matrix (OP) 4
R-matrix (Nahar and Pradhan).

R-matix (OP)

iﬁUM& :

MCDF (Bizau et al)

MCDF (Champeaux et al) MCDF (Bizau et al)

Photoionization cross section (Mb)

) 3 ) 3 % o

Photon energy (eV)

Figure 2: Comparison of different results for the photoionization cross sections of the B-like ions N2+ (left), O3F (center),
F4t(right). Top: the experimental data of Bizau et al.; Second: present R-matrix calculations; Third: previous R-matrix
calculations; bottom: the MCDF calculations. The theoretical spectra have been convoluted with Gaussian distributions of
100, 250 and 500 meV (FWHM), respectively, and are calculated under the assumption of a (2P°:4P) fraction of (0.90:0.10)
for N2+ and F** and (0.84:0.16) for O3F. For N2+ and F4*, we have shifted calculated energy scale by about 0.15, 0.25
eV, respectively, to the higher-energy side for ground state.

Figure 2 displays the comparison between the experimental and theoretical results. The
calculated results are convoluted with 100, 250 and 500 meV and summed with mixing
fractions 10%, 16% and 10% for *P, 90%, 84% and 90% for 2P° in the case of N?* O3+
and F**, respectively. For N?* and F**, we have shifted calculated energy scale by about
0.15, 0.25 eV, respectively, to the higher-energy side for the ground state. It can be

observed from Figs.2 that some resonances observed in the experiment were missed in
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the LS coupling results. The missed resonances lie in the energy range E(2s* 'S)-E(2s2p
3P°) for metastable state 1P, they can be formed in this range from allowed transitions
with relativistic fine structure, but not via LS coupling, *P1/23/252+hv — 25*('S)np
Zpe /2,3/2- 10 present paper, we focus on the photoionizations which can be produced in
LS calculations.

14
12
10

onNn A o

Photoionization cross section (Mb)
IS
T

Photon energy (eV)

Figure 3: photoionization cross sections of N2%(top), O3t (middle), F4* (bottom). The theoretical spectra have been
convoluted with experimental bandwidth.

The photoionization cross sections of the B-like ions N?*, O3 and F** have been
calculated utilizing the R-matrix method by Fernley et al. [2] as part of the Opacity
Project. Employing the same method, Nahar and Pradhan [3] calculated the cross sections
of the ions of C and N. Nahar [4] calculated the cross sections for oxygen and its ions.
All the above investigations were non-relativistic and R-matrix calculations including
relativistic effects have been carried out for oxygen ions by Nahar [5]. These results are
also showed in Fig.2 (third panels) and we can see that these calculations can be able
to reproduce the magnitude of the continuum cross sections, but fail to describe many
details of the spectral structures, especially for O3 and F**.

Using MCDF method Bizau et al. [11] and Champeaux et al. [6] calculated photoioniza-
tions for N2+, F4 and O3*, respectively. And the results are displayed in Fig.2 (bottom

panels). The MCDF description of the cross sections is fairly good for the gross features
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but fails to give resonances positions correctly. As can be seen later the peaks are shifted
in energy by up to £1 eV.

Present calculations show a significant improvement in comparison with previous theo-
retical results. Either the magnitude of the continuum cross sections or spectral structures
and peak positions agree very well with recent experimental results of Bizau et al. [11].

Although the R-matrix approach can not identify the peaks straightforwardly, the par-
tial cross sections can still provide some useful information. In figure 3 we display the
partial cross sections and for the sake of clarity the convoluted results are given. We
can see that beside the resonances coming from the ground state there are also some
strong peaks due to transitions from the metastable state. We identify these resonances
from NIST as 2p%(*P)np 4D°,*P° two-electron transition from the metastable state and
compare with their energies in table 1. We can see that the present results are in good

agreement with NIST values, the difference between them is less than 0.1 eV.

Table 1: Energies of the resonances 2p?(3P)np 4D°,4P° (in V) for N2+ 031 and F*+.

N2+ OS+ F4+
Level NIST[16] Present NIST[16] Present Present

2p?(P)4p 1D°  53.11 53.05 79.52 79.46 120.79
4pe 53.25 53.19 79.65 120.88

2p2(3P)5p 4D°  56.57 56.49 85.33 125.47
ipo 56.63 56.54 85.41 125.52

2p2(3P)6p “D°  58.36 58.27 88.40 128.24
ipo  58.39 58.30 88.44 128.26

2p2(3P)7p 4D°  59.41 59.31 90.20 130.01
ipo 5942 59.33 90.22 130.02

4. Conclusion

In conclusion, we have calculated photoionization cross sections of Be-like ions N3+
and O*" and B-like ions N2, O3* and F** that are in excellent agreement with recent
experimental determinations. In cross sections of B-like ions we find resonances 2p?(*P)np
4D° AP for the first time. Present calculations show that we must employ a very fine
energy mesh in the R-matrix calculation to obtain a perfect result. Our results show
a good improvement in comparison with previous theoretical results. For excited states
of B-like ions we need a relativistic calculation in comparison with recent experimental

result.
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Abstract

According to the wavelengths, relative intensities and transition parameters of lines
in lightning spectra obtained by a Slit-less Spectrograph, and by theoretical calculations
of plasma, the average temperature and electron density for individual lightning discharge
channel have been calculated, and then, using Saha equations, electric charge conservation
equations, particle conservation equations, the particle densities of every ionized-state, the
mass density, pressure and the average ionization degree are obtained. This work gives
another way on the study of lightning physical mechanism besides the electric observation
method.

Keywords: spectra of lightning, temperature, electron density, conductivity, particle

densities, pressure, ionization degree

1. Introduction

Lightning is an important way in global atmosphere electrical circulations. The
researches on the characteristics of lightning return stroke have became one of the most
interesting subjects in atmospheric physics, atmospheric chemistry, laboratory long arc
discharge and other relevant fields. As the occurrence of lightning is very random, and the
transport and development happen at high velocity, the diagnostics of lightning discharge
plasma are hardly to be achieved while optical observation could record the emission
information. The high temperatures in and around the discharge channels of a lightning
stroke cause the dissociation of the major atmospheric constitutions and the formation
of atoms and ions. As we know that lightning is a significant source of nitrogen oxide to
the atmosphere, this work will give some reference to the research of lightning producing

nitrogen oxide and the effects on the local climate[1,2].

2. Temperature of lightning discharge plasma
The temperature of lightning discharge channel is calculated based on the two essen-

tial assumptions: (a) channel plasma is in the local thermodynamic equilibrium (LTE);
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(b) channel is optically thin. Under LTE assumption, the line intensity can be given by/[3]

hv gA
[ =-"——-Ne */¥ 1
YA (1)
Where v is the line frequency, g, A, Z and E are the statistical weight, transition prob-
ability, partition function and upper excitation energy of corresponding transition, 7' is

the temperature, and this function can be changed into

I\ E
In(—=) = —— 2
n(gA) kT te )
If we take the value ln(g%) as the y-axis and E as the x-axis, then a slope parameter can

1

77, then the temperature can be

be obtained by a linear fit. This parameter is equal to —

calculated.

Table 1: Channel temperatures calculated for NII lines applying multiple-line method.

Position(height/km)  Temperature/K

0.123 29164
1.392 27172
1.827 29100
2.585 28473
3.248 27509
4.516 27369
4.999 27272

Average temperature 28000 =+ 1000

Temperatures at given positions of a discharge channel A (time: 19:24:16, Aug 15,
2002, place: Qinghai) are listed in table 1. It can be seen that temperatures are all above
24,000K. In such high temperature circumstance, the channels will take plasma state.
In general, the more intensive lightning discharge is, the higher the value of channel
temperature is. For a certain return stroke channel, temperatures of different positions

show a tiny trend of falling away with increasing height alone the discharge channel.

3. Electron density of lightning discharge plasma
The ratio of densities between atoms and ions are expressed by the relative intensities of
the atomic and ionic lines. The electron density could be calculated by Saha equation][3].
(2rmkT)*? I,

Ne = TT[ - (

g)’jl)l ) <g/1\4>A cexp(—(V + Ef — E»)/ET) (3)

Where 14, I7 are the relative intensities of atom and ion lines, and E 4, E; are the upper

excitation energies while V' is ionization energy.
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If we make following assumptions: (a) The Ha line is predominantly radiated while the
stroke has one value of electron density; (b) The densities of electron, ion, and neutral
hydrogen across the stroke are approximately constants; (c¢) All effects which may broaden
the Ha line are negligible in comparison with the Stark effect; (d) There is little self-
absorption of Ha within the stroke, then the electron density can be measured from

Stark-broadening of Ha, and that can be express by[4]
ne = C(ne, T)ANY? (4)

Where AN is the full Stark width, and C' is a coefficient which is only a weak function of

the electron density. The values of electron densities calculated by the above two methods

Table 2: Electron density of discharge A at different heights by stark broadening method.

Height(km)  Stark width(nm)  Electron density (cm™3)

8.5 2.562 5.03 x 1017
4.6 2.674 5.36 x 1017
0.64 3.105 6.71 x 1017
Average electron density 5.7 x 1017

Table 3: Electron density of discharge A at heights 8.5 km by Saha equation.

Lines(nm) Electron density (cm™3)
600.8/463.0 2.54 x 1018
600.8/568.0 1.25 x 1018
600.8/594.2 1.45 x 1018
Average electron density 1.75 x 1018

are listed in table 2 and table 3. The result shows that the electron density changes from
10'7 to 10 em™3. Generally speaking, the more intensive lightning discharge is, the
higher the values of channel temperature and electron densities are. For a certain return
stroke channel, electron densities at different positions show signs of falling away with
increasing height alone the discharge[11], with the same changing rules as temperature.
The electron density calculated by stark broadening method are lower than that of
Saha equation, that’s because the maximum intensities of the lines belong to NI, NII and

Ha don’t emit at the same time. Lightning channels are almost completely ionized.

4. Particle densities of lightning discharge plasma
Based on the temperature and electron density that have been calculated according to

the above methods, and using the Saha function again, the particle densities could be
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obtained. Further more, the particle distributions represent by the occupation of particle
in same element total amount, number of particles per air atom, pressure, mass density

and average ionization degree are also worked out and listed in table 4 and table 5.

Table 4: The particle densities and distribution of lightning return stroke A at 28000K with ne=1.75E18

Particles  Particles density = Particle distribution = Number of particles per air atom

electron — — 1.022E4-00
NI 2.827E15 0.209E-01 2.156E-02
NII 1.270E18 0.941E00 7.129E-01
NIII 5.192E16 0.384E-01 4.653E-02
NIV 2.777E11 0.206E-06 4.715E-07
Ol 1.100E16 0.304E-01 1.010E-02
OI1 3.465E17 0.959E00 1.952E-01
OIII 3.938E15 0.109E-01 3.715E-03
o1V 7.564E09 0.209E-07 1.427E-08
Arl 1.318E14 0.762E-02 6.852E-05
Arll 1.297E16 0.750E00 6.600E-01
ArIIlI 4.186E15 0.242E00 3.325E-03
ArlV 4.793E12 0.277E-03 6.732E-06
ArV 2.025E06 0.117E-09 5.919E-12

Table 5: The characteristic parameters of lightning discharge channel A.

Channel temperature T' 28000K
Electron density ne 1.750 x 108em—3
Mass density p 4.217 x 1018kg - m—3
Pressure P 13.048 atm
Average ionization degree 0.977

From the date in table 4 and table 5, we know Lightning channels are almost completely
ionized, and the singly ionized particles occupy the main station while NII has the highest
particle density. Comparing with data of other lightning discharge channels, the relative
concentrations of NII and OII are nearly a constant in lightning channels with different
discharge intensities. Generally speaking, the more intensive lightning discharge is, the
higher the values of channel temperature, electron density and relative concentrations of
highly ionized particles are, but lower for the neutral atoms. At a temperature of 30,000K,
the electron pressure is about 6.7 atmospheres and the pressure due to heavy air particles
(include atoms and ions) is about 6.8 atmospheres. The mass density of channel is lower

and changes from 0.01 to 0.1 times the value of air at standard temperature and pressure
(STP)[5].

5. Conductivity of lightning discharge plasma

197



Generally speaking, the temperatures of lightning discharge channel are about 24,000K,
lightning channels are almost completely ionized, and the singly ionized particles occupy
the main station. If we ignore the neutral atoms and highly charged ions, and consider
that the channel is quasi-neutral, thus the conductivity can be calculated from [6].

e? T?

o= 5}
V3mET (20.2 x 10-6)1g(221 x T/nY/?) )

Table 6: Channel temperatures, electron density and conductivity at different heights of natural and triggered lightning
discharge channels.

Cloud to ground flash Natural lightning discharge channel Triggered
Height(km) 1.862  1.878  2.099 2.266  2.656 —
Temperature(k) 26589 24745 24608 23678 24524 23899
Electron density(10'8cm=3)  2.505  2.470  2.463  2.343  2.478 0.293
Conductivity(10°S/m) 2.28 2.07 2.06 1.93 2.05 1.3

From table 6, we can see that the lightning discharge channel is a fine conductor of
electricity, and the electrons are the main carrier of lightning current. Meanwhile, from
the conductivity characteristic of lightning channel, the phenomenon that the actual lu-

minance of natural lightning are brighter than triggered ones can be inferred.

6. Conclusion

The result shows that the characteristics of lightning discharge plasma have close
relationships with lightning intensities. The transitions from excited states of n=3 in NII
ions are main composition of lightning spectra. Geographic situation and absolute alti-
tude of observation site have a obvious influence on the feature of lightning spectra[7,8].
In general, temperature of lightning discharge channel can reach about 24,000K, and the
electron density changes from 107 to 10'® per cubic centimeter. For a certain return
stroke channel, both temperatures and electron densities of different positions show tiny
trends of falling away with increasing height alone the discharge channel [9-11]. Lightning
channels are almost completely ionized, and the singly ionized particles occupy the main
station while NII has the highest particle density. On the other hand, the relative concen-
trations of NII and OII are nearly constants in lightning channels with different discharge
intensities. Generally speaking, the more intensive lightning discharge is, the higher are
the values of channel temperature, electron density and relative concentrations of highly
ionized particles are, but lower for the neutral atoms. At the temperature of 28,000K,
the electron pressure is about 6.7 atmospheres and the pressure due to heavy air particles

(include atoms and ions) is about 6.8 atmospheres. The mass density of channel is lower
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and changes from 0.01 to 0.1 times the value air at standard temperature and pressure

(STP)]5].
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Abstract

The radiative electron capture (REC) in collisions of U™ ions with N target mole-
cules has been studied theoretically. In this study, the REC cross sections and photon
energies of the capture into the levels of the 1s*2snl (2<n<9, 0<I<6) configurations,
starting from the 1s?*2s ground configuration of Ut ions, have been calculated by ap-
plying the recently developed program RERRO06. This program is based on the RATIP
package and includes the contributions of most important multipole transitions. The
REC spectra were generated by convoluting the RR cross sections with the Compton
profile of the Ny molecule. The calculated REC spectra are in good agreement with the

observations of new experiments at GSI.

Keywords: REC, Compton profile, relativistic theory, MCDF

1. Introduction
The importance of electron-capture processes in laboratory fusion and astrophysical
plasmas is well known[1-2]. Radiative recombination (RR) and radiative electron capture
(REC) are two elementary processes for plasma equilibrium. RR involves collisions of
highly-charged ions with free electrons, where the free electron undergoes a direct tran-
sition into a bound state of the stationary ion via the emission of a photon with the
energy of difference between the initial and final state of the whole system. The energy
of emitted photon is continuous and depend on the initial kinetic energy of the incom-
ing electron. Another process-REC-occurs in ion-atom/molecule collisions in which the
captured electrons are provided by target atoms/molecules and the final projectiles emit
radiation during the capture. This is analogous to RR when viewed in the projectile ion
rest frame in the context of the impulse approximation[3].
REC was identified in experiments by Raisbeck and Yiou[4] and by Schnopper et al.[5]
who first observed unusually energetic x-rays from fast heavy-ion collisions in which

the projectile ion captured a weakly bound target electron. Subsequently this process
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was extensively studied both experimentally and theoretically including the direct ob-
servation of REC photons, the angular distribution, and the interference effects in REC
processes[6-11]. Recently the formation of singly excited states 1s2s 1Sy and 1s2s 3S; in
He-like uranium by K-shell ionization of the initially Li-like species colliding with nitrogen
atoms/molecules has been studied by Rzadkiewicz et al.[12].

In this paper, the following REC processes,
Ut (15%25) + Ny — UBT(15°2snl) + Ny 4+ hw'F9(2 <n < 9,0 <1 < 6),

is of our interest. According to the impulse approximation, the process mentioned above

can be viewed as its related RR process,
Ut (15%2s) + e~ — UH(15%2snl) + hw™(2 <n < 9,0 <1 < 6),

which should be studied firstly, and additionally the Compton profile of Ny[13] should be
given to reproduce the final REC x-ray spectra[12]. The REC cross section is found to be

convolution between the RR cross sections and the Compton profile of the Ny molecule.

2. REC cross sections

The RR cross sections have been calculated using the recently developed program
RERRO06[14] which is based on the RATIP package[15]. The present calculation was
compared with the experimental spectra which was recorded at an observation angle of
0 = 30°[12]. Figure 1(a) shows experimental spectra associated with electron capture
(outgoing charge state of U®T)[12]. From this figure, in the mid-energy region, the
observed radiation is dominated by radiative electron capture (REC) into L, M, and higher
shell of the projectile. The appearance of broader feature results from the distribution
of electron momentum projection along the direction of the projectile in the target Ny
molecules. The theoretical REC and related RR spectra in the projectile frame have
been shown in figure 1(b) and (c). Firstly, it is found in the present results that with
the decreasing of photon energy the loosely bound electron in the target is captured into
L-shell, M-shell, and up to S-shell by the highly charged Li-like uranium. Secondly, the
probabilities of capture into L-shell, M-shell, and up to S-shell decrease gradually, which
gives less probability of capture by highly charged Li-like uranium for higher shells. At the
same time it is found that the energy levels quite close to one another near the ionization
limit of the projectile, many RR lines can contribute to the peak in lower energy, however,
there were eight shells (L-, M-, N- and O-S-shell) considered in the present calculation.
As a result, the experimental spectrum is broader than the present theoretical spectra.

As seen in figure 1, excellent agreement between the experimental and theoretical results
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Figure 1: Projectile x-ray spectra for 98 MeV/u U89+ — N collisions (a) simulated by folding the initial electronic
momentum distribution in the cross section for radiative recombination, (b) calculated RRCS to identify the contribution

of the RR processes and (c) measured coincidence with electron capture (U88+)[12], including the relevant Doppler shift in
(a) and (b).

is obtained, and the five marked peaks can be identified, which have been designated by
the dominant RR lines.

3. Conclusion
In summary, REC spectra in collisions of Li-like uranium ions with Ny targets at the

projectile energy of 98MeV /u has been reproduced and compared with the normalized
experimental spectra. A good agreement between the present results for the relative
intensity and the experiment has been found. At the same time it also has been proved
that the resulting line can be used to identify the contribution in each experimental peak.
In addition, such a good agreement also implies another way to study the Compton profile
of the target No. Here, it is suggested that if the related RR cross sections for the REC
processes and the experiment REC spectra could be obtained exactly, the Compton profile
of the target atoms or molecules could be evaluated and further the electron momentum
distribution in the targets by using the method similar to deconvolution.
Acknowledgments

This work was supported by the National Natural Science Foundation of China (Grant
No0.10434100, 10774122), the Core-University Program between Japanese Society of Pro-

202



motion of Science and Chinese Academy of Sciences, the Specialized Research Fund for
the Doctoral Program of Higher Education of China (Grant No. 20070736001), the Foun-
dation of Center of theoretical Nuclear Physics of National Laboratory of Heavy Ion
Accelerrator of Lanzhou, and the Foundation of Northwest Normal University(NWNU-
KJCXGC-03-21).

References

1] J. Eichler, Phys. Rep., 193, 165 (1990).
] C. R. Vane, S. Datz, P. F. Dittner et al., Phys. Rev. A, 49, 1847 (1994).
D. Brandt, Phys. Rev. A, 27, 1314 (1983).
G. Raisbeck and F. Yiou, Phys. Rev. A, 4, 1858 (1971).
H. W. Schnopper, Hans D. Betz, J. P. Delvaille et al., Phys. Rev. Lett., 29, 898 (1972).
A. Ichihara, T. Shirai, and J. Eichler, Phys. Rev. A, 49, 1875 (1994) .
Th. Stohlker, C. Kozhuharov, P. H. Mokler et al., Phys. Rev. A, 51, 2098 (1995).
R. Anholt, S. A. Andriamonje, E. Morenzoni et al., Phys. Rev. Lett., 53, 234 (1984).
Th. Stohlker, H. Geissel, H. Irnich et al., Phys. Rev. Lett., 73, 3520 (1994).
X. W. Ma, Th. Stohlker, H. F. Beyer et al., Nuclear Physics Review, 19, 131 (2002).
A. Gumberidze, Th. Stohlker, G. Bednarz et al., Nucl. Instr. and Meth. B, 205, 374 (2003).
J. Rzadkiewicz, Th. Stohlker, D. Bana$ et al., Phys. Rev. A, 74, 012511 (2006).
J. S. Lee, J. Chem. Phys., 66, 4906 (1977).
C. Z. Dong, X. B. Ding, L. Y. Xie et al. (unpublished).
S. Fritzsche, J. Electron Relat. Phenom., 114-116, 1155 (2001).

203



Theoretical Study on Low-lying Level Structures and Excited
States Properties of the Super-heavy Elements Uub(Z=112)
and Uuq(Z=114)

Youjun Yu!, Jiguang Li!, Chenzhong Dong!?*, Xiaobing Ding'

Stephan Fritzsche® and Burkhard Fricke®

1) College of Physics and Electronic Engineering, Northwest Normal University, 730070 Lanzhou, China
2) National Laboratory of Heavy Ion Accelerator of Lanzhou,730000 Lanzhou, China
3) Gesellschaft fiir Schwerionenforschung, D-64291 Darmstadt, Germany
4) Institut fir Physik,Universitiat Kassel, D-34132 Kassel, Germany
* e-mail: dongcz@nwnu.edu.cn

Abstract
Multi-configuration Dirac-Fock method (MCDF) is employed to calculate the ion-

ization potentials, excitation energies and oscillator strengths for all neutral and ionized
species of element Uub, as well as the homologue elements Zn, Cd and Hg. And a similar
calculation was performed for the element Uuq and it’s homologues. Using an extrap-
olative scheme, improved ionization potentials of Uub were obtained with an uncertainty
of less than 0.5 eV and for Uuq within 2000 ¢m~!. Some relatively stronger resonance
transitions are predicted for the elements Uub and Uug.

Keywords: low lying levels structure, oscillator strength, ionization potentials, MCDF
method

1. Introduction

Studying on the physical and chemical properties of the super-heavy elements is
always a common problem with interests, especially, since the mid-1960s the existence of
an “island of stability” for the super-heavy elements has been predicting by nuclear theoy.
Great excitement about the possible existence of super-heavy elements is the driving force
for a large number of experimental and theoretical studying of these elements.

Recently, some chemical properties and atomic spectra of a few super-heavy elements
have been studied using the gas-phase chromatography technique by Schddel group [1]
or two photons resonance ionization spectroscopy on-line technique by Sewtz group [2].
However, the experiment is still difficult due to the short half-life and very low production
rate for super-heavy element. In addition, it is well known theoretically that some chemical
properties might not follow the trends of the lighter homologue in the chemical groups
due to the strong relativistic effects and electron correlation effects in the super-heavy
elements [3]. In order to obtain reliable information in limited time, it is desirable to
make good theoretical predictions. Theoretical work has made a progress in molecular
calculations for element Uub [4] or Uuq compounds [5], but the reliable basic atomic

structure calculations is still little. A more direct approach to investigate relativistic
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effects of these elements is to study the atomic level schemes as well as the first ionization
potentials theoretically.

In this paper, the ionization potentials, excitation energies and oscillator strengths
for neutral and ionized species of elements Uub(Z=112) and Uuq(Z=114) as well as their
lighter homologues have been calculated using the MCDF method by which the rela-
tivistic effects and electron correlation effects taken into account as complete as possible.
Moreover, the extrapolated ionization potentials were obtained for the two elements Uub

and Uugq.

2. Theoretical method

In this study, wave functions have been generated by the widely—used atomic structure
package GRASP92 [6] which is an implementation of the multi-configuration Dirac-Fock
(MCDF) method. In the MCDF method, an atomic state wavefunction |a(I'PJM) >
(ASF) is approximated by a linear combination of configuration state functions W(~y,. P.J M)
(CSFs) of the same symmetry

a(TPIM) >= 3" () ¥(3,PIM) )

r=1
In standard calculations, the CSFs are constructed from the summation of antisym-
metrized products of a common set of orthonormal orbitals which are optimized by vi-
brational method on the basis of the Dirac-Coulomb Hamiltonian.
According to the time-dependent perturbation theory, the Einstein spontaneous transi-
tion probability for the electric dipole transition from an upper state § to the lower state

a can be given by [7],

ZZ| (PadaMo)|OW|B(PsJ3Mg)) |

Aga =
g 2] —I—l

where O is the electric dipole operator, Jp is the total angular momentum of the upper
state 3, |3(PsJgMp)) and |a(PnJoM,)) are the wave functions of the upper atomic state
# and the lower atomic state «, respectively. Then, absorption oscillator strengths can
be obtained from|7],
ng +1
fﬁO& = - 2 ﬂa

(2J0 + 1)2aw

where j, is the total angular momentum of the lower state a, w is frequency of the photon

absorbed by an atom from the lower state a to the upper state f3.

3. Results and discussions
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Figure 1: The orbital energy diagrams for neutral atom, Figure 2: The orbital energy diagrams for the ground
monocation and dication of the elements Hg and Uub. state configurations [core](n — 1)d'Ons?np? for Ge (n=
4), Sn (n=5), Pb (n=6) and Uuq (n=T7), respectively.

It is well known that the electron correlation effects are very important for calculating
atomic structures of many-electron atoms, especially for the super-heavy element. In
MCDF method, the electron correlation effects can be included via increasing the number
of CSF's by using active space method. In our calculations, the CSFs have been restricted
to all possible configurations which can be constructed from the {(n — 1)d, ns} subshells
with single, double, triple and quadruple excitations into {(n — 1)d,ns,np} ( n= 4, 5, 6,
7 for Zn, Cd, Hg and Uub, respectively) and from the {(n — 1)d,ns,np} subshells with
single and double excitations into {(n — 1)d,ns,np, (n + 1)s, (n + 1)p,nd} ( n= 4, 5, 6,
7 for Ge, Sn, Pb and Uuq, respectively) subshells for a specific total angular momentum
and parity, where the core of each configuration is kept fully occupied and the valence

electrons are excited in all possible ways given above.

3.1 Orbital properties
As can be seen from Figure 1 ; comparing with the light homologue element Hg,
for the neutral atom of element Uub, the stronger relativistic effects lead to the bound
energies of the 7sy/, orbital and 6ds/, orbital to reverse. For the element Uug, as shown
in Figure 2, due to the stronger relativistic effects, the 7s orbital contracted distinctly
and 7p orbital split so large as to form a lower 7p,/, and higher 7ps/, spinor orbital for
element Uuq, which results in an inert 7p? /2 Pair of electrons. Thus, a stabilized electronic

structure 7s*7p? /2 for the ground state of element Uuq [20] was predicted.

3.2 Ionization potentials
The ionization potentials for the Uub and its ions as well as for the homologous

elements Zn, Cd, Hg and for the Uuq as well as its ions and for the homologous Ge, Sn
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and Pb are shown in Tablel and 2, respectively, including the experimental ionization
potentials for the homologous elements [8] and other theoretical results from references
[9,10,12] for Uub and from references [11,12,13,14] for Uugq.

As can be seen from Table 1, for element Uub, the difference for the ionization
potentials (IP) between our results and the values in reference [9], which are Dirac—
Coulomb-Breit interaction, is large. In addition there exist very old results from reference
[10], which are Dirac-Fock—Slater calculations. The same holds true for the modern
coupled cluster results from reference [12] for the first IP. The results which we have
calculated here can be improved by extrapolation methods given in [17,18]. We obtain
more accurate ionization potentials for Uub, Uub* and Uub?* which are 11.73 eV, 21.98
eV and 32.62 eV, respectively. This extrapolation leads to ionization potentials for element
Uub probably within an uncertainty of 0.5 eV [19].

As can be seen from Table 2, the difference between experimental and MCDF ioniza-
tion potentials is about 3000 to 8000 cm~! per charge state. Based on above procedure, the
ionization potentials for element Uuq have been obtained using the extrapolation schemes

1 At the same time we find

given in [17] that reduced the uncertainty within 2000 cm~
that the ionization potentials of element Uuq are lager than the values of the lighter ho-
mologue elements per charge state, which indicates that in the group IVA, element Uuq

[20] is stronger chemically inert than e.g. Pb.

3.3 Excitation energies and absorption oscillator strengths

Table 3 presents the resonance excitation energies and absorption oscillator strengths
for the neutral atoms of the elements Zn, Cd, Hg and Uub as well as experimental values
[8]. As can be seen from Table 3, our results are in good agreement with experimental
values for Zn, Cd and Hg, however, the difference increases with the charge state almost
like the results of ionization potentials. For the oscillator strengths, we present our results
with length gauge and velocity gauge respectively, and the values in two gauges are con-
sistent with each other. Moreover, the results for Cd and Hg are in good agreement with
the experimental values given in references [15,16]. This further indicates that our wave
functions for the calculation of the element Uub are appropriate. Furthermore, we give
more precise results for the low excitation energies and resonant oscillator strengths using
a extended MCDF calculations and predict some relatively stronger resonance transitions
for Hg and Uub [19].

Table 4 presents the resonance excitation energies and absorption oscillator strengths
for the neutral atoms of the elements Pb and Uuq and experimental [8] as well as other
theoretical results [11,13]. As can be seen from Table 4, the discrepancies between exper-

1

imental and present excitation energies are about 5000 cm ™", especially for the neutral
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Table 1: Ionization potentials (in eV) for Zn, Cd, Hg and Uub in the charge states 0 to +4.

Elements Transitions Our calc. Expt.[8] Extrapolated Other theory

Zn [3d0452] —  [3d'%4s1 /5]1 /0 8.48 9.39

Cd [4d0552] —  [4d'551/5]1/2 8.07 8.99

Hg [5d'9652]o —  [5d%6s1 5]1 /2 9.33 10.43

Uub [6d107s2]o — [6d§/26d§/27s2]5/2 10.75 11.73 11.97 [9]
11.4 [10]
11.5 [12]

Znlt [3d'%4s1 2]1 /2 —  [3d)0 16.85 17.96

cdt+t [4d'95s1 /5]1 /2 —  [4d) 15.62 16.90

Hglt [5d'9651 /2]1 /2 —  [5d%p 17.73 18.75

Uublt [6d§/26d2/2752}5/2 - [6d§/26d§/27s2]4 20.84 21.98 22.49 [9]
21.1 [10]

Zn%* [3d'%]o —  [3d3 /23dg J2)5/2 37.46 39.70

Cd?+ [4d'0]o —  [ad} /24dg /2)5/2 36.07 37.47

Hg?+ [5d'%]0 — [5d§/25dg/2]5/2 32.56 34.20

Uub?+t [6d3 ,6d3 ,75%]a —  [6d3,,6d3 ,]5/2 30.86 32.62 32.8 [10]

Zn3t [3d3,53d3 5 l5 /2 = [3dg,3d5 ola 56.76

3 4 5 4 4

Cdsi [4di/24dg/2]5/2 — [4di/24d2/2]4 50.70

Hg [5d3,,5d3 5 l5/2 —  [Bdg ,5d ola 46.44

Uub3+t [6d§/26d§/2]5/2 — [6d§/26d§/2]4 42.36

elements the discrepancies are within 3000 em 1.

In addition, it is found that two rel-
atively stronger resonance transitions are predicted for Pb and Uuq. In particular, the
strongest line of Uug, corresponding to the [6d"07s*7ps 985121 — [6d"°7sTp3 o transi-
tion at 22 343 em ™!, just lies in the prime energy region, which is planned for observing
low-lying level structure for (super-)heavy atoms using the Resonance Ionization Spec-
troscopy (RIS) technique [21]. So the present result is helpful to be observed in the future

for element Uuq [20].

4. Conclusion

We have presented our results of the ionization potentials, excitation energies and
oscillator strengths in the charge states 0 to 4+ of the elements Uub and Uuq and their
homologues. It is found that the super-heavy elements Uub and Uuq show some exotic
chemical properties, e.g. more inert than their homologues Hg or Pb, respectively, because
of the stronger relativistic effects. Using an extrapolative scheme, improved ionization
potentials of Uub were obtained with an uncertainty of less than 0.5 eV and for Uuq
within 2000 em™!. Some relatively stronger resonance transitions are predicted for the
elements Uub and Uuq and we hope that these results are helpful for observing the low-

lying level structure for the two elements using the Resonance Ionization Spectroscopy
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Table 2: Ionization potentials (in em™

1) for Ge, Sn, Pb and Uuq in the charge states 0 to +4.

Elements Transitions Our calc. Expt.[8] Extrapolated Other theory

Ge [3d'04s4p3 )]0 —  [3d'94s%4p; o]y 0 57814 63600

Sn [4d'95525p? /2l0 —  [4d'%5s?5p; o]y /0 54635 59232

Pb [5d'96526p7 /210 —  [6d1965%6p ja]1 /2 56748 59821

Uuq [6d107527p? /2l0 —  [6d'07s2Tpyso]1/0 65533 66748 68868 [13]
68476 [14]
68791 [12]
68452 [11]

Gelt [3d104s24p1/2]1/2 —  [3d194s2) 122360 128518

Sn'+ [4d'95s25p; jo]12  —  [4d'05s%]g 113688 118017

Pblt [5d'065%6p; /2]1/2  —  [6d*96s%]o 115364 121243

Uuglt [6d'97s2Tpy o]0 —  [6d'07s%]o 133960 138888 136074 [13]
135080 [14]

Ge2t [3d194s2] —  [3d*%s15]1/2 266358 276036

Sn2+ [4d'0552] —  [4d'%5sq /51 /0 237268 246020

Pb2t [5d0652]0 —  [5d'%6s1 /5]1 /2 248913 257592

Uuq?t [6d0752]0 —  [6d'%7s1/5]1/0 279453 288914 288256 [13]

Ge3t [3d'94s1 5]1 /2 —  [3d™] 361647 368701

Sn3+ [4d0551 /2]1 /2 —  [4d'%)p 319217 328550

Pb3+ [5d'96s1 2]1 /2 —  [5d) 329971 341350

Uug3t [6d07s1 /5]1 —  [6d)g 362456 375649 373208 [13]

Table 3: Calculated resonance excitation energies (in eV) and oscillator strengths for Zn, Cd, Hg and Uub in the charge
states 0 to 4+. (L: length gauge, V: velocity gauge)

Transition energies

Oscillator strengths

Elements Transitions Our calc. Expt.[8] L \Y Expt.
Zn [3d'0452]¢ [3d'%4s1 /94p1 /21 4.05 4.03 1.84x107% 4.69x107%
Cd 4d10552]g — [4d'0554 /55D /9]1 3.67 3.80 1.20x1073 1.85%x10~3 (2.00 4 0.003) x 103 @
/2°P1/
Hg [5d'%652]o — [5d'96s1 /26p1 /2]1 4.76 4.89 2.25x1072 1.59x10~2 (2.3740.08) x 10~2
Uub [6d107s2]o — [6d107s1 ,9Tp1 2]1 6.57 9.24x1072 3.42x1072
Zn:_ [3d124s}1/2 — [3d! 04])1/2]1/2 5.75 6.01 6.48x10:1 5.88><10:1
Cd [4d'%55]; 5 — [4d" 5];;1/2]1/2 5.16 5.47 6.64x10~1 5.92x10
Hgt [5d1065]15/2 — [5d! 6p1/2]1/2 6.11 6.38 6.09x10~1 5.21x10~1!
Uub®™  [6d],,6d2 ,7s%]5/5 — [6d3,,6d3 75271 2l7)2 5.46 1.04x107* 5.94x1073
Zn?+ [3d']o — [3d3 5/24;93/2} 15.88 17.37 5.00x1073 6.80x1073
Cd?+ [4d'0)o — [4d} 5/25p3/2} 16.75 17.20 2.71x1072 2.98x10~2
Hg?t [5d'0]o —  [bd2 3/2 5/26p3/2} 13.85 14.71 5.38x1072 6.65x1072
Uub?t  [6d],,6d2 ,7s%]a  — [6d3,6d2 ,7s1/27p3/2]a 6.36 8.22x1072 3.58x1072
Zn3+ [3d3 3 5/210/2 — [3d3 5/24p1/2]7/2 23.02 1.62x107* 1.15x1073
Cd3+ [4d§/ 0/2]5/2 — [4d; 0/25171/2}7/2 20.53 21.37  4.26x107% 1.92x1073
Hg3+ [5d§/2 5/2]5/2 —  [5d% 3/2 5/26p1/2}7/2 15.79 2.23x1073 4.88x10~3
Uub®t  [6d3,,6d3 ,,]5/2 — [6d},,6d3,,7s1/2Tp1)2)3/2  8.73 7.85%1072 4.47x1072
4 4 4 _2 _2
zn;r [3di/23di/2]4 — [3d4 3/2 5/24p1/2}4 34.23 2.48x10 . 3.28x10 1
Cd [4d5 ) 4d2 ,]a — [4d3/24d5/25p1/2}4 26.77 8.44x1072 1.10x10~
Hg'* [5d3 ,55d3 /4 — [5d§/25d5/26p1/2}4 20.09 7.06x107% 1.20x107!
Uub®t  [6dg ,6d3 ] — [6ds,,6d ,,6p1 /2)a 10.97 7.53x107% 5.29x1072

@Reference [15]; *Reference [16].
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Table 4: Resonance excitation energies (in cm ™!
to (n — 1)d*ns?np?.

) and oscillator strengths for Pb and Uuq from (n — 1)d'®ns?np(n + 1)s
(n= 6, 7 for Pb and Uugq, respectively. L: length gauge, V: velocity gauge)

Excitation energies

Oscillator strengths

Elements Transitions Our calc. Expt.[8] Ref.[11] Ref.[13] L \Y%
[5d'06526p; /27s1/2]0 — [5d'065%6py /26p3 0]t 25898 27141 26833 26874  2.79x107! 3.71x107!
[5d'065%6p; /2751 /2)1 — [5d106s26p/} 34458 35287 34239 34711  1.96x10~! 2.02x107!
[5d'06526p; /27s1/2]1 — [5d'065%6p; 26p3 0]t 26578 27468 26275 27180  1.35x107! 1.48x107!
[5d'065%6p; /2751 /2]1 — [6d'965%6py /26p3/a)a 23242 24637 23453 24404  5.37x107! 6.54x1071!
[5d196526p; /2751211 — [5d106526p§/2}2 12269 13829 12580 13858  3.22x1072 1.10x107!

Pb [5d'06526p3 /2751 /2]2 — [5d'065%6p; 26p3/0]1 39396 40369 39883  2.61x10~1 2.74x107!
[5d'065%6p3 /2751 /22 — [5d'065%6py /26p3/a]a 36060 37538 37107  6.24x10~! 5.87x1071!
[5d196526p3 /2751 /2]2 — [5d106526p§/2}2 25086 26731 26561  5.00x107% 3.69x107!
[5d'06526p3 /2751 /2]1 — [5d106526p2/2} 48855 49440 48682  1.10x1073 4.58x1073
[5d106526p3/2Ts1/2]1 — [5d'065%6p; 26p3/0]1 40976 41620 41151  3.80x1072 3.70x10~2
[5d'06526p3/27s1/2]1 — [5d'065%6p; /26p3/0]2 37640 38789 38375  3.95x1072 6.94x1072
[5d'065%6p3 /2751 /2]1 — [5d106526p3/2} 26666 27982 27829  8.41x10~! 9.13x107!
[5d1065%6p3/2Ts1/2]1 — [5d*06526p2 ,lo 16702 19973 19423  1.98x10~! 4.85x10~1!
[6d10752Tpy /2851 /2]0 — [6(1107827]31/27173/2]1 13410 16769 17122  3.06x10~! 4.26x10~!
[6d10752Tpy /2851 /0]1 — [6d107s27p? /2}0 39725 43243 43441  1.48x10~1 2.01x10°!
[6d'075%7p; /2851 /2]1 — [6d'07s%7py/2Tp3sai 13915 17436 17099  1.57x10~! 1.84x10!
[6d10752Tpy /2851 )2]1 — [6d107527p1/27p3/2]2 10162 14852 14458 0.54 1.24
[6d10752Tpy /2851 /2]1 — [6d107327p3/2} -23264 -16018 -17515  6.91x1073 1.94x1073

Uuq [6d10752Tp3 /2851 /0]2 — [6d107s2Tpy j2Tpsso]t 51182 53131  2.41x10~! 3.06x10~1
[6d10752Tp3 /2851 j2]2 — [6d107827p1/27p3/2]2 47429 50490  3.40x10~! 4.23x107!
[6d10752Tp3 /2851 /0]2 — [6d107s27p3/2} 14003 18517  7.55x10~1 9.87x10~1!
[6d10752Tp3 /2851 /2]1 — [6d107s27p1/2} 85332 80455  1.24x1072 3.00x1073
6d107527ps 19851 /0]1 — [6d'078%Tpy /9 Tps/0]1 59522 54113  3.36x1072 3.25x102

3/2051/ /21P3/ )
[6d'075%Tpg /2851 /2]1 — [6d'07s%Tpy )2Tp3/al2 55769 51472  9.24x1072 1.40x10~
[6d10752Tp3 /2851 )2]1 — [6d107527p§/2}2 22343 19499 1.15 0.65
[6d10752Tp3 /2851 /0]1 — [6d107s2Tp2 ,]o 13256 12638  2.34x107! 6.34x1071!
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(RIS) technique.
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Abstract

Solving time-dependent Schrédinger equation numerically, we investigate the high-
order harmonic generation and ionization probability of one dimensional, two dimensional
and three dimensional hydrogen atom exposed to intense laser field. In the tunneling
ionization regime, our results show that the HHG plateau features and cutoff positions of
model hydrogen atoms are well agreement with those of real hydrogen atom, and the trend
of changing of the ionization probabilities with time is similar, but the values of ionization
probabilities for model atoms are different from ones for three dimensional hydrogen atom.
We explain the reason for the difference of ionization probabilities between model atoms

and real hydrogen atom according to the semiclassical three-step model.

Keywords: intense laser field, high-order harmonic generation, ionization probability.

1.Introduction

High order harmonic generation(HHG) is a topic of great interest because of its po-
tential applications for a coherent high frequency EUV radiation[1], a coherent soft x-ray
source[2] and the generation of attosecond pulses[3].

HHG can be investigated by solving three dimensional time-dependent Schrédinger
equation numerically, however, it is very time-consuming[4]. So people use one dimen-
sional model atom[5, 6] and two dimensional model atom[7] instead of three dimensional
real atom to escape huge calculations. Rae et al[8] have compared HHG by one dimensi-
nal model hydrogen atom with results by real hydrogen atom, however, there is no report
about the differences of HHG from two dimensional model atom and real atom subjected
to an intense laser field. In this paper, we study the differences of HHG spectra from two
dimensional model hydrogen atom and real hydrogen atom by solving time-dependent

Schrodinger equation numerically.

2. Theoretical method
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In the length gauge, the TDSE of hydrogen atom in the presence of linearly polarized

laser field can be written as (in atomic units)

0 N
—(t) = HY(t 1
() = H() (1)
The Hamiltonian of one dimensional hydrogen atom as such
. 1 0 1

H=—-2 _ _E(t
2022 /0.5 + 2 rE(t)

The Hamiltonian of two dimensional hydrogen atom is
100 107 1
2022 20y 064+ 22 + o2

The Hamiltonian of three dimensional hydrogen atom as follow

zE(t) (3)

2 72
ﬁ:—;§ﬂ+;ﬂ—i—zm) (@)
The time-dependent wave function is determined by solving Equation(1) with the
second-order split-operator method.
According to the Ehrenfest’s theorem, the time-dependent induced dipole accelera-
tion is given by
d2
da(t) = W) 5 10(2)) (5)
and the HHG power spectra can be determined by

2

11 |
Pa(w) = ‘ / " da(t)e tdt

tr—tiw? Ji,

(6)

The ionization probability of hydrogen atom can be calculated with the normaliza-

tion of the time-dependent wave function

I(t) =1 = (()[4()) (7)
In this work, the electric field of the laser pulse is given by
Lo [T .
E(t) = FEysin <6T> sin wt 0<t<3T (8)
FEy sinwt t>3T

3. Results and discussion
In the tunneling ionization regime, we calculate the HHG power spectra and the

ionization probability of three kinds of atoms in the presence of an intense laser field,
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corresponding to the laser parameters: intensity of electric field is 1.26 x 10MW/cm?,
and central wavelength is 908nm. Figure 1 show the HHG power spectra from model
hydrogen atoms and real hydrogen atom. All the HHG spectra show a typical feature,
namely the first few orders harmonics decline, then exhibit a broad plateau with almost
constant intensity for many harmonics, and finally the intensity of high harmonics decrease
sharply at cutoff. One can see that the HHG plateau features and cutoff positions of model
hydrogen atoms are well agreement with those of real hydrogen atom. Figure 2 show the
variation of ionization probability with the time (in units of T). We can see that the trend
of changing of the ionization probabilities with time is similar, but the values of ionization
probabilities for the model atoms are different from ones for three dimensional hydrogen
atom. To explain the difference of ionization probabilities of model hydrogen atoms and
real hydrogen atom, The semiclassical three-step model[9] is adopted. According to the
simpleman model, firstly the electron tunnels through the barrier formed by Coulomb
potential and the laser field, then it oscillates quasifreely drived by the Lorenz force
and acquires additional kinetic energy, finally it can recombine with the parent ion and
emit a harmonic photon. The highest harmonic energy is I, + 3.17U,, where U, is the
ponderomotive energy and I, is the ionization potential. In one dimensional case, the
electron can move only along x axis (the direction of polarization). In two dimensional
case, the electron can not only move along x axis (the direction of polarization), but also
along y axis. In three dimensional case, the electron can not only move along z axis
(the direction of polarization), but also along x axis and z axis. According to quantum
mechanism, the probability of electron lies in the whole space is 1, and so the probability
of electron move along the polarized direction is highest in one dimensinal case, smaller
in two dimensional case, and smallest in three dimensional case. Therefore, the ionization
probability of one dimensional atom is largest, then smaller in two dimensional case, and

smallest in three dimensional case.

4. Conclusion

By solving time-dependent Schrodinger equation numerically, we investigate the
high-order harmonic generation and ionization probability of one dimensional, two di-
mensional and three dimensional hydrogen atom exposed to intense laser field. In the
tunneling ionization regime, our results show that the HHG plateau features and cutoff
positions of model hydrogen atoms are well agreement with those of real hydrogen atom,
and the trend of changing of the ionization probabilities with time is similar, but the
values of ionization probabilities for the model atoms are different from ones for three

dimensional hydrogen atom because of the different momentum distributions of the elec-
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Figure 1: The high-order harmonic power spectra from hydrogen atom exposed to an intense laser field (in the tunneling
ionization regime).
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Figure 2: The ionization probability of hydrogen atom subjected to an intense laser field (in the tunneling ionization
regime).
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Theoretical investigations of resonance exci-
tation (RE) and dielectronic recombination (DR)
of Co-, Ni, and Cu-like ions are presented em-
ploying relativistic multi-confiugration distorted-
wave approximation. The basic atomic data such
as energy levels, radiative rates and Auger rates
involved in presen work are obtained from the
Flexible Atomic Code [1].

Ab initio calculation of the total DR rate
coefficient from the ground state and the first
excited state of Co-like gold is performed [2].
The DR contributions are explicitly taken into
account from the relevant complexes of Ni-like
ion: 3d§/23dg/2n’l’, 3p°3don/l', 3s3p83d'on/l,
3d34in'l'; 3p°3d°4in’l! and 3s3p53d°4In'l" with
n’ < 25, and 3d®5in/l' with n’ < 9. The con-
tributions from higher complex are evaluated by
extrapolation procedure. The DR contributions
mainly come from complex series 3d®4in/l' and
3p°3d?4in'l". The complex series 3p°3d'°n’l" and
3d®5In/l’ also contribute significantly to the total
DR rates at low and high electron temperature,
respectively. The possible important decays into
autoionizing levels followed by radiative cascade
(DAC) from the resonant levels are taken into
account as well as the resonant stabilizing and
non-resonant stabilizing transitions. The inclu-
sion of DAC transitions enlarge the total DR rate
coefficients by a factor about 10% and may break
down the usual n/~3 scaling law of the partial DR
rates along some complex series. To evaluate the
high contributions from these complex series, the
level-by-level extrapolation method is developed
to include DAC effects. The total DR rate coef-
ficients are fitted to an empirical formula.

The detailed and large-scale calculations on
the resonant excitation rate coefficients from the
ground state to the 106 fine-structure levels be-
longing to 311741'(1 = 0,1,2;1' = 0,1,2,3) config-
urations of Ni-like ions Gd?6T, Ta**, and W46+
have been performed [3]. The contributions
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through all possible Cu-like doubly excited states
31 741n"1" and 311 750'n"1" (n" < 15, 1" < 8) are
explicitly calculated. The validity of n”~3 scaling
law is investigated. The contributions from res-
onant excitation are found to be as important as
direct excitation processes for most transitions.
In some cases, the resonant excitation can en-
hance the excitation rate coefficients by an order
of magnitude. Large discrepancies between the
present resonant excitation rate coefficients with
previously published values are found, and the
present results should be more reliable and accu-
rate.

The effects of configuration interaction on
dielectronic recombination of Cu-like gold ions
through the 3d + ¢ — 4I'4l" capture pro-
cess are studied in the models of isolated con-
figurations approximation, configuration mix-
ing within 3d%4s4{’41" and configuration mixing
within 3d°4141’41"(I > 0) [4]. Nonresonant ra-
ditive stabilizing transitions and decays to au-
toionizing levels followed by radiative cascades,
as well as resonant stabilizing transitions from
the resonant levels, are taken into account. The
additional mixing with 3d%414I'41"(0 < I < I' <
" < 3) shift slightly the peaks of cross section
towards low energy. The rate coefficient at low
temperature is dramatically changed. And the
rate coefficient at temperature above 100eV is
enhanced by a factor between 26% and 13%.
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