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Preface
We dedicate these Proceedings to the memory of Paul Cowan. He passed away on August 16, just
as these Proceedings were being completed. Following this preface is a brief recognition of his work.
It was extremely unfortunate that the illness of Paul prevented his taking part in organizing the
conference, but we were glad that he was able to attend some of the meetings.
This book contains the Proceedings of the workshop on "Atomic Physics at High Brilliance
Synchrotron Sources", held at Argonne on April 23 and 24,1994. The workshop was the third in
our series of joint American - Japanese workshops designed to bring together those people interested
in the future research in atomic physics at the new third-generation x-ray sources: the Advanced
Photon Source (APS) at Argonne, and the Super Photon ring-8 GeV (SPring-8) facility in NishiHarima [The previous workshops were held at Argonne in 1990 and at Himeji in 1992]. The rapid
developments of these two machines are documented in some of the papers presented here, and their
turn-ons are anticipated within the next one and three years respectively - ready to turn on scientists
to a new era of atomic physics using high intensity, adjustable frequency/resolution x-ray sources.
In order to keep to a rapid time line for publishing, these proceedings have been put together in a very
informal manner: some of the contributions have been arranged from copies of the overhead figures
presented at the workshop. We thank those speakers who prepared manuscripts after the conference
at very short notice. The presentations provide signposts to the future x-ray work, and also are an
excellent resource for work completed in the recent past.
The success of the workshop owes much to the hard work of many people' first, we thank Joan
Brunsvold and the staff of the Argonne conference center - they completed their(now expected, and
with their usual invisible efficiency) task of ensuring the arrivals, lodging, feeding and departures of
all the conference participants. The weekend dates of the workshop were a first for an Argonne
meeting of this size. However, thanks to some ingenious solutions for meals and transportation,
everything ran smoothly. We thank Bonnie Meyer and the APS staff for arranging the tour of the
experimental areas of the APS. Colleagues in the atomic physics synchrotron radiation group, Miron
Amusia, Don Gemmell and Tom LeBrun helped to make sure nothing had been forgotten.
We thank Walter Henning, Director of the Physics Division, for his continuing support and for his
opening remarks at the workshop. We also acknowledge financial support from the University of
Chicago Board of Governors, from Frank Fradin, Associate Laboratory Director for Physical
Sciences at Argonne, and from the Department of Energy, Division of Chemical Sciences: this help
was essential in enabling us to provide support for the workshop participants.
Gordon Berry, August 13, 1994

VH

Organizing/Program Committee
We thank the following members for their help in organizing the conference
Miron Amusia
Yohko Awaya
Yoshiro Azuma
Uwe Becker
Nora Berrah
Gordon Berry
Paul Cowan
Bernd Crasemann
Dick Deslattes
Donald Gemmell
James McGuire
Pedro Montano
Fred Schlachter
Ivan Sellin

ANL & Jofie Institute, St. Petersburg
RKEN, Japan
KEK, Japan
Fritz Haber Institute, Berlin
Western Michigan University, Kalamazoo
ANL.
ANL
University of Oregon, Eugene
NIST, Gaithersburg
ANL
Tulane University, New Orleans
ANL
ALS, Berkeley
Oak Ridge National Laboratory and the University of Tennessee

VIII

Paul Lloyd Cowan
July 1, 1950 - August 15, 1994

Paul arrived at Argonne in April 1991 to lead the atomic synchrotron radiation-based group, He
expanded an active program of research at the X24A beam line at Brookhaven, with new involvement
of other ANL staff members. At the same time, Paul has been a prime mover in the development of
the "atomic physics beamline" as part of the Basic Energy Sciences Synchrotron Research Center
(BESSRC) at the Advanced Photon Source. The beamline developments of the BESSRC initiative
and of the APS in general have benefited greatly from his knowledge, dedication and individual effort.
He has led the exciting beginnings of this new area of research which is such a natural development
from his whole life's research interests in the interactions of photons with atoms, molecules and
surfaces.
Paul was one of those rare scientists who combined a deep intellectual knowledge with a tremendous
amount of modesty. Paul's wisdom, experience and his practical nature meant a great deal to our
scientific efforts. On the human side, Paul was a wonderful colleague, he was always a pleasure to
be around and his council, both in technical and non-technical matters, was always extremely
thoughtful. Even over a glass of beer in a local pub or in Japan he never ceased to think on scientific
problems, and it was always a pleasure to be in Paul's company.
Once Paul became ill, his courage and strength were amazing: even after he was quite ill he continued
to give valuable technical advice, which really helped in the development of the APS facility and the
BESSRC beamlines. We are going to miss him.

IX

Paul completed his Ph.D. thesis in November 1977 at the Pennsylvania State University, doing field
ion microscopy research on the behavior of single atoms on metal surfaces under the direction of
Professor Tien T. Tsong. Paul then worked with Dr. Jene Golovchenko at Bell Laboratories in New
Jersey making the first demonstration of the use of X-ray standing waves to accurately locate surface
atoms. Paul moved to the National Bureau of Standards (now NIST) in 1980 to work in Dr.
Deshttes' Quantum Metrology Division. While there he made numerous important contributions to
molecular and surface science and to synchrotron optiss and instrumentation, and became Supervisor
of the Synchrotron Radiation Group in October 1989. During this same period he built the X-24A
beamline at the Brookhaven NSLS which incorporated the now well-known Cowan-Golovchenko
boomerang design crystal spectrometer to give the world's best spectroscopy source of x-rays in ihe
2 to 5 keV energy range. He extended the analysis of threshold phenomena in the x-ray region to
include resonant inelastic scattering, and was a key contributor to the discovery and elucidation of
polarization spectroscopy in the x-ray region.
Paul leaves a wife Jeanne, and two children, Catherine, aged 11, and David, aged 6. We wish them
every possible support for the future.

Present Status of Spring-8 and the Atomic Physics Undulator Beamline
Yohko Awaya and Masaki Oura
The Institute of Physical and Chemical Research (RIKEN) V/ako, Saitanta 351-01, Japan

I. Overview of SPring-8
The Japan Atomic Energy Research Institute (JAERI) and the Institute of Physical and Chemical
Research, both of which are supervised by the Science and Technology Agency (STA), have been
constructing a high-brilliant synchrotron radiation source and facilities at Nishi-harima, Hyougo Pref,
which is called SPring-8 (Super Photon ring-8 GeV). Research and development for the SPring-8
was started in 1987 and the construction in 1991. The first photon beam will be obtained in early of
1997. Project schedule is shown in Fig. 1. As precise descriptions of SPring-8 have been published
elsewhere1, a brief summary of the facilities will be discussed here.
The design energy and stored electron/positron current are 8 GeV and 100mA, respectively, and the
wave length of the radiation is focused on more than lnm. The storage ring is designed to store a
low emittance beam, that is 6.99 nm.rad, and to have 38 straight sections for intersection devices.
The net length of the standard straight section is about 4.5 m, but there are four 30-m straight
sections. In addition to the beamiines with insertion devices, more than 17 beamiines for bending
magnets will be built.
The structure of the storage ring is being built directly on stable rock bed (290-m above sea level)
surrounding Mt. Mihara-kuriyama of 345 m high. The length of the beamline in this building will be
80 m, but some can be extended up to 300 m and 1 km. There will be a controlled area for
experiments with radioactive samples. Along the rim of the building, two laboratory/office rooms
are allotted to each beamline.
Performance goals of Spring-8 is shown in Table 1, and the concept of the facilities, the layout of
SPring-8, the spectral brilliance of Spring-8 are shown in Figs. 2,3 and 4, respectively. Recent
photograph of the Spring-8 cite is shown in Fig. 5.
Lncluded in 1990-1998 SPring-8 budget (Phase 1), there is funding for ten public beamiines, that will
be used by the scientific community. Spring-8 will be open to domestic and foreign universities,
institutes and the industries.

II. User Group of SPring-8 and Public Beamlines
The Users Group for Advanced X-ray Source (chairperson: Prof S. Kikuta, Univ. of Tokyo) was
organized by potential users of SPring-8 in 1988 and this was reorganized as SPring-8 Users Society,
chaired by Prof. Kikuta, in 1993. Total number of members is about 820. There are 38 subgroups
1

(1987)
Design Study
of Accelerators
(1988)

Joint Team starts
1989
Harima Science Garden City is
selected as construction site
1990

1991

Harima Office open

R&D onbeamline
components etc

construction of storage ring starts
construction of linac starts
ground-breaking ceremony

1992

1993

construction of synchrotron starts
ESRF/APS/SPring-8 collaboration

linac building completed
assembly of storange ring magnet starts
1995

synchrotron building completed
installation of linac starts
assembly of synchrotron starts

1996

1997

commissioning of linac
commissioning of synchrotron
[commissioning of storage ring
test experiments start (4 beamlines)
experiments with 10 beamlines start

1998
Fig. 1. Major milestones of the project schedule.

Table I. Performance goals of Spring-8.
low emittance
one of the most brilliant SR sources in the world
source of highly coherent X rays
8 GeV storage ring
20 keV X rays as a fundamental radiations from undulator
X rays in an energy range from 100 keV to several MeV
38 straight sections for insertion devices
largest number of insertion devices
30 m-long straight sections
ultrabright X ray source
possible source for highly coherent X rays
long beamlines (300 m, 1000 m)
ultrasmall angle scattering, large irradiation fields

e"/e convenor
at 250 MeV
1 GeV injector linac
8 GeV storage ring
(circumference: 1,436m)
Stored Current
100mA

8 GeV synchrotron
(circumference:396m)

single bunch
multi bunch
Fig. 2. The concept of SPring-8.
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(1)1 GeV Electron/positron Hnac Build
(2) 8 GeV Synchrotron Tunnel
(3) Storage Building
(4) Expreimental Hall
(5) Experimental Hail using Radioactive Materials
(6) Laboratories for users
(7) Central Building
(8) Long Beam Lines (1000 m)
(9) Long Beam Lines (300 rn)
(10) Control Room
(11) Cafeteria
il^M^
(6)
(12) Miharakuriyama Hill (345 m)

Fig. 3. Layout of SPring-8.
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Fig. 4. Spectral brilliance of SPring-8.

Fig. 5. Recent photograph of the SPring-8 cite (March 1994).
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for scientific studies in which Atomic Physics subgroup is included. The Office of the users group
is in Japan Synchrotron Radiation Research Institute (JASRI). User distribution by scientific areas
and that by sectors are shown in Figs. 6 and 7 respectively.
A call for the letter of intent for public beamlines was made in Nov. 1993 by the Beamline Committee
of Spring-8. There were twenty-eight letters and twenty were accepted. These twenty subgroups
were asked to prepare beamline proposals including scientific and technical descriptions. In this year,
four beamline proposals will be approved and additional ones will be decided later. New proposals
can be submitted at anytime.

Materials Science

Surface/Interface
Atomic/Molecular Science
Science

10

20
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60

Fig. 6. User distribution by scientific areas.

(%)
Fig. 7. User distribution by sectors.

III. Atomic Physics Beamline
The Atomic Physics subgroup was organized to discuss the future studies of atomic physics and
related problems at SPring-8 and plans of research and development (R&D). Its activities are
reported in the APS workshop2 and SPring-8 workshop3. As one of the R&D projects, we have
studied photoionization of ions and recent results will be presented in this meeting4.
This Atomic Physics subgroup sent a letter of intent for the call for public beamlines. Main objectives
of this beamline are as follows:
1) Precise studies of inner-shell processes of heavy atoms (atomic number ^10) including
scattering processed.
2) Dynamic processes accompanied by photoabsorption of ions especially multiply charged ions
(MCI). Experimental techniques have been developed as the R&D of the Atomic Physics
subgroup.

The desired characteristics of the beamlines are decided by considering these subjects mentioned
above and future potential subjects. It is summarized in Table II.
The parameters of the undulator which realizes the beam characteristics listed above are estimated
by calculations. The results are shown in Table III. By considering the energy of the photons desire
(Table II), the beamline should be windowless. The most favorable undulator is a linear one of 6 cm
magnetic periodicity and 4.5 m in length, whose energy at the center of the first harmonic
(fundamental) radiation is about 4.5 keV. According to calculations, the degree of linear polarization
of on-axis fundamental radiation is almost unity5. The third and fifth harmonics are also used to cover
the energy range from 10 to 25 keV. We have noticed that the heat load is a severe problem for this
undulator. The on-axis power density is estimated to be 89.2 kW/mrad2 at 4.5 keV (K=l .59), and
about 230 kW/mrad 2 at l.l keV(K=4.0).
From viewpoint of the heat load problem, a helical undulator has been discussed. The parameters of
a helical undulator are also shown in Table III. Estimated energy-spectra of the linear undulator and
the helical undulator are shown in Figs. 8 and 9. When we use the on-axis fundamental radiation, the
higher order harmonic radiation disperses and this reduces the heat load at the first optical element.
This is a great advantage of the helical undulator, but it has following disadvantage; only the
fundamental radiation is available (it may be possible to use it as a linear undulator by rearranging the
magnetic elements in future) and it has to be set in vacuum. As it is desired that the gap of the
undulator is changed according to the change of the Bragg angle of the monochromator, the in
vacuum undulator is more difficult to operate that the in-air undulator.
Considering advantages and disadvantages discussed above, we have chosen the linear unduiator as
the first candidate for the atomic physics beamline by expecting that heat load problems will be
conquered.
Outlines of the front end and the first optical element is shown in Fig. 10 and that of the beamline is
shown in Fig. 11.

Table II. Desired characteristics of Atomic Physics Beamline
Energy range
Energy resolution
Beam size on the target
Beam divergence
Photon flux
Beam stability

1 - 25 keV (including higher order harmonics) beam
line should be windowless
A E/E=10*
about lmm x lmm or less
about 50mrad.
about 1 x 1013 photons/sec/0.1 %BW
the positional stability should be less than
1/10 of beam size

The front end consists of valves, a beam profile monitor, masks, lead collimators, absorbers, movable
apertures and a beam shutter. They are place inside the shield wall. Movable apertures act as a pin
hole which cut off-axis photons without missing the desired on-axis photon ones.
Table III. Parameters of the undulator.
Linear

Helical

6.0
4.5
75
0.26-4.0
1.1-10.0
available
(l.l-25keV)
89.2
231.0 (1.5 keV)
in air

6.0
4.5
75
0.26-3.3
0.85-10.0
unavailable
(0.9-10keV)
31.7
40.0 (7.5 keV)
in vacuum

Type of undulator
Magnetic periodicity (cm)
Length of undulator (m)
Number of periods
Deflection parameter K
Energy range of fundamental rad. (keV)
Higher order harmonic radiation
(available energy range)
Power density (kW/mrad2)at 4.5 keV
Max. power density (kW/mrad2)
Condition
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Fig. 9. Energy spectrum of helical undulator.

The first optical element, a water-cooled toroidal mirror, is placed inside the wall. This mirror is
made of Pt coated SiC. An incidence angle is 0.480 to cover the energy range of the fundamental
radiation. It will be placed 30 m downstream from the source, that means the center of the insertion
device. This mirror deflects the photons in the horizontal direction and focuses them vertically and
horizontally to the first focal point located at 60m from the source. By using the movable apertures

and this mirror, the (30.9) W for K = 0.5(3.5) with 2x1 mm2 beam size.
When we use higher order harmonic radiation, this first toroidal mirror should be removed from the
beamline. In Fig. 11, the path of the photon beams of first harmonics (< lOkeV) is shown by the line
and that of higher harmonics by dashed line. In order to improve the S/N ratio is experimental data,
a beam chopper will be installed just after the monochromator.
A double crystal monochromator is adopted to analyze the photon energy. Different kinds of crystals,
which will be used, are shown in Table IV corresponding to the photon energy. The estimated power
density at the first crystal of monochromator is about 15.0 W/mm2. This means lhat the heat load is
very severe for the crystal. We will construct a water-cooled inclined double crystal monochromator
equipped with Si(111) and Si(220) crystals. Some R&D work will be required to operate this
monochromator in vacuum.

Shield wall

ffl

Mask with

SR

M 4r3-S3

Beam shutter

Toroida! mirror

"Absorber

Beam profile
monitor (BPM)

Fig. 10. Outline of the front end and the first optical element, the toroidal mirror.

Table IV. Parameters of crystals for the double crystal monochromator
and the multi-layer for the wide bandpass filter.
Crystal

2d(A)

Energy range(keV)

Bragg angle(deg.)

Si(l 11)
S:(220)
InSb(lll)
YB«(400)

6.27
3.84
7.48
11.72

2.01 - 10.0
3.28 - 10.0
1.7-2.6
1.1-2.0

80.0-11.4
80.0-18.8
75.0 - 39.0
81.3-31.0

W/Si multi-layer

30

1.0-2.6

24.0-9.2

Top view

Wall
MWBF
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BPM T M BPM
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Data acquisition
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In order to obtain monochromatic photons lower than 2.0 keV in energy, we will use InSb( 11!) and
YBft(400) crystals. In this case, a set of double multi-layered wide bandpass filters is placed in front
of the monochromator in order to reduce the heat load to the InSb and YB^ crystals because they
are not as strong as the silicon crystals against the heat. These filters can also work as a low energy
resolution monochromator (AE/E-10 2 ). The filters will be used only when a beam of
monochromatic photons lower than 2.0 keV in energy is required. As is shown on Fig. 12, the
bandpass filter and the Si crystals of the monochromator should be removable from the beamline, and
should have the ability to be replaced with high precision. All the equipment will be designed so as
to slide on rails in the experimental station. The second toroidal mirror is placed at 66 m from the
source.
The first experimental station (St.#l) is located at 42 m from the source. Experiments which require
high photon flux, such as photoionization of MCI by using an EBIS 6 will be performed at this station.
These high photon fluxes are, however, associated with a lower energy resolution. The energy
resolution of photons obtained at St.#l is about 10'2 when the bandpass filters are used.
The second experimental station (St. #2) is located 60 m downstream of the source at the focusing
point of the water-cooled toroidal mirror. Energy resolution of photons o the target is about 10"*,
and we will be able to get also quasi-parallel photon beams.
The third experimental station (St.#3) is 72 m from the source. Photons are re-focused on the target
by the second toroidal mirror when the first harmonic radiation is used. Energy resolution of photons
is about 10"4. When higher order harmonic radiation is used toroidal mirrors are of no use, but more
than 17% of original beams can be obtained at target position with the beam size of Imm x Imm and
by assuming the efficiency of ths reflection of the monochromator to be 100%.
YBu(400)&lnSb(lll)
double cryjul
monochianMor
forloweneigy«2.0keV)

St.#l

Si(lli)*Si(22O)
double ciystal
tnonochnxntor
for high energy (> ZOkeV)

4cm

/

W/Si multi-layered
wide bandpass filter

Fig. 12. Layout of the wide bandpass filter and monochromators.
In St.#2, and apparatus for the collinear merging beam experiment will be installed in order to study
the photoionization of multiply charged ions7. A powerful ion source, such as an electron cyclotron
resonance ion source (ECRIS), is planned to be placed near to the station. The MCI produced by

11

ECRIS should be momentum and charge analyzed and also transported to the target position by
dipole and quadruple magnets, Power supplies of ECRIS and pure-water supply for cooling magnets
are necessary. The same kind of studies at St.#3 will be made at this station, too.
In St.#3, studies of high-resolution spectroscopy and those of inner-shell processes of atoms will be
performed. A vacuum chamber with turn-arms and a turn-table whose wall, bottom and rid are
covered by the u-metal shield will be prepared for the universal use. In most cases, however, the
target chamber including spectrometers/detection systems will be replaced according to the purpose
of the experiments because various kinds of spectrometers/detectors will be used in this station.
CAMAC systems and microcomputer systems are necessary for the data acquisition as double/triple
coincidence methods are often used. Data will be taken in the event to event mode.
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Recent photoabsorption measurements in the rare gases and
alkalis in the 3 to 15 keV photon energy region
H.G. Berry*
Physics Division, Argonne National Laboratory, Argonne IL 60439

Abstract
The attenuation cross-section of photons in helium in the range 3 to
14 keV has been measured. The results indicate the importance of
Compton scattering in this range and show reasonable agreement with
theory. We have also used a heat-pipe to measure absorption spectra
in argon, potassium and rubidium near their respective K-edges and
have made identifications using relativistic Hartree-Fock calculations.
Some ion spectra near and below the K-edges of argon and potassium
are also presented.

'The work described in this paper has been done in collaboration with my colleagues
at Argonne, most particularly, Yoshiro Azuma, Paul Cowan, Donald Gemmell, Tom
LeBrun, and Jamal Suleiman. Much of the work at the NSLS also involved Nora
Berrah, of the University of Western Michigan, and Jon Levin, Ivan Sellin, and
Magnus Westerlind of the University of Tennessee. More detailed discussions of the
work can be found in the references quoted in the text.
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Introduction
The development of the Advanced Photon Source (the APS) at Argonne has brought renewed
interest in the application of X-rays to study properties of atoms. This very intense X-ray source can
be expected to open a new area of possible research, especially aimed at improving our understanding
of the processes involving the atomic inner shell electrons. The Argonne atomic group has joined the
BESSRC CAT (the Basic Energy Sciences Synchrotron Research Center Collaborative Access Team)
at the APS. This CAT is proposing to instrument two sectors (4 beam lines), and two of these lines,
an elliptical wiggler and an undulator are expected to be ready for operation late in 1995. More
details on the BESSRC proposal are given in another paper1 of these Proceedings.
The atomic group is planning to help instrument the second of the two experimental hutches on the
undulator beam line. Figure 1 shows a preliminary plan for this beam line, which is expected to
provide X-rays in the energy range initially of 3 to 40 keV. Its much greater photon flux in this range
compared to the beam lines in operation at the NSLS, and elsewhere, will allow higher precision to
be attained in most of the experiments described below. In addition, the higher energy photons will
provide the possibility to study more relativistic inner-shell atomic systems. The increased flux should
also be very useful to study increasingly differential scattering processes: for example, to energyresolve or angle-resolve Auger and photo-electrons from ionized or metastable atomic targets may
be feasible. Secondary emission of other particles such as photons, ions or electrons can be analyzed
much more accurately in terms of theory if the energies of the particles are also resolved.
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Figure I.

Experimental layout of the APS (BESSRC) undulator beamline for atomic physics.
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The experiments below are examples of some of the work which our group believes can profitably
be extended to the APS when it comes on line. The very first measurement made many years ago
with an ion trap (of doubly-charged argon ions) at the NSLS showed the limitations of then-existing
sources2, but indicated that such an ion trap would be a very effective technique in studying
photoionization processes involving ions. The problem of photoionization in helium is unique
because of its fundamental importance to calculations in heavier and more complex systems. The
measurements revealed the richness of possible measurements in the Compton scattering region. Our
detailed understanding has to begin here before studying more complex and relativistic atoms, and
polarization and other directional effects.
The absorption spectra of the rare gases and alkalis have been initiated to determine the precision
needed to compare with the best available atomic structure calculations. The predominance of
multiply-excited vacancies in the heavier systems can lead to new challenges in many-body relativistic
theory.
The time-of-flight studies near the K-edges of argon and potassium indicate the possibility of how
we can study individual processes which are not possible to distinguish in the simple absorption
measurements. The use of more tenuous vapor targets will become possible as the APS comes on
line. The experimental techniques demonstrated in the pilot experiments below can be expected to
become more feasible. The addition of photoelectron detection, for example, will enable a much
improved analysis of these scattering problems.
The multielectron nature of these
photoexcitation/ionization processes remain a strong challenge to fundamental atomic theory.

Attenuation in helium
In a series of measurements3'4, we have studied the ratio of double to single ionization of helium,
R(271+), in the energy range of 2 to 12 keV. This field has become very active in the last two years,
in part because the measurements provide good tests of the calculations of the fundamental processes
involved: most calculations of the ionization yields predict a constant for the ratio R(27l + ) at high
energy. There is now general theoretical agreement that this ratio is close to 1.7% for helium
photoionization5'6. Unfortunately, the experimental situation becomes more complicated at high
energy. Since the photoionization cross-section drops approximately 7 orders of magnitude
(proportional to the photon energy to the inverse seven-halves power) between threshold and 10 keV,
see Fig. 2, two other processes become important above about 2 keV. These two processes, coherent
(Rayleigh) scattering, and incoherent (Compton) scattering have cross-sections of the order of 1 bam,
and the latter process dominates the photon scattering above 6 keV (Fig. 3). Thus, our measurements
of helium ions in this energy range test calculations for these two processes rather than the
photoionization process.
In order to clarify the contributions from each of the photon scattering processes, and to test the
absolute theoretical cross-section values, we made photon attenuation measurements in this energy
range. We aimed at a precision of 1 to 2 % in these measurements in order to be able to distinguish
15

between the different calculations for both the photoionization and the Compton processes. This
precision has not been attained in measurements of photoattenuation for any other atom over any
considerable energy range. Hence our measurements are expected to provide rigorous tests of any
photoionization or Compton scattering calculation.
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The experimental arrangement is shown in Fig.
4. Experimental details are included in a paper
to be published6.
We measured the
transmission as a function of helium gas
pressure (500 to 6000 torr) of monoenergetic
photons through a l . S m long tube. The slope
of the exponential decay yields the attenuation
cross-section. This latter is a sum of the three
cross-sections described above. Fig. 5 shows
the experimental results, compared with the
theory of Veigele7 and other experimental
data. The experimental values are a few
percent below the calculations (of Veigele as
shown, but also of Hino*, and of Andersson
and Burgdorfer9), particularly at the lower
energies where the Compton scattering is
small.

SPHERICAL
MIRROR
TWO CRYSTAL
MONOCHROMATOR

TOROIDAL
MIRROR

IONIZATION f
CHAMBER 4=

4-JAW SLITS

Since the results show agreement at the high
energy limit with the Compton cross-sections
of Veigele, we have subtracted this part from
our measured cross-section, to compare with
calculations of the photoionization cross*
sections. We have made a fit to these data by
generalizing the hydrogenic formula for
photoionization10:

He
ABSORPTION CELL

PIN DIODE - £ •

Figure 4. Beamline arrangement at X24A

6

n

Z5

(1)

where c is the velocity of light, Z is the nuclear charge and I,, is the ionization potential. Treating the
nuclear charge as a parameter Z-Z eff , a fit of the data yields a value Zeff=l .837. This curve gives an
excellent fit to our results as shown in Figure 6. We note that the second term in equation (1) is
important in an accurate presentation of the photoelectron cross-section in this region.
We conclude these attenuation measurements with a recommended attenuation cross-section for
helium which should be accurate up to at least 15 keV photon energy. Below 2 keV, the compilation
of Samson" is satisfactory. Above this energy, the photoionization cross-section is well represented
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by equation (1), with an effective nuclear charge of Z=1.837. To this value one needs to add the sum
of the incoherent and coherent cross-sections, which can be taken for example from Veigele7.
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Figure 5. The measured attenuation cross-section compared with theory (Veigele7).
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The helium double-to-single ionization ratio
These same measurements confirm the importance of the Compton scattering cross-section in helium
above about 2 IceV. The results closely confirm that less than half the attenuation cross-section arises
from photoabsorption at 6 keV, while at 12 keV the Compton cross-section is close to 98% of the
total attenuation cross-section. Therefore, the doubly-to-singly charged helium ion production ratios
previously measured3*4 include significant contributions from Compton scattering in the 6 to 12 keV
energy range.
The ratio results are consistent with an almost constant doubly-to-singly charged helium ion
production ratio in this region, suggesting that the ratio is the same for Compton scattering and for
photoionization at high energy. This is an initially surprising result. In a Compton collision, the
photon retains much of its energy, and less energy is available for the double ionization process. In
a classical treatment of Compton scattering by a free electron, for a scattering angle 9, electron mass
m,,, and wavelengths before and after of A and A", change in wavelength is

— (l-cos8)

(2)

moc

So that the energy lost to the electron (where E=hc/A) is
E
1

(3)

mnc

1+—^—(1-cosG)

The maximum energy loss occurs in back-scattering when Q=z. For double (single) ionization, this
energy AE must be greater than 79 (24.5) eV, and this calculated photon energy threshold is 4530
(2450) eV. Thus, in this energy range of 3000 to 6000 eV, where the photoionization cross-section
is only 60-50% of the total cross-section, we might expect a reduced production of He2+, relative to
the He l+ production. A quantum mechanical calculation will produce an averaging over the
momentum of the bound electrons of helium, so that the threshold will be much less abrupt. A
preliminary calculation (Amusia - private communication) indicates that the threshold will be reduced
by 1 to 2 keV, assuming an electron momentum distribution of 1 to 2 atomic units. A recent
calculation by Hino et al12 provides an indication of this affect. However, their calculations indicate
only a small reduction in the charge state ratio dropping from 1.60% at 4 keV to 1.35% at 6 keV,
rising again at higher energies to the value of 1.50% at 10 keV. The data of Levin et al M suggest the
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possibility of this dip in the ratio in the energy range of 3.5 to 8 keV.
Amusia13 has suggested that at high energies away from this threshold, the ratio for Compton
scattering should equal that for photoionization, and thus the measured ratio should again approach
1.6%. Ground state correlation will dominate both cross-sections and yield the same asymptotic
relative values. This suggestion is not inconsistent with Hino et al's calculation12. However, the
experimental precision is insufficient to provide conclusive evidence, and new calculations in
progress 14 suggest that the ratio may not be the same. Further experiments and calculations are
needed to clarify the charge state ratio for the Compton cross-section in its threshold region and at
higher energies.

Rare gas and alkali K-shell absorption spectra
We have developed a high-temperature circulating heat-pipe absorption cell15. The initial
measurements in this cell consisted of studies of the potassium15 and rubidium K-edges16.
Monochromatized X-rays from the NSLS passed through thin kapton windows (used to isolate 4he
cell from the beam-line vacuum). Measurements of the absorption were made by comparing ion
chamber signals before and after the heat pipe.

Figure 7.
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Although the K-edge photo-absorptions of the rare gases have been studied, there is very little
available work on other atomic vapors. Recently Arp et al17 studied some transition metal vapors.
The challenge of understanding the structure of such spectra is complicated by several effects: the
additional valence electron(s), the abundance of multi-electron effects in the heavier atoms, and the
relativistic correlations which also dominate the detailed structures of the heavy atoms. It is these
latter problems which can be addressed more easily at the APS by studying the heavy-atom systems
more systematically, with the increased fluxes and energies which will be available.
Figure 7 gives an overview of our absorption spectra in argon, potassium and rubidium. The krypton
spectrum is from the work of Deutsch1*. The argon spectrum was taken to improve the resolution
and signal-to-noise of previous spectra19. We have used GRASP II code20 of a relativistic
multiconfiguration Hartree-Fock calculation to confirm previous identifications in argcn and to
identify the structures in the alkalis. Figure 8 shows the identifications of multiple vacancies in the
KM regions of argon and potassium. Detailed discussions of the identifications are given
elsewhere814.
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Figure 8. Multiple vacancies in the KM regions in argon and in potassium.
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The enhancement of the 4p resonance in potassium relative to that in argon may be a function of the
spectrometer resolution (see, for example, Schnopper et al ref). Are similar np resonances of the
other alkalis enhanced compared to their respective neighboring rare gas atoms? In the case of
krypton the 5p resonance is completely unresolved from the background ionization cross-section,
whereas it is well-resolved in rubidium15. As suggested by Amusia'6, this enhancement may be due
to the enhanced potential seen in the excited state in the alkali system. In the rare gas case, the
electron is promoted to an np state, with no occupancy in the us state, and hence is almost completely
shielded by the other inner electrons. In the alkalis, one ns state is occupied, and only provides partial
nuclear shielding. The increased nuclear charge Z ^ is greater, leading to a stronger oscillator strength
for the electron promotion. Such enhancements should be observed in other open-shell systems, and
they seem to be observed in the transition metal spectra10. Further more quantitative work is in
progress.
Preliminary identifications of multiple vacancies in the rubidium spectrum17 are shown in Fig. 9.
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Figure 9. The KN photoabsorption spectrum of rubidium.
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Argon and potassium ion time-of-flight spectra near the K-edge
We have studied the production of argon and potassium ions near the thresholds of their respective
K-edges. Doppelfeld et al18 have shown that the average ionic charge Q(ave) is a linearly increasing
function of energy just below the K-edge of argon. The normal resonant ionization behavior would
produce a lorentzian with quadratic energy dependence away from the resonance. Amusia19 has
explained the linear energy dependence as due to the formation of virtual 2s states below the edge
with consequent further ionization with a 3s or higher electron vacancy.
We have made more detailed measurements of the charge state productions for argon ions from 100
volts below the K-edge to above the KM-resonances19, as well as similar initial measurements in
potassium20.
The experimental layout is shown in Figure 10. The argon experiments utilized a gas nozzle in place
of the oven shown for the potassium vapor jet. Time-of-flight measurements of the ions were made
utilizing the single bunch operating mode at the NSLS and the X24A beam-line.
LN 2 COOLED PLATE

EXTRACTION

ANODE

Figure 10. Ion time-of-flight analyzer with alkali metal oven.
The argon results confirm quite the measurements of Doppelfeld et al" We estimated the effects cf
differing efficiencies of the ions reaching the channelplate detector with differing velocities by
comparing results with different time-of-flight voltages. It appears that the work of Doppelfeld needs
only a small correction to obtain the absolute charge distributions. Our relative charge yield Q(ave)
is slightly higher due to adjustment for the correction of a lower efficiency of the lower charge states.
The energy dependence of the average charge state is shown in Figure 11. A major verification of
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Amusia's calculation" is the complete absence of the 4p resonance in the observed Q(ave)
distribution. The individual charge state distributions show the resonances 4p strongly (Figure 12),
although it is clear tfiat the slowly increasing energy dependence below threshold can be seen in the
higher charge state distributions (4 to 6) below threshold, and is also to the virtual 2s, 2p excitation.
Argon Charge State Distributions near the K-edge
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Figure 11. The average charge state in argon below the K-edge.
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The potassium ion spectra are much noisier (Figure 13) due to the much lower target density. In
addition, data collection was only possible for a short time (up to 60 minutes), due to contamination
of the channelplate detector from the background potassium vapor. Further improvements in the
apparatus are underway to allow improved signal ratios. However, even with this reduced signal
intensity, Figure 14 shows the same energy dependence of the Q(ave) as in the argon case.
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Figure 13. Potassium time-of-flight spectrum
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Figure 14. Q(ave) for potassium through the 4p resonance.
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Atomic and molecular physics at LURE
P. Morin
LURE, Centre Universiiaire, Bat209D, 91405 Orsay
andCEA/DRECAM/SPAM, Bat 522, 91190 Gif/Yvette, FRANCE

Abstract
A short overview of the present research activity at LURE is given, in the field of
atomic and molecular physics. Three selected examples are discussed in more detail
and the "SOLEIL" project of a new French synchrotron facility is presented.
The first example deals with double photoiomzation of helium in the threshold region Such a
process is possible only because of electron correlations both in the initial and final (ion + electron)
states. The interest of such a study is that it represents a "pure" three body Coulomb system and the
use of helium greatly simplifies the analysis for symmetry reasons. The drawback is that the
photoionization cross sections are very low and the use of an undulator beam line, as well as a
specially designed electron spectrometer was necessary. A. Huetz, P. Lablanquie, L. Andric, P. Selles
and J. Mazeau have measured the angular correlations between the two departing electrons, using
a new type of apparatus: a toroidal analyzer with entrance and exit optics specially designed for low
energy electrons, equipped with a sectorized anode. They have shown that the angular correlation
function C(E,0 u ) could be represented by a gaussian with a FWHM of 64° and 54° at 17.6 and 4
eV total electron energy respectively. The comparison with theoretical calculations (for instance,
Rau, Phys. Rev. A 4, 207, 1971, or Feagin, J.Phys. B 17, 2433, 1984) clearly appeal for a new
theoretical work.
In the second example we focus on photoionization of ions. Up to now most of the experimental
work in this subject has been devoted to absorption or total ionization measurements. However, from
the theoretical point of view, partial ionization cross section are much more interesting as correlations
effects for instance are strongly dependent of the final electronic state. Unfortunately, from the
experimental point of view, partial ionization cross sections are very difficult have to be overcome:
the low density of species as well as space charge effects and the ionization of residual vaccum by the
fast ion beam which is responsible for a high background signal. In a recent experimental
development, J. M. Bizau, D. Cubaynes, L. Journal, B. Rouvellou and F. Wuilleumier succeeded in
measuring the photelectrons resulting from the resonant excitation of Ca*.
Ca+(3p64s 2S) - Ca+(3p53d4s 2P) - Ca2+(3p6 'S) + e~
using the SU6 undulator beam line from SuperACO and ultra high vacuum set up.
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(1)

The third example concerns the dissociation of multiply charged ions resulting from core excitation
of molecules. In such studies, the main difficulty is that several ionic fragments are formed in the
same ionization event, which can be accounted for experimentally, only be sophisticated coincidence
experiments. The core ionization of the ICN molecule has been investigated by M. Simon, M
Lavollee, M. Meyer and P. Morin, using the multicoincidence Time of Flight mass spectroscopy
technique. This time correlation between the fragments allows to describe the dissociation dynamics
of the process. It has been shown here that the fragmentation is not correctly described by a
Coulomb explosion model, specially when a neutral fragment is ejected as in the following reactions:
ICN2+ - T + C + N or ICN3+ - 1 2 + + C* + N. An impulsive model is invoked which emphasizes the
role of chemical bond breakage rather that Coulomb repulsion, at least at short inter nuclear
distances. The linear geometry of the molecule is also shown to play a major role when the central
(C) is concerned.
The need for high brilliance sources in atomic and molecular physics is obvious as far as low density
species or very low cross sections are concerned or very high resolution is required. The "SOLE1L"
project of a ring operated at 2.15 GeV is based on insertion devices (VUV-soft X ray) and bending
magnets (X rays up to 20 keV) radiation and will have a flexible emittance to satisfy the various
requirements of the future users: time structure, maximum flux and ultimate brilliance. A dedicated
Free Electron Laser will allow two color (FEL+S.R.) experiments. The scientific case has been
published (Project Soleil: argumentation scientifique, D. Chandesris, P. Morin, I. Nenner eds, Les
Editions de physique, Les Ulis 1993) and proposed a list of 40 contributions which try to give the
present status and actual prospective for the use of synchrotron radiation at intermediate photon
energy.
(Here follow the summaries in the slides from the talk - Ed.)
ATOMIC and MOLECULAR PHYSICS at LURE - Present and Future
•

Pouble ionization of He angular correlation

•

Photoionization of ions

•

pissociation dynamics of core excited molecules - ICN fragmentation

•

future: "SOLEIL" project

Present Status
Atomic Physics
•
Laser and S.R.experiments
Ionization of excited states - Li, Na, K
Synchrotron pulses (two color experiments) He
He + hv (S.R) - He Is3p + hv (Ar+) - He+ + e"
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•
•

Photoionization of ions
Double ionization near threshold
2 threshold electrons : spectroscopy T +
} coincidences
2 non-zero electrons: angular correlations }
Molecular Physics
Absorption -doubly-excited states, XANES
Core ionization
fragmentation coincidences (e", i+, hvf)
electron spectroscopy
Cluster ionization
Reactivity
selected ions + molecule
collisional approach } coincidences
cluster (V.der Waals) + hv solvent effect
}
Desorption: molecules/surface
2+

H e 2 + + e f + e 2 ' from Huetz etal, J. Phys. B 27, L13 (1994)

Figure J. A polar plot for the
probability of detecting the second
electron % when the first one e, is
ejected along the polarization axis.
E,=E2= 8.8 eV,t=5 hours, tc=10"2 Hz

Difierential cross-section( physical
and kinematical parts)

dO

Figure 2.
£,=£2= 2 eV, t=l 1 hours

29

C fc.)

A -.

o.c.

0.2,..

H

hAXO

fg
3.
E1=E2=8.8 eV - correlation function C(8 I2 )
(Solid line is present measurements, points with error bars from Scwarzkopf et al

Fwaday

D «n*elor

CMA

Mignal

TGM

SuparACO

SU6
Undulalor
Firiday
cup<
Ouadrupole

PISA

Figure 4. Spectroscopy setup for ionization of an ion,from Bizau, Cubaynes, Jourel, Rouvellon and
Wuilleumier
30

3

Ca+23MA
hv = 33.17eV

2
10

IT

o
0

D sec (

1*

SR OFF

20

W

n

3
O

01 .0

i
0
0

1nL

}

liAfyjiii1)
f

fj Ij *H

16
20
24
Measured Kinetic Energy ( eV )

5. Ca+ : 3p64s + hv - 3p53d4s

3p 6 + e

MCP

MCP

1

Drift Tube

Hill
Electron signal

igasinM

km signal

TDC

I

Electronic module
FIFO

Micro
computer

Figure 6.
TECHNIQUE: electron - ions coincidences using Time of Flight spectrometry
PEPIPICO
coincidence between all elections and successive fragment ions ( 2 , 3 ...)
branching ratio between all dissociative ionization channels
good statistics => contour profile analysis => dissociation dynamics
31

I

I

l_

I

I+/C+/N
Coulomb explosion
(ecr.5,Dl=D2=0eV)

V
i

T

r

I+/C+/N
Coulomb explosion+collision
(ecr.5,Dl=D2=.leV)

i

I

r

i

i

i

I+/C+/N
Impulsive model
(ecr2,DI+D2=15eV)
al=2.S, ct2=2.5

I+/C+/N
experimental data
CIs
aborted coinc. subtracted

I+/C+/N
Impulsive model
(ecr 2, Dl+D2=13eV+/-5eV)
c t l = l , a2=2.S

Figurt 7. I7C + time correlation from core excited ICN (CIS1)
32

I . n ' .!•

«'•'»

1680
1870-•

M7X"
ViSQBSh: 17

540 S S a . 5 6 0
(

620

570

• I • I

I +C + N

CI^

ior»

Figures. Triple ionization
33

The "SOLEIL " project

(Source Optimisee de Lumiere d1 Energie Intermediate de Lure)
(the Lure Optimized Light Source of Medium Energy)

Main Technical choices
200 MeV electron Linac
400 MeV positron Linac
400 MeV to 2,15 GeV Booster
1 Storage Ring of 2.15 GeV positrons (to replace Super ACO and DCI)
Insertion Devices : optimized for Visible, VUV, soft Xrays - a few eV to 5 keV
bending magnets : Ec = 5 keV conventional X Rays from 4 keV to 30 keV (+ Infra Red)

Flexible emittance for various operation modes:
time structure (6 bunches of 50 ps every 170 ns)
ex = 30 nmrad, I = 60 mA, t = 10 h
Maximum flux - good beam life time
ex = 16 nmrad, I = 300 mA, t = 20 h
Ultimate brilliance of optical sources
ex = 4 nmrad, I = 300 mA, t = 10 h
(-two orders of magnitude better than Super-ACO -comparable to ESRF brilliance in a
complementary photon energy range)
Free Electron Laser (UV, 1.5 GeV) 1= 40 mA, t = 5 h
•

Positrons to cancel trapping of tons and macro particules in the vacuum chamber.

•

Two long Straight sections (10 meters) for Free Electron Laser experiment.

•

Ultimate possible number of beam lines: 42
-

•

21 bending magnet ports - 21 insertions devices

20 beam lines and experiments (financially) included in the project, to insure:
high quality experiments
further possible developments (industrial, national or international CRG...)
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Experiments on atoms, ions and small molecules using the new generation of
synchrotron radiation sources
J B West
Daresbury Laboratory, Warringion Wa4 4AD, UK

The new, third generation, synchrotron radiation sources will provide highly intense beams of vacuum
ultraviolet and X-ray radiation, two orders of magnitude more brilliant than present sources. Through
the use on insertion devices, such beams will also be highly collimated and make good sources for
gas phase experiments, where the low sample density has usually limited the range of experiments
undertaken. The most significant advances will arise in those cases where it is possible to take
maximum advantage of this high collimation, for example in merged beam type experiments, and this
report focuses on this particular aspect. It is, or course, a personal view, but taken together with the
other reports presented at thii, workshop the wide range of new opportunities presented by the new
sources is clearly evident.

Atomic ions
The bulk of the experimental work on photoionization of atomic ions has been done using the merged
beam technique, on second generation sources, and was limited to spectral regions and to those ions
for which the cross section was greater that 1O'1S cm2. Although this work is now some years old,
since it may well be the basis for future experiments also an outline of the experiment is appropriate
here. This is shown in figure 1 from Lyon et al1, where the photon beam from a normal incidence
monochromator at the Daresbury Synchrotron Radiation Source was merged with ions beams from
a surface ionization source, permitting total cross section measurements for the singly charged ions
of Ca, Sr and Ba2"31, and using other ion sources for Ga, Zn and K ions4'5. By biasing the interaction
region I, shown enlarged in the figure, it was possible for the electrostatic selector to distinguish
doubly charged ions generated outside this region by photoionization from collisions, from those
generated inside it, there by determining the interaction path length. In a preliminary experiment slits
were pushed through the apertures shown in the enlargement of the interaction region, to measure
the spatial profile of both the photon and singly charged ion beams and determine the overlap integral
between the two beams. Knowing the ion and photon detector efficiencies enabled absolute
measurements to be made.
These measurements have been in the literature for some time but for the most part have not been
analyzed, apart from identification by comparison with the series limits calculated from the neutral
spectra6"7. Nasreen et al8 performed an RPAE calculation which gave reasonable agreement with the
near threshold cross sections for K and K \ pointing out the similarity between them. Ivanov and
West9 published a calculation based on the spin polarized10 RPAE method, and by calculating
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oscillator strengths used this to identify the one electron transitions in Ca*. The remaining, weaker,
structure they tentatively assigned to two electron transitions. This work is summarized in figure 2,
which shows the assignments superimposed on the earlier experimental data, and in figure 3 the
calculation for the 3p-3d resonance is shown, with the theoretical energy moved to coincide with the
experimental one. It is clear that further theoretical work is needed which must include two electron
excitations and the spin orbit interaction, to make positive identifications for all the structure seen in
this spectrum, and before any progress can be made with the data taken on the much more
complicated spectra for Sr+ and Ba+.
.D

Figure 1.
Merged beam experiment from Lyon et al l ; L, chopper vesel; S, surgae ionization
source; DP, differential pumpling assembly;; M l , M2 magnets; C, collimator; I, interaction region;
PD, calibrated photodiode; C l , Faraday cup; E, electrostatic selector; D, Johnston multiplier.
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Identification of transitions in C a \ from Ivanov and West9 Experimental data from
12
Lyon et a ; numbers in parentheses are the experimental strengths.
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On the new generation of synchrotron radiation
sources it will be possible to extend these
measurements to deeper shells and also in favorable
cases to multiply charged ions, through the use of an
ECR source such as the CAPRICE ion source
described by Bourg et al11. A scheme for such an
experiment is shown in figure 4, where it can be used
in either merged beam or crossed beam
configurations12. It is to be hoped that differential
experiments, at present at the limit of what can be
achieved with present day sources13, will be possible
for a wide range of ions. Many problems remain to be
solved, the high background and uncertainty
concerning the exact state of the ion being the major
ones, and these are presently under investigation.
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Figure 3. Theoretical cross section for the
3p - 3d resonance in Ca+ from Ivanov and West9,
compared with the experimental data of Lyon et aP.
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2p photoelectron spectra of sodium showing enhanced satellite structure from excited
sodium, from Cubaynes et al15.
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Photoionization of excited states of neutral atoms has been achieved through the use of CW lasers
tuned to a resonant transition in the visible wavelength region. The approach developed by
Wuilleumier and his coworkers at the Orsay storage ring Super-ACO, for example, was to saturate
the 3p-3s transition in sodium, and then examine the excited state by means of photoelectron
spectroscopy14. In this way branching ratios to states which are dipole forbidden from the ground
state could be measured, and more recently this technique has yielded some interesting information
on satellite behavior. In figure 5 are shown data for 2p shell excitation of both ground state and
excited state sodium15, where it is evident from a comparison to the main line that the satellite
structure, at binding energies above -45 eV, is substantially more intense in the case of excited
sodium than it is for the ground state atom. This behavior is at first sight counter intuitive, and it
appears that oscillator strength from the 2p shell moves more strongly to the satellites for excited
sodium; it was originally thought that the 2p photoionization cross section should be the same in both
cases, but recent theoretical work gives good agreement with these results16. The same technique has
also been used to measure the partial cross section of Ba atoms excited to the 6s5d level17, in which
the laser is tuned to the 6s - 6p transition, which through collisional de-excitation decays to the
metastable 6s5d state. The data are shown in figure 6, where around 100 eV the rise in the 5d cross
section is attributed to coupling to the 4d collective excitation, similar to that seen some while ago
for the 4d shell in xenon, and the effect is predicted rather will by the local density RPA calculation.
These experiments demonstrate how the excitation of a loosely bound outer electron can have marked
effects on the cross sections for the inner shell electrons, and the new sources, by focusing on inner
shell ionization, will be able to help this field progress beyond its present limitations. As can be seen,
there is an interesting challenge to current theoretical methods and such measurements will provide
a stimulus for development of these also.
102rr
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Figure 5 Photoionization cross section of the 5d electrons in excited barium; experimental data and
calculations from Bizau et al17. Continuous lines, LDA calculation; dashed line, LDRPA calculation.
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Figure 6.
Schematic design of the ICARIOS experimental arrangement, combining an ECR ion
source with the photon beam from an undulator, from Barat et al12.

Molecular dissociation and fragmentation processes have been the subject of study for many years
on synchrotron radiation sources, where greater use is being made of the coincidence techniques
developer* earlier using laboratory sources. It still remains a difficult matter to measure all the
parameters involved when a molecule fragments, but the prospect of the highly collimated VUV and
soft X-ray beams provided by insertion devices on the new generation of storage rings may provide
opportunities to exploit the use of Doppler spectroscopy, well known in the laser field. What follows
is rather speculative, but in principle it should enable a much more detailed examination of the
dissociation products including neutral particles, not usually detected directly in experiments on the
present sources. The idea is based on a technique known as Velocity Aligned Doppler Spectroscopy
(VADS), described originally by Xu et al1*. Figure 7, taken from their paper, shows the principle in
outline, where two counterpropagating pulsed lasers interact with a molecule which breaks up into
two fragments A and B whose velocities differ by a factor of two. The first (photolysis) laser is used
to dissociate the molecule, the second as a probe pulse to detect the fragments, and the concentric
circles are the spatial regions, from which the fragment must start in order to reach the detector,
assumed to be at the center. With zero time delay between the two lasers, there will be no
discrimination between the detections of the two fragments and the signal will appear as shown on
the right of the figure, where the Doppler profiles reflect the difference in the fragment velocities.
For case (b) there is clearly discrimination against the faster fragments with a velocity component
perpendicular to the photolysis laser, and as expected this results in the absence of part of the center
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of the Doppler profile. This discrimination increases, at the expense of the signal rate, as the delay
between the two lasers is increased. Thus the method selectively detects fragments whose velocities
are aligned along the same direction as the probe vector, and the Doppler profiles obtained can reveal
interesting structure. Xu et al demonstrate the effectiveness of the technique for HBr molecules,
detecting the H fragments by using a two color two photon laser system to ionize them and then
detect them with a time-of-flight mass spectrometer. Full details are contained in their paper, but in
summary they demonstrate how sensitive the method is to the symmetry of the transition excited in
the molecule, and discuss its further application to more complex molecules ant the use of different
detection methods. Thought on the order of line of feasibility even with the new generation of
synchrotron radiation sources, the availability of tunable VUV or soft X-ray radiation instead of the
photolysis laser used by Xu et al could make this a powerful technique for the study of fragmentation
processes of core excited molecules, providing both symmetry and kinetic energy release information
for beyond that available from present experiments.
ooppler
Profiles

(d)

Longer delay times

Molecular fragmentation using Velocity Aligned Doppler Spectroscopy (VADS).
Molecule fragments in photolysis region, using a pulsed photolysis source.
Example: Fragment A travels at twice the velocity of fragment B; detector at central dot.
Probe pulse occurs at time t d after photolysis pulse.
Concentric circles are the spatial regions from which the fragment must start in order to reach the
detector after delay t d
(a) delay such that all Doppler components are detected
(b) smaller Doppler components now outside photolysis zone for fragment A; centre of Doppler
broadened peak now missing for fragment A
(c) as for (b) but now true for fragment B also
(d) Further refinement yielding better definition of fragmentation energies by making t d larger.
Figure 7.
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The above examples have been chosen to show what is achievable with present day sources and to
indicate the potential impact which the new sources will have on atomic and molecular physics. The
above does of course represent a personal view, but it is clear that there will be opportunities not only
to examine the photoionization process in great detail and provide precise information on electron
correlation processes and multiple electron excitation, but also to attempt new kinds of experiment.
The ability to innovate, which this field has demonstrated in the past, will serve it well in meeting the
problems and challenges which the new sources will present in the future.
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Soft x-ray fluorescence spectroscopy using tunable synchrotron radiation
£. Joseph Nordgren
Physics Department, Uppsala University, Box 530, S-751 21 Uppsala, Sweden

Introduction
The third generation synchrotron radiation sources open up new interesting possibilities for soft x-ray
emission spectroscopy (SXES) for the study of various problems in materials science and atomic and
molecular physics. High brightness of the excitation source is a prerequisite for pursuing SXES, since
the overall yields are very small owing to both low fluorescence yields and low efficiencies of high
resolution soft x-ray detectors. However, the very high brightness offered by the third generation
synchrotron radiation sources even allows the exciting beam to be sharply monochromatised, a
condition which very much increases the information potential of this spectroscopic technique.
For bonded systems SXES offers both elemental and chemical information due to the involvement
of inner, localized states of well separated energies and valence electrons responsible for chemical
bonding. The electronic structure can thus be studied in terms of symmetry resolved contributions
to the valence band from different atomic species, and the inherent focal and dipole selective
properties of soft x-ray emission provide partial density of states projections on different atomic sites
of a compound sample'-2-3. With tunable energy excitation one can discriminate multi-electron
excitations leading to x-ray satellite lines, offering a solution to a long-standing problem in x-ray
spectroscopy4. With high resolution photon excitation one can in particular obtain site specific
information for identical atomic species, by making use of the chemical shifts of core levels and the
chemical bonding influence on the shape of the x-ray absorption near edge structure5. In addition,
by making use of the well-defined polarization of sychrotron radiation and by detecting the x-ray
emission with angular selectivity, one can add further information6'7'8.
The use of sychrotron radiation has opened areas of research previously not accessible for x-ray
emission spectroscopy. The "softness" of this ireans of excitation, as compared to electron impact,
is one important asset, which allows more fragile systems to be studied. For instance, surface
adsorbates of monolayer thickness can be studied in x-ray emission, allowing one to take advantage
of this spectroscopes ability to separate the adsorbate contribution to the valence band from that of
the substrate9. This makes the technique a useful complement to photoelectron spectroscopy, which
is one of the most commonly used methods for studies of surface adsorbates. Also, angular
distributions of the x-ray emission can be studied to yield information about the adsorbate bonding
geometry, since these systems are of two-dimensional nature and thus show non-isotopic intensity
distributions of the various x-ray emission bands10.
Resonant inelastic x-ray scattering processes have recently been shown to offer a new means to study
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both periodic solids11'12"13 and molecular systems with a certain degree of symmetry14. For band
materials the momentum conservation enforced by the one-step x-ray scattering process can be used
to study band dispersion, and for molecules the inelastic scattering spectra can be utilized to
investigate the symmetry of molecular states, thus helping to assign spectral features.
Recently experiments were made where circularly polarized and monocuromatized photons were used
to excite soft x-ray fluorescence from magnetic materials15. The objective of the experiments was to
investigate the feasibility to obtain information about the occupied spin densities, information that is
not readily obtainable with the commonly used x-ray absorption MCD (magnetic circular dichroism)
technique. The results showed that new information about the element specific ground state magnetic
properties indeed can be obtained. Experiments also showed that contributions to the SXES spectra
from interface layers of a multilayer structure can be distinguished from those of the bulk due to
electronic structure effects16. This is interesting for magnetic studies since extreme magnetic
properties seem to appear at the very interfaces of magnetic multilayers.

Site selective SXES.
Site selectivity with respect to identical atomic species in different chemical environments can be
obtained by choosing an excitation energy so that a core electron is promoted to an unoccupied state
which has a strong localization on that particular site. For a molecule such as nitrous oxide, N 2 O,
where the binding energy difference between the terminal and center nitrogen atoms is large, 4.2 eV,
and which has well separated states pertaining to different sites, this becomes quite straight-forward.
Fig. 1 shows nitrogen K emission
spectra recorded at excitation energies
corresponding to the first absorption
peak (white line) of the two core hole
systems, terminal and center Nls,
respectively17. One observes that both
spectra show an elastic peak, a
recombination transition, at the
respective excitation energy positions,
and that the two emission spectra
differ substantially in shape, reflecting
the differences in localization and
molecular orbitals18. Thus, the site
selective x-ray emission probes the
electronic structure around the
4io
particular atom chosen.
Fig. 1 N K emission of nitrous oxide, excited at resonance for
the center and terminal nitrogen atoms, respectively.
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In cases where the x-ray absorption
spectrum has a strong overlap of states
localized on different sites already

from the first absorption peak there are
still possibilities to obtain site
selectivity, by identifying points in the
absorption spectrum where one
particular site indeed has dominant
representation. This is to say that the
corresponding absorption state has a
dominating contribution in its LCAO
expansion of an (electric dipole
allowed) atomic orbital centered on the
site in question, as illustrated in Fig. 2

Empty
valence
band

Filled
valence
band

Fig.2 Diagram illustrating selective excilation of x-ray emission. The
valence band is decomposed in contributions pertaining to two different
sites. By exciting at a particular energy one may preferentially excite a core
state on one of the two sites, leading to separaied x-ray emission spectra for
the two sites.

O1+O2

556.5eV

532.8eV

12

8

4
Energy (eV)

528.5eV
v—....,
0

Fig.3 Oxygen K emission spectra of
La].85Sr.i5CuO4 excicd at various energies. Solid
curves represent calculations of p-DOS for in-plane
(01) and apical oxygen (02), respectively.
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A question in connection with high
temperature superconductors (HTS)
attracting attention concerns the
character of holes induced by doping
various cuprates. In LaCuO4, for
instance, one has studied Sr doping,
which induces O 2p holes that are
believed to play a role for the
superconductivity. Site selective soft
x-ray
emission
facilitates
the
determination of the localization of
these hole states, owing to the ability
to separate the emission from the
in-plane oxygen atoms from that of the
out-of-plane (or apical) oxygen
atoms19. Fig. 3 shows O K emission
from La, MSr007CuO4 excited at photon
energies 528.5 eV, 532.8 eV, and
556.5 eV, respectively. Also shown
are calculations of the emission
profiles in terms of O 2p partial density
of states distributions for the two
different oxygen sites.
One can
conclude that excitation at 528.5 eV
and 532.8 eV excites preferentially
in-plane and out-of-plane oxygen sites,
respectively[. At 556.5 eV, which well
above the ionization threshold, the
emission spectrum can be a mixture of
contributions from the two sites.
Studying the spectral changes versus

doping level for the site-specific emission one can see that only the in-plane oxygen spectrum is
affected, indicating that the induced holes are localized at this site.
Apart from localization, which has also been studied in x-ray absorption20, angular distributions of
the x-ray emission provides information on the orbital components. By investigating the emission at
various angles with respect to the crystal axis (the samples were single crystals) one can see that there
is a change with the angle that suggests that also p z components have to be included in the 2p states.
This is in some contradiction to the notion of a two-dimensional electron distribution involved in the
superconductivity of these systems.

SXES studies of adsorbates.
N/Cu(I00)

12

10

8

6
4
2
0
Binding Energy (eV)

Fig.4 Soft x-ray emission and UV
phoioemission spectra of c(2x2)
N/Cu(100). Also shown is a phoioemission
spectrum of clean Cu(lQO).

The study of surfaces and surface processes is an important
research field with some interdisciplinary character, and many
different spectroscopic techniques are applied. Up to recently
X-ray emission was not one of these methods, other than in
the context of pure elemental analysis or to detect x-ray
absorption, although there are quite obvious reasons to try this
technique. Thus, recently SXES studies were made, for the
first time, and the ability to separate the contributions to the
valence band from the adsorbate from that of the substrate and
to project out the orbital symmetries was demonstrated9. Fig.
4 demonstrates the complimentarity of SXES to
photoemission spectroscopy. This example is nitrogen
adsorbed on a Ni(100) surface and, above, the N/Ni(100)
adsorbate system. The spectra scale, corresponding to the
energy of the final state. One observes that the adsorbate
affects the photoemission only slightly and the spectrum is still
dominated by the substrate derived d states. In the x-ray
emission spectrum, on the other hand, the corresponding parts
of the valence band show the adsorbate contributions resulting
from the nitrogen 2p electrons and their hybridization with
substrate electrons21.

Adsorbate overlayers are two-dimensional structures and thus show anisotropy in x-ray emission.
This can be used to get more detailed information about the orbital composition of the chemical
bonds, since p z contribution can be separated from p ^ by subtracting spectra recorded parallel
respectively perpendicular to the surface from each other. For the molecular adsorbate system
CO/Ni(100), shown in Fig. 5, p and s orbitals can be separately studied with this method since the
s orbital does not emit along the direction of the molecular axis. The 2u* orbital, which is obviously
unfilled in the free CO molecule participates strongly in the bonding and one can see from the x-ray
spectrum that the state observed at this energy indeed has it symmetry, is localized on the carbon
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atom, and that it gets populated by substrate electrons in the bonding.
O K Emission

its)

C0/Ni(100)
c(2x2)

Counits (ai

5
Normal

Grazing

515

520
525
530
Emission Energy (eV)

535

Fig.5 Oxygen K emission spectra of CO adsorbed in a c(2x2) surface structure on
Ni(100). The spectra were taken normal and parallel to the surface, respectively, as
shown in the insets.

There is an interesting prospect for further development of SXES for the study of surface chemical
reactions and thin film deposition technology22-23. The x-rays although subject to quite strong
absorption are sufficiently penetrating to be used at pressures commonly maintained in vapor
deposition chambers, i.e. up to several tens of mbar. Vacuum windows withstanding up to 1 atm and
with sufficient soft x-ray transmissions are available today, e.g. diamond and silicon nitride films. This
means that SXES could be used to study surface chemical reactions and bonding at ambient
pressures, as well as to monitor vapor deposition of thin films. For instance, techniques for using
SXES as a method to monitor diamond film CVD deposition are under development24.

Inelastic scattering of soft x-rays.
Resonant inelastic scattering was shown to be the cause of strong excitation energy dependence
observed in the x-ray fluorescence spectrum of diamond", and later also in graphite13 and silicon12.
It was shown that momentum was conserved in the x-ray excitation-decay so that transitions occurred
preferentially for valence band electrons with the same momentum as the excited electron (for
diamond the momentum of the photon is quite small compared to a reciprocal vector). Fig. 6 shows
the inelastic scattering part of diamond K emission excited at various photon energies compared with
theoretically calculated spectra based on tight-binding band structure calculations25. The agreement
provides a convincing support for the interpretation that a one-step resonant inelastic x-ray scattering
process (RIXS) is responsible for the excitation energy dependence of the emission.
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Fig.6 Experimental and theoretical resonant inelastic x-ray scattering spectra of diamond.
The experimental spectra are difference spectra obtained by subtracting the high energy excited
spectrum, representing the incoherent part

An analogue to the momentum conservation resonant inelastic scattering was recently observed in
molecules of high symmetry, such as C^14 and benzene26. For symmetric molecules degenerate
molecular orbitals give rise to interference of scattered x-rays such that symmetry selection rules
come in operation, which leads to strong intensity modulations when the excitation energy is tuned
to the various absorption states of defined symmetry. For the C^ molecule, which has Ih symmetry
one observes that excitation to states of for instance gerade symmetry enhances the intensity of
gerade states in the emission spectrum, i.e. there is a selection rule stating that parity must be
unchanged in the process. This is expected for a two-photon process where there is no breaking of
symmetry associated with the intermediate state27. Fig. 7 shows a series of C K emission spectra
recorded at various excitation energies chosen at the different peaks in the x-ray absorption spectrum.
There is also some contribution of "forbidden" transitions appearing in the spectra. This can be due
to both tail excitation, i.e. the tail of the excitation excited nearby absorption states of different
symmetry, and also to an incoherent contribution, i.e. the regular two-step x-ray excitation-decay
process with possibility of a symmetry breaking caused by vibronic coupling27.
Excitation below threshold gives rise to a Raman type scattering, which was observed in the x-ray
range by Sparks21 and discussed theoretically by Aberg and Tulkki29. In the sub-threshold excited
emission of C^ this kind of process is observed, and the molecular symmetry is reflected in the shape
of the spectra. Also broadenings are observed which can be described in terms of Stokes doubling,
yielding a method to measure the lifetime width of the core state30.

52

s.

260

I
265

1
1 '' ''I''' ' I
270
275 280

285

290

Energy [cV]

Fig.7 X-ray emission spectra of solid C60, excited ai various
energies. The bars show symmetries, positions and intensities of
calculated x-ray lines. Also shown as an inset is the x-ray absorption
spectrum, recorded as total yield, with vertical lines representing the
positions of excitation.

Previous studies of polarization properties of molecular x-ray emission showed strong polarization
effects for low symmetry molecules and an interpretation was made in terms of molecutar alignment
selection and molecular orbital symmetry properties7. There is also an angular dependence observed
in the RIXS spectra of molecules, that is originating in the defined polarization of the exciting
radiation and the symmetry properties of the molecular orbitals involved, which is a further source
of information about the molecular electronic structure14. Thus, the study of resonant and
sub-threshold inelastic scattering of molecules seems to provide a new tool to study molecular
electronic structure, owing to the strong symmetry selection properties. For low symmetry
molecules, where core hole localization is defined, selective excitation allows one to obtain site
selective probing of electronic structure, as discussed earlier.
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Magnetic circular dichroism in SXES.
It has recently been shown that there is an x-ray magnetic circular dichroism (MCD) in L emission
spectra of 3d magnetic materials excited with white radiation of defined circular polarization31
Measurements were in fairly good agreement with predictions32, although these measurements
suffered from low intensity. Later experiments with monochromatized and circulary polarized
sychrotron radiation have been made, showing more details of the emission dichroism15. For instance,
it was pointed out that the emission dichroism, a s well as the chemical environment dependence of
the fluorescence yield present problems for using fluorescence yield detection to probe regular x-ray
absorption magnetic circular dichroism. A major motivation for trying to explore x-ray emission
MCD, despite the success of x-ray absorption MCD3J, is the fact that the emission directly probes the
filled part of the valence band, and thus provides information on its spin densities. X-ray absorption
dichroism probes the unoccupied spin densities and may suffer more from the influence of the core
hole, which introduces problems in studies of ground state properties.
Another aspect of SXES compared to x-ray absorption and electron spectroscopies, which is relevant
for thick sample experiments, such as multilayers and buried structures, is that of probe depth.
X-rays, even quite soft ones, have a much larger penetration depth than low energy charged particles.
It was shown in recent work that the contributions from interface and bulk could be separated in a
Co/Cu multilayer, a system with great interest for magnetic technology'6. Emission dichroism
measurements could possibly help to understand the mechanisms in operation at interfaces which
seem to give rise to extreme magnetic properties34.

Summary
Obstacles against a more successful exploitation of soft x-ray emission spectroscopy for the study of
electronic structure have prevailed until recently. In particular low yields and instrument efficiencies,
sample deterioration at high power excitation, and multiple-excitation satellites have sometimes
impaired spectrum analyzed. These obstacles have been largely removed by the introduction of
sychrotron radiation sources, which offer photon beams of high intensity and good focusing and
collimation. With the third generation synchrotron radiation sources35, it has been shown that SXES
can be pursued at excitation bandwidths of the order of the lifetime width or less, making new kinds
of studies possible. We have discussed some results of SXES experiments applied to areas which are
new for this spectroscopic technique, such as x-ray emission of high temperature superconductors,
resonant and sub-threshold inelastic x-ray scattering, and magnetic circular dichroism in x-ray
emission.
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ABSTRACT
X-rays have been used as a scientific tool for almost 100 years. The
presence of x-ray fluorescence has been detected almost since the day
x-rays were discovered. This talk will be a report on the valence band
emission intensity as a function of the e lergy of the photon excitation
in the 100-500 eV energy band. Emission measurements from silicon
and several wide band gap insulators will be presented.
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1. introduction
X-rays have been used as a scientific tool for almost 100 years1. Fluorescence x-rays have been
detected in the hard x-ray region almost since their discovery. The historic significance of this work
is illustrated in Figure 1.
The use of the soft x-ray region of the spectrum for condensed matter research has lay dormant almost
until the middle of the twentieth century, when Skinner used them to obtain information about the
band structure of solids2. Skinner showed how the soft x-ray portion of the spectrum can be utilized
for experiments that map out the localized density of states, through transitions between the valence
and the core level. This map is modified by the dipole selection rule and one obtains a selected
localized density of states of one of the elements in the compound under investigation. Thus, one
obtains complimentary information to that obtained by photoelectron spectroscopy.
Soft x-ray fluorescence emission is especially powerful because the shallow core levels have a natural
width that is about a factor often less than deeply bound levels. Thus the valence band spectrum is
not unduly broadened by the width of the core level. Furthermore the fluorescence photons are not
affected by electric and magnetic fields, thus insulating samples may be examined without experimental
complications. They produce less damage than other probes, and photons scatter less than electrons
and ions, and are more bulk sensitive than photoemission. Fluorescence is sensitive to the electronic
structure around selected elemental species facilitating the analysis of multicompound samples. X-rays
obey the dipole selection rule, and the emission from a specimen also conveys information about the
angular momentum symmetry of the electronic states. The properties of soft x-ray fluorescence
spectroscopy that emphasize the advantages of the technique as a probe to study materials are
enumerated in Figure 2.
Figure 3 is an example of how the technique of soft x-ray spectroscopy can be used to study buried
materials. The upper panel is a spectrum of the M emission bands of krypton, obtained on a bend
magnet beam line. The krypton, implanted in an aluminum foil, forms bubbles about lOOOA beneath
the surface of the aluminum. The lower panel is an emission spectrum from a monolayer of boron
nitride buried beneath 50A of carbon obtained on an undulator beam line at the Advanced Light
Source. A strong enhancement in the emission can be seen when the input photon energy is resonant
with the excitation energy to promote a Is electron to a p%* orbital located in the band gap, forming
a core-valence exciton. Sub monolayer sensitivity to buried interfaces c
e obtained.

2. Soft x-ray excitation scheme
The qualities of photon-in photon-out spectroscopy listed in Figure 2 have more than offset the low
florescent yields that dominate x-ray fluorescence in the 50-1000 eV photon energy range. The advent
of bright synchrotron sources, high efficiency detectors, and better diffraction gratings have all
contributed to the renewed interest in soft x-ray spectroscopy. Now spectra that once took hours to
record on photographic plates by electron beam sources are now obtained in a few minutes using
photons for excitation.
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Figure 3a. Spectra of 10% krypton implanted as bubbles in aluminum. The aluminum
band appears as the intense feature between 68 and 73 eV.
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At present we employ a spectrometer mounted on a beam line at the Center for Advanced
Microstructures and Devices and another spectrometer end station at the Advanced Light Source at
Lawrence Berkeley Laboratory. At these sources, an electron beam, white light, or monochromatic
radiation from the storage ring can be used to excite the sample as shown in Figure 4.
When white light is used for excitation, the reflected beam from the sample can be detected by the
fluorescence spectrometer, and provide a measure of the absorption coefficient of the sample.
In Figure 5 recent results, shown for various forms of carbon, were obtained from our end station at
the ALS. The presence of antibonding orbitals near the emission threshold are evident and the density
and energy positions of occupied states for the molecular orbitals change as the form of the carbon
changes from the fiillerenes to amorphous carbon. As the photon energy is lowered from 320 eV to
284.5 eV close to the carbon ]s ionization energy, excitonic states similar to those shown in Figure
2 for the boron nitride are excited. The emission feature at 284.5 eV is due to fluorescence from an
electron in an antibonding %* orbital returns to fill the hole in the Is core level. In addition to a
symmetry mapping of the localized density of states one can obtain additional information about the
of the density of states at points in the valence band. It is these types of excitations that will be the
subject matter for the rest of this talk.

Fluorescence or scattered SR
SR white or mono
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Figure 4. The experimental setup
62

f
Fluorescence Studies of Various Forms of Carbon
ALS
C 1s Emission
hv-320 eV

260

270

280

290

Photon Energy (eV)

The measured spectra represent the density
of occupied states for the molecular orbitals of
the fullerenes for excitation energies far
above threshold.

260

270

260

Photon Energy (eV)

Significant changes in iineshape are observed
below the ionization threshold due to the
presence of a K* "spectator" electron in the
lowest unoccupied state.

3. Soft x-ray excitation of Fluorescence: Inelastic X-ray Scattering
3.1 Photon-in Photon-out Processes
X-ray absorption and emission has generally been thought of as independent of the excitation process
producing the core hole. The emission and absorption process are illustrated by the Feynman diagrams
in the top panel of Figure 6. Inelastic scattering, a second order process depicted by the Feynman
diagram in the bottom panel of Figure 6, has been studied for some time3"6 for K shell excitations.
The lower Feynman diagram is a generalization of a more general interaction of photons with matter,
where an atom in an initial state I absorbes a photon and passes through intermediate states r\ and
winds up in a final state F . The scattering can be classified as:
i) Resonant fluorescence an elastic scattering process where the input photon energy equals that
of a dipole allowed transition and,
ii) Inelastic scattering or Raman scattering where the input photon interacts with the excited
electron and is emitted at a lower energy.
The processes i) and ii) involve the p A term in the electromagnetic interaction, where p is the
electron momentum and A is the electromagnetic vector potential.
iii) Compton scattering is another inelastic process but it involves the A.A part of the
electromagnetic interaction. Compton scattering at the photon energies we are interested is
orders of magnitude smaller than the other terms of the electromagnetic interaction governed
by the top equation in Figure 7.
The amplitude for the scattering consists of the Compton term the nonresonant, and the resonant
terms. The resonant term is given as the equation at the bottom of Figure 7. The interaction cross
section is the so-called Kramers-Heisenberg equation. For the processes considered here the resonant
term dominates the scattering. In many cases resonant scattering is dominated by a tingle intermediate
state6'7
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Figure 6.(a) Inelastic scattering (absorption and emission, (b) Scattering through an intermediate state
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Figure 7. The interaction and amplitude for resonant scattering

3.2 Resonant Scattering and Spectator decay
In the case of our measurements on boron oxide and boron nitride*, resonance fluorescence was
accompanied by spectator emission, where the excited electron is a spectator for an emission process
involving the valence band electrons. The general idea is conveyed by the cartoons in Figure 8.
Another idea is presented in Figure 8. It goes something like this: as the photon energy increases so
that the outgoing electron has enough energy to collisionally promote one of the valence electrons into
the stationary state forming a valence core-hole exciton as illustrated by the cartoon at the lower right
hand side of Figure 8. Under these circumstances one can observe competing processes taking place:
fluorescent decay of the exciton andfluorescencedue to transitions between the valence band and the
core hole with the exciton as a spectator, similar to the condition when the exciton was excited
resonantly as shown by the cartoon in the upper left hand corner of Figure 8. The intensity of the
exciton relative to emission from the valence band is depicted in Figure 9, which is a spectrum
obtained from boron nitride when the excitation photon was resonant with the enciton energy. Figure
10 illustrates the screening that occurs due to the spectator decay at the exciton energy, and the
subsequent emission when the outgoing electron has enough energy to collisionally populate the
excitonic state. The results are summarized in Figure 11.
Another form of resonant fluorescence scattering has been shown9 to occur in titanium nitride. It is
thought to be due to the creation of a quasi atomic intermediate state produced through the coupling
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of the excited electron in a 3d orbital with the 2p3/2'' core hole. Our measurements in titanium oxide
show similar resonant behavior. These results are presented in Figure 17a where a definite resonant
behavior occurs in the vicinity of the L2 emission edge threshold. Another mechanism that may be
operative is the creation of localized excited states in the conduction band that arise from the coupling
of the excited electron in an unoccupied 3d orbital through charge transfer with electrons occupying
ligand orbitals, as has been observed in nickel compounds10
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Resonant

Collisional Excitation

Figure 8. Fluorescence processes in the presence of discrete states
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Summary
1.
2.
3.

Presence of exciton produces screening, shifting energy of V-K emission.
Branching ratio of radiative decay of core exciton relative to V-K transition is 0.28 andQ.08
for B2O3 and BN respectively.
K-conserving photon in-photon out interactions may compete with phonon/electronic
relaxation to produce change innormal and spectator spectra.

3.3 Inelastic Scattering
Inelastic scattering has been observed with great difficulty for transitions involving K and L shell
electrons. More recently a form of inelastic resonant scattering has been observed11 by which the
photon momentum and the crystal momentum, k, were conserved. The idea is presented in Figure 12.
Photons that excite core electrons to states in the conduction band of a particular symmetry can scatter
the electrons to states of the same symmetry in the valence band through the resonant term of the
Kramers-Heisenberg cross section as depicted by equation in the lower frame of Figure 12. Thus
electrons promoted to states in the conduction band of L symmetry at 100.6 eV as shown in Figure
13 would be promote an enhancement of emission at the same symmetry point in emission, or at 91.5
eV. This k-conservation model is one of the factors that produce a variation of the intensity of
emission as a function of photon excitation energy, the emission from an amorphous sample would
show little or no change as the photon excitation is changed, because of the lack of crystalline order.
Emission from crystalline and amorphous silicon is shown12 in Figure 14. The amorphous sample,
shown in the upper panel, is not emission dependent as a function of the excitation energy. On the
other hand, emission from the crystalline sample, in the lower panel, shows a pronounced variation as
a function of the excitation energy. These results are summarized in Figure 15.
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Summary

1.
2.
3.

Emission (photon-out) changes are due to crystalline order.
We identify photon-in photon-out K-consemng coupling in crystalline Si.
Another mechanism still may be operative in scattering = phonon scattering?

Finally in a study of the oxides of titanium we have observed resonant scattering and inelastic
scattering that depend on the stoichiometry of the material. In contrast to the low count rate
experiments that are the rule for K-L inelastic x-ray scattering,3-6 the scattering we have observed in
transitions metals and their oxides by L shell electrons was very pronounced, possibly because the
energy difference between the input and output photon was only a few electron volts rather than
several hundred electron volts as occurred in the former case. In titanium oxide the resonance occurs
at 465 eV which is the same energy as observed by Rubensscn et aP, which suggests that the resonant
mechanism may be the same. Titanium oxide and nitride are both semiconducting-metallic materials
and have similar emission bands. Each of the compounds, when excited at photon energies much
higher than the ionization energy of the 2p shell show a similar emission band structure, with the L 2
emission suppressed by Coster-Kronig transitions involving the radiationless decay of the 2p 1/2 core
state.
On the other hand titanium dioxide is an insulator with a band gap of several electron volts. Emission
spectra of titanium dioxide excited at a series of photon energies are shown in Figure 16b. In addition
to elastically scattered photons shown as the open diamonds in figure 16c, x-ray Raman scattering
is clearly evident at an energy difference between the scattered and incident photon of about five
electron volts. The band structure of titanium oxide is well modeled by the molecular orbital theory13,
and there are a number of energy levels that have an energy difference of about five electron volts that
could produce the observed dispersion.
In conclusion x-ray scattering is a common phenomenon and is especially sensitive to the electronic
environment of the material. This property is likely to provide yet another process to help us
understand complex solids by separating out states of a particular symmetry. Resonance fluorescence
shows possibility as a method to study dynamical behavior of the electrons in materials. While it is
not necessary to have a high brightness source to observe x-ray scattering phenomena because the
scattering is enhanced enormously by resonance interaction with discrete states, the high brightness
sources, now available, permits the use of maximum resolution for these investigations. X-ray
scattering shows great promise as a way to gain new insight into the nature of the distribution of the
electrons localized near the particular atomic sites. I believe Rontgen would be pleased to see the
progress scientists have made in the understanding of nature through the use of his discovery.
The authors would like to acknowledge support from NSF grant DMR-9017997, and a DoE-EPSCoR
cluster research grant DoE-LEQSF (1993-95)-03.
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Outer-shell photoionization of ions
Nina Avdonina

Department of Physics and Astronomy, University of Pittsburgh,
Pittsburgh PA 15260, USA.

It is well known that the photoionization cross section for a pure Coulombic potential decreases
monotonically with photon energy1. But for many-electron neutral atoms and ions, the
photoionization cross sections display some non-monotonic features, such as Cooper minima, shaperesonances, and autoionizing resonances. It was found previously2*3 that increase of ionicity along
an isoelectronic series results in the disappearance of low lying Cooper minima, which shift into the
discrete spectrum. Shape-resonances also disappear because these is no potential barrier for the
potentials of highly charged ions, So the photoionization cross sections calculated in one-particle
approximation become monotonically decreasing functions of photon energy. The situation is
different if we take into account inter-shell correlations. The neat threshold behaviour of
photoionization cross section of outer shell electrons is strongly affected by the great number of
autoionizing resonances associated with the multielectron inner shells. Some of the resonances can
occur near the outer shell photoionization threshold even for highly charged ions *, and so can distort
the otherwise monotonic behaviour of the photoionization cross sections.

Methods of calculations: random phase approximation with exchange (RPAE) based
on nonrelativistic Hartree-Fock (HF).
Within the RPAE framework the dipole matrix element D(w) (figure l(a)), taking into account the
influence of the inner subshells, can be obtained from the RPAE equation [S] as
(e | D(w) | n) =(e | d | n) + Z 2AE(k | D 1 (w) | m) (m, e | V | k,n)/(<o2 -AE2),

(i)

m*n<F
k>F
where AE=Ek-Em and E ^ , is the energy of the k(m)-th state. The dipole matrix element (e ] d | n)
corresponds to the one particle HF approximation. The matrix elements include all RPAE inter-shelf
and intra-shell correlations in closed subshells (figure l(b)):
) | m) = ( k | d jm) + 1 2AE(k* \ D^w) | nf) (nV, k | V | k\my(<o?-AE2).
mVn^F
k'>F
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(r)

The matrix element of the Coulomb interelectron interaction (m,e| V | k,n) [the sum of the direct and
exchange matrix elements between the valence electron and electrons of the residual core (figure 1
(a)), and among electrons of the closed shells of the core (figure l(b))] is represented by the line. The
interaction with a photon is represented by the line.

ft

Y\

Figure l(a). [plus time reversed part]

Figure l(b). [plus time reversed part]

Lightly charged ions: Amplification of outer shell photoionization of alkali-like ions.
The inter-shell interaction of the valence electrons of a lightly charged alkali-like ion with closed inner
shells increases the outer s-electron photionization cross section just above the threshold by about
an order of magnitude as compared with teh values obtained in HF approximaiton6. The firs reason
for this amplification is the same as in the neutral alkali atom case - the presence of the very strong
and wide nsl ,kd 1 core autoionization resonances. The ether reason (far below the resonances), as
opposed to neutral alkali atoms, if the shift of the zero of the ionic dipole matrix element of the single
electron interaction into the discrete spectrum and a change in the interference of this matrix element
with the inter-shell interaction term from destructive to constructive.
Schematically, the interference of these two amplitudes for a neutral atom and for the fires ion of its
isoelectronic are shown in figures 2 (a), 2 (b).
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Figure 2(a).

Figure 2(b).

Below the autoionizing region the sign of the inter-shell interaction amplitude is positive in both
neutral and ionic cases (dot-dashed curves offigures2(a) and 2(b)). The single electron dipole matrix
element changes sign for the neutral alkali atom (dashed curve of figure 2(a)), while for ions, above
photoionization threshold I,*, this matrix element has a positive sign (dashed curve of figure 2(b)).
As a result, in ions the two terms of the photoionization amplitude interfere constructively (solid line
of figure 2(a)). For the neutral atom case, above the threshold the two parts of the photoionization
amplitude interfere destructively (solid line of figure 2(b)).
The results of our calculations for photoionization cross sections for Sr+, Ba+ and excited
Sr+*(...4p*6s) in the near threshold region are presented in figure 3, contrasting RPAE curves (with
resonances) with the smooth HF curves. The interaction with the 5p6 subshell for or 4p6 subshell
for and is included. The RPAE results show, apart from the prominent increase of the cross section
(as compared to HF values) at thresholds, also prominent resonance structures.

Highly charged ions: resonance structure.
It was shown3 that, with increase in ionicity, for highly charged ions some of the autoionizing
resonances connected with discrete excitations of the inner shells will move to (and below) the
excited electron photoionization threshold (figure 4).
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Figure 3.

The photoionization cross-sections of outer ns electrons of Sr+, Ba* and excited
Sr+*(...4p6,6s).
l-M 10

&SS

Figure 4.

The positions of the resonances 4p --> 4d, 5s for the isoelectronic series of
Rb*(...4p6,6s) with respect to the photoionization threshold 1^. (Zs is the ionic charge,
Iml is theenergy of the ml state in the configuration where the 4p electron has been
promoted to the ml state.)

Photoionization cross sections of the excited electron for even highly ionized ions have little in
common with hydrogenic behaviour if the positions of the autoionization resonances are located close
to the photoionization threshold. Resonance features in cross sections of the excited Pd*9(...4p6,6s)
(Figure 5(a)) and In*I2(...4p*6s) are shown in figures 5(a), 5 (b). Only the interaction of the 6s
subshell with the 4p subshell bas been taken into account. The 4p--> 4d autoionization resonance
in the Pd+9 photoionization cross section is located above threshold, while the position of the same
resonance in the cross section is shifted below threshold.
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Application of the calculation method: can also be applied to the atoms with
subshells different from half-filled by one electron.
Basing our method on the spin-polarized version of the Hartree-Fock approximation7, the O(3P) -->
OT/S) ed,s photoionization cross sections for ground state atomic oxygen have been calculated. This
approach allows us to take partly into account the multiplet structure of the oxygen in the initial and
final states. Intra-shell correlations for the 2{3 T subshell [equation (1')] and inter-shell correlations
for the 2{3t and 2[3l subshells of O(...2[2t, 2f3l;3P) [equation (1)] have been taken into account.
The photoionization of atomic oxygen has been investigated fairly well, both theoretically and
experimentally, so that we can compare out results with the results previously obtained. Table 1
shows out results for positions of some autoionization resonances. The agreement between these
results and the observed energies8 is very good. The RPAE cross section is shown in figure 6.

Table 1
Energy
Observed [8]

Level
2s22p4 3P
2s22p3(2D) 4s1
2s22p3(2D) 5s1
2s22p3(2D) 3d1
2s22p3(2D) 4d'
2s22p3(2P) 3s 1
2s22p3(2P) 4s 1

Figure 6.
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Overview of the APS BESSRC Beamline Development*
G. S. Knapp
Argonne National Laboratory, Argonne IL, 60439
Abstract
The Basic Energy Sciences Sychrotron Radiation Center (BESSRC) Collaborative Access Team
to the Advance Photon Source (APS) will serve the synchrotron users of the Physics, Materials
Sciences and Chemistry Divisions of Argonne National Laboratory as well as the Geosciences
Group of the Chemical Technology Division. It will also serve to outside users. We discuss the
organization Plan, the types of science that can be done at the proposed facility and the various
sources (undulator, wiggler and bending magnet beamlines). A number of new techniques hsvr
been developed, including a new method to handle the high heat loads from the undulator using
both this crystals and cryogenic cooling. Finally some of the planned equipment to used by the
Atomic and Molecular Physics group is discussed.

'This work at Argonne National Laboratory is supported by the US. Department of Energy,
Office of Basic Energy Science, Division of Materials Sciences, under contract W-31-109-ENG38.
The author is Deputy Director of the Basic Energy Sciences Synchrotron Radiation Center
(BESSRC)
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Key Members of this Collaborative Access Team (CAT) include:
Pedro. A. Montano, Director
Mark BBeno (MSD)
Mike Bedzyk (MSD and Northwestern U.)
Paul Cowan (Physics)
Mohan Ramanathan (MSD)
Guy Jennings (MSD)
Mark Engbretson (MSD
Charles Wiley (MSD)
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The Basic Energy Sciences Synchrotron Radiation Center serves:
A.
B.
C.
D.
E.

The Chemistry Division, Argonne National Laboratory
The Materials Science Division, Argonne National Laboratory
The Physics Division, Argonne National Laboratory
The Geosciences Group, Chemical Technology Division, Argonne National
Laboratory
Outside Users (40% of the Time)
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Figure 1. BESSRC - CAT Organizational

The Basic Energy Sciences Synchrotron Radiation Center (First Phase)
Two Sectors
I.

Undulator Beamline (One Hutch)
A.
Scattering
1.
Standing Waves
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B.
C.

2.
Small Angle
3.
Anomalous
Time Resolved Studies
Atomic and Molecular Physics

II.

Elliptical Multipole Wiggler Beamline (Two Hutches)
A.
Surface Scattering
B.
magnetic Scattering
C.
Compton Scattering
D.
X-Ray Absorption

III.

Bending magnet #1 - Energy Dispersive (One Hutch)
A.
Time Resolved Studies - XAFS
B.
Surface Scattering

IV.

Bending Magnet #2 (One Hutch)
A.
High Energy Scattering
B.
Surface Scattering
C.
Crystallography and Powder Difiraction

NOTE: When the BESSRC is finished construction there are expected to be 11 Hutches

BASC EN3WV SCENCtS SYNCHROTRON RADIATON CENTER (8ESSRC)
2 SECTORS AT 1>C ADVANCED PHOTON SOURCE

Figure 2. 1st Phase
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Figure 7. Schematic illustration of the electron motion for various combinations of the deflection
paramters, K^. (a) Ky=K> 1, helical undulator,(b): Ky>K> 1, elliptical undulator,(c) Ky»lQ= 1,
elliptical multipole wiggler. Kitamura & Yamamoto (SRI 1992)
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Figure 8. Examples from Kitamura and Yamamoto (1992).
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Figure 9. An energy dispersive x-ray spectroscopy beamline, X6A,at NSLS; P.L Lee et aJ ANL
and Brooklyn College of CUNY.
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Figure 5. A close up view of one half the proposed crystal with the
temperature contours as calculated by an ANSYS calculation.

Takle 2:
Key Crystal Temperatures.
llmAI %<x wfanm)

Figure 15. Closeup of half of cystal; temperature contours as calculated by an ANSYS
calculation.
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Figure 16. Apparatus for angle-resolved photoelectron measurements, with the rotatable mainchamber and a rotatable "turret".
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Figure 17. Penning trap electrode structure. The top part is the four quadrant ring electrode and
the bottom is a cut-away view of the end caps and ring electrodes.
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The Advanced Light Source: Research Opportunities
in Atomic and Molecular Physics
Fred Schlachter
Advanced Light Source, Ixwrence Berkeley Laboratory, University of California, Berkeley CA
94720

Introduction
The Advanced Light Source is the world's first low-energy third-generation source, and the brightest
source of radiation in the ultraviolet and soft x-ray regions of Xhs spectrum. The ALS has been in
operation for user research since October 1993. Photon beams from undulators provide ultrabright
radiation from below 10 eV to above 2 keV, allowing very high flux with unprecedented spectral
resolution. Intense beams from bend magnets and wigglers cover a spectral range to 10 keV. Plane
and circularly polarized radiation is available.
Two beamlines are dedicated to gas-phase research in atomic and molecular physics and chemistry.
One beamline uses an eight-cm-period undulator, and will cover the spectral range 20-300 eV. The
other is a bend-magnet line covering the range 700 eV to 6 keV. In addition, a normal-incidence
6.65-m monochromator will provide exceedingly high spectral resolution in the energy-range 5-30
eV for chemistry.
Potential users of the ALS should contact the author for additional information: phone 510 486-4892;
fax 510 486-7696.
The ALS offers new research opportunities in atomic and molecular physics and chemistry in the vuv
and soft x-ray regions of the spectrum. Photon beams of unprecedented brightness are available and
are presently being used for a comprehensive research program.

Figure 1
The high brightness of the ALS allows very small samples to be studied. The figure
shows a recent ALS measurement of photoemission from a 50-nanogram sample of curium 50
microns in diameter. (Measurement by Tonner et al, 1994).
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SO micron

Application of ultraESCA:
Micro chemical analysis of
actinide compounds.

50 Nanograms of material,
50 PicOCUries of activity.
Test case: Cm photoemission, XAFS

N. Edelstein, D. Shuh, Jerry Bucher
CSD Lawrence Berkeley Laboratory

J. Denlinger, E. Rotenberg, B. Tonner

Figure 2

Spectromicroscopy at the ALS: information for Fig. A.

• Day 1: Beam delivered to sample

XAS

CK.CHII.lUKKlfC*,

• Day 2: First spectra obtained
• Day 3: First experiment completed

Carbon K-edge X-ray Fluorescence
from Buckminsterfullerene (Bucky Balls)
(J. Nordgren and coworkers)

2iS

210 IIS

Figure 3
Experiments on C^ at the ALS: fluorescence spectra from C60 demonstrates use of
radiation with high spectral resolution. (Measurements by Nordgren et al, 1994).
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High brightness of the ALS makes
photon-in/photon-out fluorescence a
viable technique
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Figure 4
Buried interface studied using fluorescence spectroscopy at the ALS. Emission from
a single monolayer of boron nitride under a 50-A overlayer of carbon shows the high sensitivity
possible. (Measurements by Callcott and Ederer et al, 1994).
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Figure 5.
Schematic diagram of x-ray fluorescent microprobe at ALS, which produces a spot
of approximately 1-micron diameter.
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• An undulator beamline (9.0.1) is dedicated to gas-phase experiments. s**>+
- energy range 20-300 eV
- high spectral resolution (10,000) with high flux
- completely linearly polarized
- permanent differential pumping
- end-station and postdoc support. T»U S-*«J<• Other beamlines are potentially available
- chemical dynamics beamline (5-30 eV, very high spectral resolution)
- crysta 1 monochromator beamline (700 eV-6 kevQ
- other undulator lines.
• Future capabilities will includeelliptically polarized radiation,
• All beams are pulsed:
»
- 35 ps pulses at 500 MHz
- arbitrary bunch patterns can be requested. v»y*«U—-c t-Uu-*^ **<•

Figure 8.

The ALS offers opp&rtunities for research in atomic and molecular physics.

• High brightness
-

Focu.to.mall.po.

-

Highw.olutionwilhWghnux

• Fast pulse (35 ps)
• Tunable over wide range (VUX, soft X ray)
• Partial coherence
• Polarization (linear/ circular)

Figure 9. ALS features include high brightness and tunability over a wide spectral range.
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Figure 10 The ALS operates reliably. Stored electron current for one 24-hour day is shown.
Lifetime at 400 tnilliamps stored beam is approximately 11 hours. Users have foil control over
undulator gap settings.
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• ALS undulators produce a beam which is a factor of 10,000
brighter than that from bend magnets
Figure 1L The ALS and APS are complementary third-generation light sources: the ALS for
low-energy photons, the APS for higher-energy photons. High brightness is the essential
characteristic of third-generation sources.
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12 Radiation from an undulator has a narrow spectral and angular distribution relative to that
from a bend magnet.
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Figure 13. High spectral resolution is necessary to show details of the resonance structure of the
nitrogen Is to pi-star resonance (measurements by Heimann et al at SSRL, 1991).
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ref: Bozek, Bancroft, and Tan, Phys. Rev. A 43,3597 (1991)

Figure 14. Vibrational structure of silane 2p illustrates use of high spectral resolution (measurements
by Bozek et al, 1991).
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Figure 15. First measurement of high spectral resolution at the ALS: nitrogen Is to pi-star resonance
(Warwick et al, 1994).
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Figure 16. High resolution shows details of ionization in helium: production of doubly excited
autoionizing states. (Madden and Codling 1963; Reich et al 1992; Domke et al 1992).
• Below He+ (N=2) threshold only 'Po final states allowed
• Three Rydberg series allowed
(sp, 2n+) and (sp, 2n-) ^ o series previously observed

• Third series (2p, xid) 1P° series now observed
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Figure 17. Additional details of the doubly excited states of helium are shown in this high-resolution
measurement by Domke et al at BESSY.
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Compare ab initio theory with experiments below N=5 and 6 thresholds
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— Excited angular correlation mode identified
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Ref: Tang et al., Phys. Rev- Letters 6S, 1633 (1992)

Figure 18 Additional details of the doubly excited states of helium have been calculated and
observed. (Tang et al, 1992).
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Figure 20. The ALS beamline layout (1993-1995).
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Figure 20. Floor plan for beamlines 9.0.1 and .2, to be used for atomic physics and chemistry.
• Molecular beams, lasers, and undulator radiation
• Molecular spectroscopy, 5 to 30 eV (400 to 2S00A)
• Photodissociation
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Figure 21. Schematic layout of beamline 9.0.2 for chemical dynamics studies.
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Figure 22. Photon flux calculated at a spectral resolution for beamline 9.0.1 monochromator.
• Ion spectroscopy to study photon-ion interactions
• Doubly excited resonances, threshold region for two-electron escape,...
• Initial experiments: Li+
Energy Tagging Plates
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Figure 23. Experiment proposed for beamline 9.0.1 by Mike Lubell and Tom Morgan, to do ion
spectroscopy for photon-ion interactions. Plans include studies of both positive and negative atomic
and molecular ions.
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• double crystal monochromator on a bending magnet
• photon energy range 700 to 6000 eV using Beryl, Si and Ge crystals
• flux of 1011 photons/s in <0.5 eV bandpass
• spot size of 0.1 to 1 mm2
SCIENTIFIC PROGRAM:
• x-ray emission, electron and ion spectroscopy
• surface & interface science
• time-resolved EXAFS

Figure 24. Beamline 9.3.1 wiH provide x-ray beams from 700 eV to 6 keV.

The ALS users annual meeting will be October 20-21, 1994. The International Workshop on
Photoionization, IWP94, will be held October 24-27, 1994.
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Photoionization of the Ba* ion by 4d Shell Excitation
Tetsuo Koizumi
Department of Physics, Rikhyo University, 3 Nishi-lkebukuro, Toshima-ku, Tokyo 171 Japan

Introduction
Photoionization of positive ions is an important process in a number of applications as well as being a
fundamental process of nature. A knowledge of the photoionization cross sections of positive ions is
of importance in plasma physics, astrophysics, and atmospheric physics. Despite its importance in a
number of areas, there has been relatively little experimental work of ionic photoionization.
For examples
Photoabsorption measurements
Lucatortotf/ar/
1981
Costelloe/ar/
1991
Jannitti etal
1993
Photoion spectrometry
Dolder

1988

Photoelectron spectrometry
Busaxetal

1991

In recent years a number of calculations of photoionization of positive ions have appeared, and
consequently, theory is ahead of experiment in this area. This is unfortunate in that without experiment,
it is difficult to assess the accuracy of calculations. In order to generate more experimental data on the
photoionization of positive ions, as a first trial, yields have been measured of multiply charged-ions
produced by photoionization of Ba+ ions in the Ad ionization region.
The photoionization cross sections of the Ad electron in Ba and its close neighbors in the periodic table
have been of interest due to the "giant resonances." So, there have been many theoretical and
experimental studies for the Z-dependence of the photoionization cross section of neutral atoms near
Ad thresholds.
On the other hand, little experimental work has been performed for the ionic charge dependence of giant
resonances Lucatorto et al (1981) measured the photoabsorption cross section of Ba, Ba+, and Ba**
in the vicinity of Ad threshold. They found several very strong discrete transitions in Ba++> although
most of the Ad absorption oscillator strength is in the continuum in Ba and Ba+. They explained such
behavior in terms of a partial collapse of the nf bound states in Ba++. Rozsnyai (1990) has calculated
the photoabsorption cross sections for Ba, Ba*, and Ba** by using a self-consistent Dirac-Slater model.
In his calculations, strong discrete lines before the Ad threshold are present for all charge states,
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whereas Lucatorto et al. only observed three lines for Ba+. In their experiment, the energy resolution
was not very high and excited states were contained in the Ba+ target. More detailed experimental
studies are needed to consider the discrepancy between theoretical and experimental results.

Experimental

Ion
Source

D: Deflector
C: Coilimator
I: Interaction region
A: Analyzer

Figure 1. Experimental layout
A collinear merging beam technique has been employed in this experiment. Figure 1 shows a schematic
diagram of the apparatus. The merging beam apparatus consists of an ion source (S), an electrostatic
quadrupole ion deflector (D), an interaction region (I), and an electrostatic parallel plate charge-state
analyzer (A). An ion source of the surface ionization type was used because of its simple, reliable and
stable operation. Ground-state Ba+ ions produced in the ion source were accelerated up to 2 keV, and
deflected 90° by the quadrupole deflector to be merged with the monochromatic photon beam.
Radiation from a bending magnet was monochromatized by a 24m spherical grating mirror
monochromator in the BL-3B beam line of Photon Factory at National Laboratory for High Energy
Physics. The ions were transported to the interaction region, whose length is 15 cm, through a pair of
orifices used to collimate the ion and the photon beams. The interaction region was biased at a
potential of about 800 V to distinguish the multiply-charged ions produced in this region from those
produced at a different region by other charge stripping processes. A Faraday cup (F) and two single
particle detectors were mounted on the parallel plate charge-state analyzer. The primary Ba+ ions were
collected in the Faraday cup and multiply-charged ions (Ba2+ and Ba3+) formed in the interaction
region were detected by two single particle detectors. The intensity of photon beam was measured
by monitoring the electron current of a gold-plated photodiode (PD).
The energy scale of monochromator and the relative photodiode efficiency were calibrated in a
subsidiary experiment by measuring the total photoion yield of Kr near 3d threshold. A small amount
of Kr gas, at about 10"9torr, was introduced into the interaction region. Ions formed by photoionization
of Kr gas in the interaction region were accelerated by the bias potential and detected by the charge
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state analyzer. The positions of known 3d-np resonances in Kr (Murakami et al 1990) were used for
the energy calibration. Tiie accuracy of the calibration was estimated to be 50 meV. The relative
photodiode efficiency was determined by comparing a measured total Kr photoion spectrum with the
known one (Murakami et al 1990) in the energy range from 80 to 200 eV. Typical experimental
conditions are summarized as follows.
Background pressure
Ion current
Background
Photon flux
Ba3* signal

2xlO- 1 0
80
100
1012
350

torr
nA
cps
cps
cps

Results and discussion
The partial yields of Ba2+ and Ba3* are shown in figure 2 as functions of photon energy. The energy
resolution E/AE of a monochro.nator was about 130. The threshold energy of Ad ionization for Ba+
ion is not clear experimentally. However, it is estimated as 109 eV from a Hartree-Fock calculation. As
is seen from Figure 2, some prominent peaks are observed below 109 eV for both Ba2+ and Ba3+. The
Ba3+ yield spectrum reveals a broad giant resonance peak due to Ad excitation, but no giant resonancelike peak is observed in the Ba2+ spectrum. Above the 4d threshold, the main process is Ad ionization
followed by Auger decays.
Ba+(4d105s25p66s)+hv -> Ba2+*(4d95s25p66s) + e
1
3+
lo 2
Ba (4d 5s 5p5) + e
Thus a giant resonance peak was seen only for Ba3+ spectrum.
The measurements of photoion yield with a higher resolution {E/AE =350) were made near the Ad
ionization threshold. The results for Ba2* and Ba3+ are shown \n figure 3. From the higher resolution
measurement, it was found that the peak observed at 103.5 eV splits into two peaks. These prominent
peaks can most probably be attributed to a "resonance Auger" process. The excited *Ba+ i
to a Ba3+ ion by two step Auger processes, for example,

Ba+(4d5s25p66s) + hv -> Ba+*(4d95s25p66snl)
]

Ba 2+ *(4d lo 5s5p«nl)+ e
I
Ba 3+ (4d I0 5s 2 5p 5 ) + e
or Double Auger processes
Ba + *(4d 9 5s 2 5p 6 6snl)

Ba 3+ (4d 10 5s 2 5p 5 ) + 2e
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If an excited electron was ejected by the first Auger processes, most intermediate excited states of
Ba2i* are energetically below the triple ionization threshold {Bizau et al 1989). Thus, ground state Ba2<
was created by radiation decay. A typical example of this process is
Ba+*(4d95s25p66snl) -> Ba2+*(4dw5s5p66s) + e
i

Useful comparison can be made with the measurements of electron impact ionization of Ba+ by Peart
et al (1993). They found step-like structures of the double ionization cross sections in the 4d ionization
region, and attributed these series of sharp steps to 4d excitation followed by two step Auger or to 4d
excitation followed by double Auger. The bars in figure 2 indicate energies of the prominent
autoionization thresholds in their measurement. Considering an optical forbidden transition can be
observed by the electron impact measurement, some correlations between the step-like structure
observed by Peart et al and the present peaks might exist. Between 103 and HO eV, some small
structures were seen in the electron impact ionization function. These structures might correspond to
the prominent peaks in our spectra.

Summary
(a)
(b)
(c)
(d)

Photoion spectrometry has been applied to the determination of relative photoionization yields
of Ba+ ions around 4d threshold.
We have obtained partial Ba2+ and Ba3+ yields as a function of photon energy,
A giant resonance structure above 4d threshold has been seen only for Ba3* spectrum.
Prominent peaks have been observed below the 4d threshold (109 eV). These peaks are attributed
to resonance Auger processes.
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Decay dynamics of Inner-Shell Excited Atoms and Molecules
Kiyoshi Ueda

Research Institute for Scientific Measurements, Tohoku University, Sendai 980, Japan

Abstract
Three case studies are reviewed on the recent study related to inner-shell excited
atoms and molecules. In the electronic decay following B i s - 2&J' excitation in BF3,
the spectator Auger electron emission forms six broad peaks showing good
correspondence with the normal Auger bands and thus indicating the validity of the
spectator model. In the case of 3p - 3d excitation in Ca, the spectator model breaks
down and collapse of the 3d wave function and many body effects play important
roles in the electronic decay. In the dissociation dynamics following B i s - 2a2excitation in BF 3 the molecular deformation plays a key role.

Introduction
Tunability of synchrotron radiation allows to excite an innershell electron to a discrete resonance in
an atom or a molecule. Decay dynamics of such innershell-excited atoms and molecules has been
investigated extensively in the past decade, stimulated by the development of experimental techniques
related to synchrotron radiation and the development of theoretical techniques. In the present paper,
three case studies are reviewed; electronic decay following B i s - 2a2" excitation in BF 3 [Ueda94J,
electronic decay following 3p - 3d excitation in Ca [L'."jda93], and dissociation following B i s - 2a2"
excitation in BF 3 [Ueda92,Sim94].
In the electronic decay of innershell excited atoms and molecules,there are two major electronic decay
processes;a participant Auger decay and spectator Auger decay (see, for example, [Ebe83] and
[Ung85]). In the participant decay, the excited electron participates in the decay process: the final
state of this process is the same as one-hole final states after the direct photoionization of outer-shell
electrons. In the spectator decay, the excited electron acts as a spectator during the electronic decay:
the final state of this process is the same as the shake-up satellite states. We will discuss the general
features of these two processes using the electronic decay following B i s - 2a2M excitation in BF 3 as
an example, because the electronic decay of BF 3 is a typical example where we can clearly see both
the participant and spectator Auger decay processes.
In the electronic decay following 3p - 3d excitation in Ca, however, the above described simple
picture (spectator model) based on an independent particle model is not appropriate. In this second
example, we will discuss how collapse of the 3d wave function in the Ca innershell excited
configuration 3p54s23d and electron correlation (many-body effect) play roles in the electronic decay
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processes. In the last example, we will discuss dissociation dynamics in BF3 following B i s - 2a2"
excitation. The RAEPICO (resonance Auger electron - photoion coincidence) [Ueda92] and
PEPIPICO (photoelectron — photoion — photoio.i coincidence) [Sim94] measurements provide
compensatory information about dissociation pathways and dynamics and reveal a key role of the
molecular deformation in the dissociation processes.

Electronic decay of BF3
The ground state configuration of BF3 is
(core) la', 2 le14 2a1,2 2e'4 2a"22 3el4 la'22
The outer six orbitals have binding energies of 15-22 eV and are often called outer valence orbitals.
The outermost two orbitals le" and la' 2 are non-bonding, the 3e' orbital is slightly bonding, and the
three orbitals 2a',, 2e', and la" 2 are bonding. The la' and le' orbitals, whose binding energies are
[Sim94] 40 eV, have mostly F 2s character and are often called inner valence orbitals. The B K-shell
absorption spectrum of BF3 [Iish82] shows two resonant features, 2a"2 below the B Is threshold and
4e' above the threshold. Kanamori et a/.[kan84] first observed the spectator and the participant Auger
electron emissions following the B i s - 2a"2 excitation in BF3.
We have reinvestigated the electronic decay processes at the resonance excitation by scanning the
photon energy across the B Is - 2a"2 resonance. The experiment has been carried out on a 24-m
spherical grating mono^hromator (SGM) installed in the beamline 3B [Yagi91] at the Photon Factory
in Japan.
Figure 1 shows examples of the electron spectra. The spectra are plotted against ionization potential
IP = hv - KE, where hv and KE are the photon energy aid the electron kinetic energy. The top
spectrum was taken with photon energy below the B Is pre-edge structure and thus represents a
valence photoelectron spectrum without any contribution from the B Is core-hole decay. The PI peak
at 17 eV is a superposition of 3e', le", and Ia2' photolines, while the P2 peak at 20 eV is a
superposition of 2a',, 2e', and la" 2 photolines. The P3 peak at 40 eV is a superposition of inner
valence la', and le' photolines. Note that photoelectron-sateliite structure can hardly be seen in this
spectrum. As the photon energy increases towards 195.5 eV, intense photoelectron-satellite structure
appears and the outer valence photolines are significantly enhanced. This resonance enhancement is
evidently ascribed to the electron emission by the B Is core-hole decay following the B Is - 2a",
excitation. The enhancement of the photolines corresponds to occurrence of the participant Auger
decay, while the appearance of the satellite structure corresponds to occurrence of the spectator
Auger decay.
To see the resonance enhancement more clearly, we have obtained the difference spectrum between
the on-resonance spectrum excited by 195.5 eV photons and the off-resonance reference spectrum
excited by 194 eV photons. The difference spectrum is compared with the normal Auger spectrum
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Figure I. Electron spectra of BF 3 at photon energies which cross the B Is - 2a"2 excitation.

117

IP = hv - KE (eV)

20
1

40
I '

•

P2

1

60
'1

80
I

•

' '

• (a)

R!

1 -

-

Ri!

R3

'I A.A

'

P1

/

3.
>

1

A

/

CO

R4 R5

R6

-

A1

UJ

X

b

A3

. <>

j

A2

A4

\

•

i

•

I .
40

-

. 1.
60

A

A5

i .
60

A6
100

DIP = I(B K) - KE (eV)

Figure 2. Difference spectrum between the on-resonance spectrum excited by 195.5-eV photons
and the off-resonance reference spectrum excited by 194-eV photons, (b) Normal Auger spectrum
excited by 206-eV photons.
in Fig. 2. The normal Auger spectrum was taken at the photon energy tuned to the B Is - 4e' shape
resonance (206 eV) above the threshold. The difference spectrum is plotted against the ionization
potential IP, whereas the normal Auger spectrum is plotted against double ionization potential, DIP
= I(B K)-KE, where I(B K) and KE are the binding energy of B K and the electron kinetic energy.
In Fig. 2, there is remarkable correspondence between the normal Auger peaks Al to A6 and the
photoelectron-satellite (spectator resonance Auger) peaks RI to R6. From the observed
correspondence, the RI to R6 peaks can be assigned to the monocationic states with one electron
excited into the 2a"2 orbital and two valence holes having the same two-valence-hole configurations
as those for the corresponding Al to A6 normal-Auger-final states, respectively. Note that the DIP
scale in Fig. 2 is shifted down by 16 eV with respective to the IP scale. The ionization potential IP
and double ionization potential DIP correspond to the monocationic and dicationic state energies,
respectively, measured from the ground state of the neutral molecule. The energy difference 16 eV
thus corresponds to the energy necessary to ionize the 2a"2 electron in the two-hole one-particle
configuration.
To investigate the outer-valence participant decay in further detail, we have observed the PI and P2
photoline bands at higher resolution. Figure 3 shows the outer valence photoelectron spectra excited
by photons at energies below the B Is - 2a"2 resonance (192.5 eV) and just on resonance (195.5 eV).
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Fi^/re 3. Outer valence photolines. (a) Off-resonance reference spectrum excited by 192.5-eV
photons, (b) On-resonance spectrum excited by 195.5-eV photons, (c) Difference spectrum between
the (a) and (b) spectra.
The difference spectrum between the two spectra is also given in Fig. 3. The spectra are plotted
against ionization potential IP. The la'2 peak at 15.95 eV disappears in the difference spectrum. The
3e* peak at 17.14 eV is also very weak. According to the ab initio analysis [Gou73], the la'2 and le"
orbitals have 100% F 2p character, while the 3e' orbital has 95% F 2p and 5% B 2p character. The
la" 2 orbital, whose photoline component is clearly seen at 19.14 eV in the difference spectrum, has
18% B 2p character. Thus, our observation clearly indicates that only the valence electron in the
orbital having the B character can participate in the participant Auger decay following the B Is - 2a"2
excitation, suggesting that the 2a"2 orbital has a high enough correlation only with the orbitals with
the B character.
It may be worth to notice that the profile of the outer-valence photoelectron peaks might be modified
by the B Is - 2a"2 resonance. The branching ratios to the ionic vibrational levels are governed by the
Franck—Condon factors between the initial neutral ground level and the ionic levels for the direct
photoionization, whereas, for the resonance photoionization, the branching ratios are governed by
the Franck-Condon factors not only between the initial neutral ground level and the intermediate
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core-excited levels but also between the intermediate core-excited levels and the final ionic Ieve5s
[Ebe93]. The resolution and statistics of the present data, however, do not allow us to draw a
decisive conclusion.

Electronic decay of atomic Calcium
The ground configuration of Ca is 3p64s2. The 3d orbital is empty. The absorption spectrum of Ca
[Man77] in the 3p excitation region shows a very strong resonance feature 3p64s2 'S o - 3p54s23d 'Pj
(abbreviated as 3p - 3d). This is due to the collapse of the 3d wave function in the Ca 3p54s23d
configuration; because the effective potential has a significantly deeper well in the Ca 3p54s23d
configuration than in the Ca Sp^s^d configurations with ns4 and draws the 3d wave function closer
to the nucleus, the 3p - 3d excitation will take a large share of the oscillator strength due to the large
overlap between the 3d wave function and the innershell 3p wavefucntion. The decay of the 3p
innershell excited states has been investigated using synchrotron radiation; Sato [Sato85] measured
Ca27Ca+ ratio using photoion mass spectrometry and Bizau [Biz87] measured partial cross sections
for many Ca+ ionic levels using photoelectron spectroscopy.
We have investigated the electronic decay following Ca 3p - 3d excitation by means of
angle-resolved photoelectron spectroscopy using synchrotron radiation [Ueda93]. The experiment
has been carried out on the toroidal grating monochromator installed in the Atomic and Molecular
Science beamline [West87] at the Daresbury SRS in the UK.
Figure 4 shows the resulting partial cross sections a and asymmetry parameters p for populating the
Ca* 4s ground level (main line) and the 4p excited level (satellite line). The main peak (No. 3 in Fig.
4) is the 3p - 3d resonance and thus the assignment of the innershell excited level is 3ps4s23d 'P,.
The second peak may correspond to the unresolved group of lines Nos. 4-7 assigned as 3ps3d3 'P,,
3p54p23d 3 D,, 3ps3d24s ^ and 3ps4s24d 3 P,, respectively [Man77].
The measured branching ratios to the Ca4 levels at 3p - 3d excitation can be summarized in terms of
percentage fraction of the total intensity:

4s
51

3d
4

4p
4

5s
2

4d
7

5p
3

nl
13

3p s 3d4s 4 P

16

The main decay channel is to the Ca+ 4s ground level and its branching ratio is about a half of the
entire decay channels. If the excited electron acts as a spectator, the decay would be the channel to
the 3d level. However, this spectator process is much weaker than the participant process which
populates Ca+ 4s. The suppression of the spectator process results from the collapse of the 3d wave
function in the Ca 3ps4s23d configuration. Because of the collapse, this innershell excited level
possesses an anomalously small effective principal quantum number n*=2.05 which is even smaller
than the value n*=2.14 for the Ca+ 4s ground level. Consequently, the 3d wave function in the Ca
3p54s23d configuration does not overlap with the Ca* 3d wave function substantially.
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Figure 4. Relative partial cross sections o and photoelectron asymmetry parameters P for the Ca+
4s and 4p levels in the Ca 3p - 3d resonance region. The bars (Nos. 1-7) indicate the positions of the
absorption lines observed by Mansfield and Newsom [Man77].

The branching ratio to the Ca+ 4p level is about the same as that to the 3d level. If the innershell
excited level had the pure configuration 3p54s23d, it would not autoionize to the Ca+ 4p level because
three electrons would be involved in this process. However, autoionization is made possible by mixing
with other configurations such as 3p54p24s and 3p54p23d. The branching ratios to other Rydberg
members of Ca+ are significant, implying the channel couplings between the 3p54s23d 2 P, level and
the Rydberg series converging to the 3p53d4s 2 P, 4F, and 2F levels.
We turn now to discuss the asymmetry parameter p. If LS-coupling is assumed, the photoelectron
wave which leaves the Ca+ ion in the 4s level is the p wave and thus P should be equal to 2. The P
value for 4s is indeed 2 within the experimental error over the whole range of photon energies, as can
be seen in Fig. 4. The P for Ca+ 4p changes dramatically through the resonances. If LS-coupling is
assumed, there are two photoelectron waves, s and d , which leave the Ca* ion in the 4p excited
level, p can then be expressed as

where D, and D d are the amplitudes of the two dipole matrix elements and A=6,-8 d is their phase
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difference. For a single s or d wave, Pwould be 0 or 1, respectively, as can be seen in Eq. (1).
However, the observed values of P go below zero at the 3p -> 3d resonance energy, indicating that
both s and d waves are involved.
In order to determine the ratio of the two amplitudes, | D, |/| Dd |, and their phase difference cos A,
we have carried out an angle-resolved photoelectron — polarization-analyzed fluorescent photon
coincidence experiment. Detailed discription of the experiment and results will be given elsewhere.

Dissociation dynamics of BF3
The B K W normal Auger spectrum in BF3 and the spectator Auger spectrum emitted following B
Is - 2a"2excitation are plotted again in Fig. S. The spectator Auger spectrum is plotted against the
IP energy, whereas the normal Auger spectrum is plotted against the DIP energy. Both energy scales
give the state energy measured from the ground state of the neutral molecule. Compare the energy
scale in Fig. 5 with that in Fig. 2. In Fig. 5, there is no energy shift between these two energy scales
IP and DIP. The threshold of direct double ionization is about 40 eV. The autoionization would be
energetically possible for the spectator Auger final states above this double ionization threshold. The
states corresponding to the R3 peak, for example, may perhaps autoionize to the dicationic states
corresponding to the Al and A2 bands. In order to investigate the dissociation pathways from the
spectator Auger final states and from the normal Auger final states, we have carried out
energy-selected (resonance) Auger electron and photoion coincidence (RAEPICO/AEPICO)
experiment [Ueda92] on the SGM beamline 3B at the Photon Factory in Japan. We are especially
interested in comparing the ion production from the R3 states to the ion production from the Al and
A2 states.
IP = hv - KE (eV)
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Figure 5. Normal and resonance B K W Auger spectra of BF3.
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taken in coincidence with the resonance Auger and normal Auger electrons corresponding to the Rl,
R2, R3, Al, and A2 peaks in Fig. 5.

In Fig. 6, the R3 mass spectrum was taken in coincidence with the R3 spectator Auger electrons and
Al and A2 mass spectra were taken in coincidence with the Al and A2 Auger electrons. One might
have expected that the R3 spectrum should be similar to the Al and A2 spectra. However, the R3
spectrum is quite different. In the R3 spectrum, B+ is dominant as in the case of the Rl and R2
spectra. This indicates that there are dissociation channels producing B+ from the spectator Auger
final states before the second step autoionization.
In order to investigate further the dissociation dynamics, we have carried out the PEPIPICO
experiment [Sim94] on the beamline S A31 at Super ACO in France. In the PEPIPICO measurement,
energies of electrons are not analyzed. Thus, this method does not have state-selectivity. Instead, this
method is expected to be sensitive to the dissociation dynamics, because PEPIPICO patterns involve

123

information about kinetic momenta of the detected two ions and the undetected neutral fragments)
[Leb93]. For example, islands for two-body dissociation always have a slope -1 in the
two-dimensional time-of-flight plot for the two ions, because the two ions should have the kinetic
momenta of the same amplitude but in the opposite direction, whereas various slopes of islands for
three-body dissocication tell us how the dissociation ossurs.
In the case of BF3, the island for the three-body
dissociation F+ — BF+ -- F has a slope o f - 1 . This
implies that the neutral F is ejected first and the
deferred charge separation follows. This dissociation
dynamics does not change even though one goes from
valence double ionization to B Is - 2a"z excitation and
to B Is ionization. The slope of the island for the
four-body dissociation B + — F + — 2F, however,
changes dramatically; the slope is about -0.8 at B Is 2a"2 excitation and about -1.6 at other excitations, as
can be seen in Fig. 7. The slope -1.6 means that the
kinetic momentum of B + is smaller than that of F \
This is quite reasonable if we consider that
dissociation starts at the same geometry as the ground
state of BF 3 in the D3h symmetry, because then ttie
center B atom cannot receive the large kinetic
momentum due to obstruction by the three F atoms
which surround the center B atom. The slope -0.8
means that the kinetic momentum of B + is larger than
F*. This indicates that a molecule certainly deformed
before the charge separation so that B + can be ejected
without obstruction.
Figure 7. Photolectron -- photoion — photoion coincidence (PEPIPICO) signals corresponding to
the four-body dissociation B + — F + — 2F of BF3. (a) direct double ionization from valence orbitals,
(b) B Is - 2a"2 excitation, and (c) B Is ionization.
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Absorption of atomic Ca, Cr, Mn and Cu
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Abstract
The Is and 2p absorption spectra of some key elements at the beginning, in
the middle, and at the end of the first transition series have been studied. The
Is absorption spectra of atomic Ca, Cr, Mn and Cu and the 2p absorption
spectra of Mn and Cu were determined, using monochromatized synchrotron
radiation of the storage rings DORIS III, MAX I and Super-ACO in
connection with a high-temperature absorption-furnace. The 2p total photoion
yield spectra of Cr and Cu were determined using monochromatized
synchrotron radiation of the PHOTON FACTORY storage ring and a vapor
jet emitted by an electron-bombardment heated oven.
It is clearly shown that many electron effects which are crucial for the
explanation of the 3p absorption spectra are much less important for the
understanding of the Is and 2p absorption spectra. The comparison of
absorption spectra of free atoms with spectra of the corresponding solids
shows the localized character of excitations like np - 3d and the delocalized
character of np - 4s and Is - 4p excitations. The binding energy shifts when
going from the free atom to the solid are well described by a thermodynamical
model, except for the chromium 2p threshold.
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1. Introduction & Motivation
The four metals, calcium, chromium, manganese and copper, occupy key positions in the
periodic table, at the beginning, in the middle and at the end of the 3d transition metal (TM)
series. Since in the ground staia the valence shells of these atoms are either empty, half filled
or completelyfilled,the complexity of the spectra is greatly reduced. Due to the large energy
difference from the ground state to the first excited state also thermal excitations in the
metallic vapors are less probable than for example in nickel or iron. And furthermore the
closed or semi-closed shell nature of these atoms allows the application of advanced atomic
many-body theories like the "random phase approximation with exchange" (RPAE), the spinpolarized RPAE (Amusia 1990a, b, Amusia et al 1983) or the "many-body perturbation
theory" (MBPT) (Kelly 1987,1990).
The 3p absorption spectra of the 3d TMs and calcium are dominated by many-electron effects
like the interference of autoionization after resonant absorption and direct photoionization
(Meyer et al 1986, Sonntag and Zimmermann 1992). This work was partly motivated by the
question, how important these effects are for deeper lying core holes like holes in the Is or
2p shells. Before we started this investigation on the importance of electron correlation as a
function of binding energy and symmetry of the excited core electron, there were already
many indications that many-electron effects can very strongly influence the spectra of the
subvalence or outer core electrons but are much less important in the spectra of inner core
electrons. The examination of predictions for the core-level binding energies (Huang et al
1976, Johnson and Cheng 1985, Deslattes and Kessler 1985) and core-level widths (Krause
and Olivier 1979, Chen et al 1980, Chen and Crasemann 1983, Chen 1985) is of fundamental
interest in this context.
Transition metals and their compounds are of great scientific and practical interest. The
comparison of atomic and solid state spectra can help to disentangle intra-atomic and interatomic effects and can contribute to the understanding of the solids. Especially the 2p
absorption spectra of the 3d TMs have attracted great interest in this context and have been
in the focus of several investigations (Fischer 1970, Waddington et al 1976, Denley et al
1979, Leapman and Grunes 1980, Leapman etal 1982, Thole etal 1985, Fink et al 1985,
Zaanen et al 1985, van der Laan et al 1986, Bianconi et al 1987, Grioni et al 1987, Tsang et
al 1987, Grioni et al 1989, del Grande 1990, de Groot etal 1990b, Abbate etal 1991, Chen
etal 1991, Grioni etal 1992, Smith 1994, Sette 1994), since absorption spectroscopy at the
2p thresholds is very sensitive to the number of the d- or s-like electrons in the solid. These
investigations attracted a strong additional interest since the discovery of the highsuperconductivity in a class of copperoxides (Bednorz and Miiller 1986, Bednorz et al 1987).
There has been some recent progress in the theoretical modeling of solid state absorption
spectra (Near edge structure: de Groot etal 1990a, 1990b, X-ray circular magnetic dichroism
(XCMD): van der Laan 1993, Stohr and Wu 1994). The model of de Groot et al is a further
development of the ligand field theory (Ballhausen 1962, Schlafer and Gliemann 1967). This
model is based on an atomic multiplet calculation, where the resulting states are split in the
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cubic field of the solid. Dn Groot et al are using the results from scaled single configuration
Hartree-Fock (SCHF) calculation to determine the atomic multiplet and they only account for
the 2p - 3d excitations and neglect higher members of the Rydberg series, excitations into ssymmetric states, the direct 2p photoionization and all configuration interaction effects
including the interference between the direct 3d photoionization and the autoionization after
resonant 2p - 3d absorption. Regarding this model the obvious question was, if this approach
is safe or not. Again there were indications that it is indeed safe to assume that the SCHF
model is suitable to describe the 2p absorption spectra of several TMs. The x-ray circular
magnetic dichroism is an atomic effect and in their model Stohr and Wu made assumptions
on the atomic structure.
A further very interesting aspect is the change of the core-level binding energies induced by
integrating the atom into a solid, which gives also further access to informations on the
"electron configuration" in the solid. These shifts can be estimated using Johannson and
Martensson's (1980) model and again in this context the most basic question is, if their
approach to describe core-level shifts independently on the symmetry and binding energy of
the core hole is valid and if it is possible to predict atomic binding energies from much easier
available solid state data.

2. Two Methods: X-ray Absorption and Total Photoion Yield Spectroscopy
There are several approaches to determine relative absorption cross sections of metallic
vapors in the different energy regions. A nice overview on the different experimental methods
is given by Sonntag and Zimmermann in their review article (1992). I will focus here on the
methods used to determine the spectra of Ca, Cr, Mn and Cu at the 2p and Is thresholds.
The most common way is the classical x-ray absorption method. For example at the Is
thresholds we had the following set-up: Synchrotron radiation was monochromatized using
a non-dispersive double-crystal monochromator at the beamline Wl at HASYLAB in
Hamburg. The atomic sample was prepared in a high-temperature tabular furnace (Bruhn et
al 1979) and contained in a aluminum-oxide tube. The radiation was detected and the
absolute energy calibration was established using three ionization chambers (Io, I,, I2) in a
row: The first in front of the furnace, the second between the furnace and a foil of the
corresponding solid metal and the third behind the foil (atomic absorption: ln[ I0(E) / Ij(E) ],
metallic absorption: ln[ I,(E) / I2(E) ]). A third crystal mounted in dispersive mode with
respect to the second monochromator crystal and a sodium-iodide detector were used to
determine the bandpass of the • onochromator [bandpass GM = 1.5 eV (Ca: E = 4045 eV);
1.1 eV (Cr: E = 5990 eV): i.3 eV (Mn. E = 6545 eV); 0.7 eV (Cu: E = 8983 eV)]. More
experimental details can be found in the article on the K-absorption spectra of Ca, Cr, Mn and
Cu(Arpe/a/1993).
The experiment on the 2p-absorption of atomic copper was done using a similar setup, with
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one major difference: the 2p thresholds of copper are at energies below 1000 eV and
therefore we had to set up an experiment in vacuum. The experiment was done using the
SUPER-ACO storage ring at LURE in Orsay. There a double-crystal monochromator
(beamline SA22) equipped with Beryl-crystals was used (bandpass AE = 0.4 eV at the Ne Kedge) . The main difference here was the necessity of differential pumping between the
furnace (buffer gas pressure Pg ~ 2 hPa) and the UHV region of the monochromator (P,,,^
= 10"9 hPa). The photons were detected using a Si np-photodiode. More experimental details
on this experiment can be found in a recently submitted article (Arp et al 1994a).
The experiment on the manganese 2p-absorption was done using a similar set-up with two
major differences: the SX700 grating monochromator at MAX-Lab in Lund was used and a
GaAsP-photodiode to detect the transmitted photons (details see: Arp el al 1992).
For thresholds were the fluorescence yield (Chen et al 1971, Bambynek et al 1972, Chen et
al 1980) is much smaller than 1, e.g. the 2p thresholds of the 3d transition metals, it is also
possible to perform total photoion yield spectroscopy in order to gain absorption spectra. This
method was first applied to the 2p thresholds of the 3d TMs by Kanno et al (1992) and Kanno
(1993) at the PHOTON FACTORY. Both the total photoion yield of chromium and copper
were determined at the 2p thresholds using the 10m GIM at the photon factory in Tsukuba
(for details see Cu: Arp et al 1994a, Cr: Arp et al 1994b). There the horizontal photon beam
is crossed vertically by an atomic vapor jet emitted by an oven heated by electron
bombardment and the photoions are detected perpendicular to both using a drift tube and a
multichannelplate detector.
The use of the total photoion yield is preferable in the soft x-ray region because one does not
need differential pumping and it is possible to work with a less dense and not as hot vapor.
Through the use of a differential pumping station one usually loses intensity. With a less dense
target secondary interaction of decay fragments and saturation effects are less probable; and
if the vapor is cooler one will not have as many thermally excited atoms. But it is impossible
to gain absorption equivalent spectra using the photoion yield experiments at the Is
thresholds, because the fluorescence yields are in the order of 10 to 50 % for the K holes of
the 3d TMs leading to considerable differences. In addition it is in principle possible to
measure absolute cross sections using the classical photoabsorption method, if the density of
the vapor is determined simultaneously with the absorption. This kind of experiment is still
impossible using the total photoion yield method. However, it has be pointed out very clearly
here reported that all absorption cross sections are relative cross sections since i.i none of the
experiments was the number of atoms in the absorbing vapor measured.

3. Theoretical: What is necessary to model these spectra?
To explain the 3p absorption of the 3d transition metals it is necessary to apply sophisticated
theoretical models like the "Random Phase Approximation with Exchange' or the 'Many Body
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Perturbation Theory'. Also, a more classical approach by Davis and Feldmann (1978, 1981)
has led to considerable success. The 3p absorption of atomic chromium was just recently
explained by Dolmatov (1993) who found a strong "anti-collapse" of the 3d? spin-orbital in
the excited configuration [Ar] 3p'J T 3d5 1 3dT 4sI when applying the Spin-Polarized HartreeFock approximation (SP-HF). But which theoretical tools do we need to explain the Is or 2p
absorption spectra of the atomic 3d transition metals?
For the 2p spectra it depends very much on the element we are talking about. The simplest
case is atomic manganese. The single-configuration Hartree-Fock approximation (SCHF) only
regarding the transitions from the ground state [Ar] 3ds4s2 5S5/2 and into the excited
configuration [Ar] 2p"' 3d64s2 is suitable to describe the spectrum, if the Slater-integrals are
multiplied by a factor of 0.85 (details in Arp et al 1992).
For the chromium 2p threshold the case is a little bit more complicated. A simple SCHF
calculation does not result in a good approximation of the experimental spectrum. Even the
inclusion of excitations from the ground state Cr I [Ar] 3d54s 7 S 3 into states of the
configurations Cr I* [Ar] 2p13ds4s2, [Ar] 2p'13d64s, [Ar] 2p°3d54s4d is still not enough. The
members of the 2p - nd series seem to interact strongly, which is a hint that the application
of the LS-term dependent HF (LSD-HF) approximation may be helpful. So again Mn and Cr
behave very different, as seen e.g. in the 3p absorption spectra.
In both the Cr and Mn 2p spectra we did not regard either the photoionization of the outer
shells (3s, 3p, 3d, 4s) or the direct 2p photoionization, because in both cases the spectra are
governed by the 2p - 3d excitations. Due to the closed 3d shell this completely different for
copper. Here the most prominent parts in the 2p absorption spectrum are the steps due to the
onset of the Lj and Lj photoionization. The lowest discrete excitation into the state [Ar] 2p"J
3d10 4s2 ^ / j gives rise to a well separated peak from the thresholds whereas excitations 2p
- 5 s, 4d are already superimposed on the step-like structures. But there are also a lot of
structures which are not explained by simple Hartree-Fock calculations, even when including
configuration interaction. So the question is what are the remaining structures from? An
estimation of the relaxation when making a 2p hole in copper suggests that shake processes
(Aberg 1967) can be in part responsible for these structures. The contribution from shake
processes can be estimated using the total overlap matrix element P^ between the ground state
configuration (here copper Cu I [Ar] 3d10 4s) and the excited state configuration (here Cu I*
[Ar] 2p"' 3d10 4s2), where <ls| is the spin-orbital from the ground state configuration and
jls*> from the excited configuration:
Pif = <ls|ls*> 2 <2s|2s*>2 <2p|2p*>5 <3s|3s*>2 <3p|3p*>6 <3d|3d*>10 <4sj4s*>

(I).

The overlap matrix elements were calculated using Cowan's (1981) codes and wavefunctions
calculated in the configuration average approximation. The total shake probabilities are
estimated from \-P$. For the 2p thresholds the results are listed in table 1.
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Table 1.

From equation 1 estimated total shake-up/off probabilities at the Is and 2p
thresholds of Ca (n=0, m=2), Cr (n=5, m=l), Mn (n=5, m=2) and Cu (n=10,
m=l). The values were calculated in the configuration average Hartree-Fock
approximation using Cowan's programs.

Final state

Ca

Cr

Mn

[Ar] 2p'3d n+ '4s m
[Ar] 2p-13dn4sm+I
[Ar] 2p-13dn4sm4d
[Ar] 2p-I3dn4smed
[Ar] ls-13d"4sm4p
[Ar] ls-I3d"4sm5p
[Ar] ls-^dMs'^p

0.06

0.06
0.19
0.26
0.26
0.24
0.28
0.30

0.04

0.24
0.26
0.24
0.31
0.33

0.23
0.24
0.21
0.26
0.26

Cu

0.20
0.23
0.23
0.19
0.23
0.24

In the cases where the 2p - 3d transitions are possible, shake processes play not a very
important role, but the values for l-P^2 are definitely non-zero. For copper shake transitions
are much more probable and it is very likely that they are responsible for several structures
above threshold. In addition we can have interference between direct excitation (e.g. into [Ar]
2p'J 3d10 4s 5s) and the shake process in which we make a 2p - 4s excitation and a 4s - 5s
shake up transition. The same is true also for several shake-off transitions. Since we have two
different excitation pathes, which are described by different matrix elements, into the same
final state we can have interference effects here, which will be small in most cases due to the
rather small shake-up probabilities.
The shake-up probability can be estimated by projecting the initial state on the final states in
the relaxed atom (Meyer et al 1991). Technically this is also done by calculation of these
overlap matrix elements. The resulting estimated shake-up probabilities (2p - 4s/3d - nd: 3.2
%, 2p « 4d/4s « ns: 4.6 %, 2p « 4d/3d « nd: 5.5 %) are small but greater than zero.
The calculations on the Is absorption spectra were performed by Sukhorukov, Lagutin and
Petrov (see details in Arp et al 1993 and references therein). They used the LS-termdependent Hartree-Fock (LSD-HF) approximation and the configuration interaction (CI)
approach to account for radial and angular correlation's in the electron motion. The resulting
HF energies were corrected for relativistic effects using the Hartree-Fock-Pauli approximation
(Kuchas etal 1978).
But the most important effects in these spectra are the rearrangements of the electron shells
upon creation of an inner hole, which strongly affect the absorption cross section. In order
to take this into account the theory of non-orthogonal orbitals (Sacchenko and Demekhin
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1965, berg 1967, Jucys and Sauvakinas 1973) was applied. The application of this theory
leads to the following formula for the electric dipole operator:
R(ls-ep) = <ls[rjep>-<ls|r|2p><2p|ep><2p|2p>*1-<Is|r|3p><3p[ep><3p|3p>'1

(2).

The <2s|r|2pxis|2s><2s|2s>"1 and <3s|r|epxis|3sx3s|3s>' 1 terms become very small when
the orthogonality between states of the configurations Is'1 with 2s"1 and 3s"1 is ensured
(Sukhorukov et al 1983). To show the strength of rearrangement effects at the Is thresholds
of the 3d TMs some values for l-P^2 are displayed in table 1.

4. Results
Since most of these data are already published I will only show a few experimental spectra
and then emphasize on the comparison of these specvra and more general results.
The result of a HF calculation for discrete transitions is the oscillator strengths. In order to
compare experimental and theoretical results the two main broadening effects have to be
taken into account, the Lorentzian broadening due to the finite lifetime of the excited atomic
states and the broadening due to the finite bandwidth of the monochromator, which is
assumed to have a Gaussian lineshape. Most calculations on transition probabilities are made
for ionic states, but it is usually a safe assumption that the core-hole lifetime of an ion differs
not very much from the core-hole lifetime of an ion plus spectator electron. For the Is
thresholds of Ca, Cr, Mn and Cu this was checked and shown that the participator transitions
do not contribute significantly to the Is core-hole width. The values for Ca, Cr, Mn and Cu
as calculated by Sukhorukov are: TK/eV = 0.75 (Ca), 1.0 (Cr), 1.07 (Mn) and 1.46 (Cu),
which are in good agreement with previously published values (Chen et al 1980, Krause and
Olivier 1979).
4.1 Is absorption spectra of manganese
In figure 1 the Is absorption spectra of atomic and solid manganese are presented. The
absorption of atomic manganese (full curve) is dominated by a very strong resonance. The
amplitude of this resonance is three times the continuum cross section above the Is ionization
threshold. The resonance is well separated from the continuous absorption region by a local
minimum at 6548.5 eV. The dashed curve represents the result from Sukhorukov's calculation
(the vertical bars on the baseline are the oscillator strengths for the discrete transitions). From
his calculations the Mn Is photoexciation/ionization is well described by the following two
channels:
[Ar] (3d5 6S)4s2 6S - [Ar] ls"'((3d5 6S)4s2 np, ep 5 P, 7 P) 6P°.

(3)

The calculated and experimental spectra normalized to the same height of the prominent peak
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and the calculated spectrum has been shifted by -1.0 eV to match the experimental line
position. There are two different thresholds marked in figure 1: The semi-empirical Is
ionization potential EASE was obtained by adding the 4p ionization energy in the Is core hole
state calculated within the LSD-HF approximation to the experimental energy of the Is - 4p
resonance. In the second approach the (Z+l)-model was used to determine the 4p ionization
energy. In the (Z+l)-model the core hole is simulated by an extra nuclear charge using
spectroscopic data (Moore 1978, Sugar and Corliss 1985) for the <Z+l)-atom. Because
multiplet effects are not taken into account in the (Z+l)-model the Is ionization potentials
EAZ+I are slightly higher than the semi-empirical ionization potentials EASE. The third
spectrum (dotted line) in figure 1 is the Is absorption of solid manganese, which was
measured simultaneously with the absorption of the atom. The strong line in the absorption
spectrum of the atom has no counterpart and the oscillator strength is completely
redistributed. EM = 6539.0 ± 0.4 eV (Bearden and Burr 1967) is the binding energy in the
metal, which is usually attributed to the first point of inflection in the absorption spectrum of
the metal.
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Figure 1. Is absorption spectra of manganese. The experimental absorption spectra of atomic (solid
line) and solid manganese (clotted line) were determined using a monochromator bandpass of GM =1.3
eV. The uncertainty in the absolute energy calibration is DE=_ 0.7 eV. The calculated spectrum (dashed
line) was shifted by dEA= -1.0 eV. The error bar indicates the uncertainty in the experunental relative
cross section. The background (outer shell absorption) in the experimental spectra was subtracted as a
linear function fitted to the region below the resonance. The experunental and calculated Is absorption
spectra of atomic manganese are normalized to the same height of the main peak. The Is absorption of
Mn metal was normalized to the area under the experimental atomic Is absorption spectrum.
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4.2 2p absorption spectra of manganese
At the manganese 2p threshold we focus on the evolution of the spectrum when going from
the atom to the spectra of different solids.
The soft x-ray absorption spectrum of atomic manganese at the 2p threshold is shown in
figure 2 a . The spectrum is dominated by two prominent groups of resonances, which are
mainly split by the spin-orbit interaction of the 2p level. Besides this spin-orbit interaction the
direct and exchange Coulomb interaction of the 2p5 core with the 3d 6 electrons and between
the 3d 6 electrons determine the atomic [Ar] 2p"'3d 6 4s 2 multiplet. In the paper on the
manganese 2p absorption (Arp et al 1992) the authors show that a single-configuration
Hartree-Fock (SCHF) calculation only regarding the 2p - 3d excitations is suitable to
describe the spectrum, which is a very interesting result regarding the model of de Groot et
al (1990a, b).
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Figure 2. Comparison of the experimental soft x-ray absorption and electron energy loss spectra of
manganese at the 2p thresholds, (a) atomic Mn; (b) 5% Mn as an impurity in Ag; (c) 3.5% Mn as an
impurity in Cu; (d) Mn metal; (e) solid MnF2. The spectra are normalized to the same height of the main
peak. The dotted lines mark the zero in the cross section for each spectrum after background subtraction.
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But there are four additional spectra displayed in figure 2. The electron energy loss spectra
of 5 % Mn embedded in Ag (b), 3.5 % Mn in Cu (c) and Mn metal (Thole et al 1985). Also
shown is the absorption spectrum of solid MnF2 (e) (Chen and Sette in de Coot et al 1990b).
Electron energy loss spectra are comparable to x-ray absorption spectra when the scattering
angle is small. The energy resolution in the spectra 2.(a) to (e) is more or less the same,
therefrom we can conclude that mainly solid state effects are responsible for the differences
between these spectra.
The first obvious difference between (a) and (b)-(e) is the shift of the absorption maximum
to higher energies, which increases from bottom to top.
The second difference is the loss of structure when going from the atomic absorption
spectrum (a), over tne impurity systems (b) and (c) to the electron energy loss spectrum of
manganese metal (d). In the metal spectrum all structure is smeared out and the two main
maxima are much broader. There is structure recovered in the x-ray absorption spectrum of
solid MnF2 (e). The broadening is accompanied with an increase in the absorption between
the L3 and L2 maxima.
Metal fluorides are often used as model systems for ionic crystals, because the strong
electronegativity of fluorine results in a bond with very high ionic character. There is more
structure in figure 2(e) than in the atomic absorption spectrum, because the crystal field splits
the atomic excitations. De Groot etal{\ 990b) have shown that the spectra of several metal
fluorides are well reproduced by an approach based on ionic excitations modified by the cubic
crystal field.
4.3 2p photoion yield spectrum of atomic chromium
In figure 3 the total photoion yield spectrum of atomic chromium (dotted curve) at the 2p
threshold is displayed (Arp et al 1994b). Very much like in the manganese spectrum, the
spectrum is dominated by two prominent groups of resonances. Again the splitting is mainly
due to the spin-orbit interaction of the 2p core electrons. The vertical bars on the baseline are
the oscillator strengths for the transitions from the ground state Cr I [Ar] 3d54s 7S3 into states
of the configurations Cr I* [Ar] 2p"13ds4s2, [Ar] 2p*13d64s and [Ar] 2p"13ds4s4d. Cowan's
(1981) atomic structure codes were used to perform this calculation. The solid curve is the
continuous calculated spectrum in which the finite lifetime of the 2p hole (1^= 0.3 eV
[Krause and Olivier 1979]) and the bandpass of the monochromator (Gaussian lineshape FM
= 0.3 eV) were taken into account. The calculated spectrum has been shifted by 6EA= -2.8
eV to match better with the structures in the experimental curve. The spectra were normalized
to the same height of the leading peak.
The agreement between the calculated and experimental spectra is not as good as for
manganese. The peaks numbered 1, 2, 3, 8 and 9 are at the correct energy positions, but the
relative intensities agree only fairly. For structure 4 the agreement in the position is not very
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good and the small maxima S, 6, 7, 10 and 11 can not be found in the calculated spectrum.
The 2p - 3d transitions are strongly affected with admixture of the following nd Rydberg
series. Since the number of states in the calculation has to be limited it was impossible to
include more members of this series, but because there is strong configuration interaction
between members of a Rydberg series it is very likely that the application of the LS-term
dependent Hartree-Fock (LSD-HF) approximation might be helpful. The contributions from
photoionization processes of the outer shells (3s, 3p, 3d, 4s) and the 2p photoionization were
not included in this calculation, which leads to differences below the resonances and above
the lowest 2p ionization threshold.
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Figure 3. The total photoion yield spectrum of atomic chromium is represented by the fat dotted curve.
The spectrum was measured using a monochromator bandpass of GM= 0.3 eV. The uncertainty in the
energy calibration is about 0.5 eV. The electron energy loss spectrum (light dotted curve) was measured
using a monochromator bandpass of approximately 0.6 eV, with an uncertainty in the absolute energy
calibration of only 0.1 eV. The solid spectrum is the result of a Hartree-Fock calculation (see text for
details) which was shifted in energy by 2.8 eV. All spectra were normalized to the same height of the
leading peak.
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The semi-empirical 2p ionization potential EASE = 576.28 eV was deduced from a SCHF
calculation for the ionic states in the configuration Cr II* [Ar] 2p'3d 5 4s relative to the ground
state. The resulting energies were also shifted by -2.8 eV.
The origin of the structures 5, 6, 7,10 and 11 is not yet explained, but from the data in table
1 it seems to be unlikely that shake transitions are responsible for the peaks. It is more likely
that configuration interaction with configurations like e.g. [Ar] 2p"13d54p2, [Ar] 2p"l3d*4s4p2
or [Ar] 2p''3d34s24p2 is responsible for the unexplained structures.
Tkc fine dotted curve in figure 3 is the electron energy bss spectrum of chromium metal (Fink
et al 1985). As in the case of manganese we have a shift of the solid state spectrum to higher
energies, a loss of structure when going from the atom to the solid and a more intense L2 peak
in the solid.
4.4 2p absorption and photoion yield spectra of atomic copper
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Figure 4. 2p soft x-ray absorption and total photoion yield spectra of copper. The baseline of each
picture is the true zero in the cross section. A: X-ray absorption spectrum of copper vapor measured with
a monochromator bandwidth PM of 0.3 to 0.4 eV. B: Total photoion yield spectnun of atomic copper
determined with TM ~ 0.38 eV. The vertical marks are the semi-empirical 2p ionization thresholds. C:
As B with TM = 0.76 eV. D: Soft x-ray absorption of copper metal. EM° is the metallic binding energy.
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The experimental L 23 absorption spectrum of copper vapor is displayed in figure 4A, The
main features in the spectrum are two steps at ~ 939 eV and ~ 958 eV. Superimposed are
several discrete structures below (1-4), in (5-6) and above (7,8) the first step. The energy
separation of the two steps is due to the spin-orbit interaction of the 2p5-core electrons.
The structures 2-4 are not connected with the absorption of copper vapor and appear also in
our reference spectrum. Therefore they will be excluded from farther discussion.
The structure labeled 0 is due to a signal from the silicon K-edge in second order of the
monochromator. Silicon is found in the Beryl-crystals and there was a SiO2 layer on the
surface of the photodiode.
Good jj-coupling conditions are indicated by the 2:1 ratio of the rise in the cross section at
the lower step to that of the higher step. Therefore every structure should occur twice with
a 2p s 2P3/2 and with a 2p5 2P,/2 core. Structures 1 and 7 as well as 5 or 6 and 8 are assigned
as spin-orbit partners.
The sharp structure 5 and the low statistics of the present absorption data, giving an
insufficient reliability, formed the motivation to redo the experiment by the total photoion
yield method.
The photoion yield spectra of atomic copper at the 2p thresholds are shown in figures 4B and
4C. IB was recorded with 5 um slits (Ahv = 0.38 eV) and JC with 10 urn slits (Ahv = 0.76
eV).
As in the x-ray absorption in figure 1 A, the 2p total phctoion yield spectra of atomic copper
are dominated by two steps in the absorption cross section. The overall impression from the
photoion yield spectra is close to what we have seen already in the soft x-ray absorption
spectrum, but there are two main differences between 1A and IB.
The first is a shift of about -0.7 eV when going from A to B. Since the total photoion yield
spectrum was calibrated against four atomic and molecular spectra and the x-ray absorption
spectrum only against one, we think that the calibration in the photoion yield spectrum is
much more reliable.
The second difference is the different cross section below the steplike structures. In figure 1A
this contribution is as strong as the first step, whereas in figure IB it is as strong as the
second. This is probably due to problems with the buffer gas in the absorption experiment,
because we were unable to correct for the different particle densities of the buffer gas in the
hot and cold furnace due to problems with our pyrometer.
But still the general consistency of the results of the two different experimental methods gives
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The 2p absorption of solid copper is shown in figure ID (Sacchi 1992). The similarity of the
2p absorption spectra of atomic and solid copper is very astonishing, since it is well known
that the numbers of d- and s-Iike electrons change during condensation (see e.g. Williams and
Lang 1978). Again we have a strong shift of the metal spectrum compared to the spectrum
of the atom and the discrete excitation below the steplike structures has vanished.
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Figure 6. Comparison of the Is absorption spectra of atomic Ca, Cr, Mn and Cu. The spectra are in the
same energy scale and aligned relative to the lowest semi-empirical ionization thresholds. The four
spectra are very similar. Each is d ~>minated by a strong Is - 4p absorption resonance, which are all
broadened considerably by the small liftimcs of the core holes due to fast Auger or fluorescence decays.
The broad line in the calcium spectrum is related a broad atomic multiplet caused by strong configuration
mixing. For both Cr and Cu LS-term dependent effects play an important role, concentrating the
oscillator strength in the final state, in which the 4s and 4p electrons have parallel spins. The rise in the
relative cross section with energy for Ca and Cr is not fully understood, but it is very likely that it is
related to higher harmonics of the monochromator.
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4.5 Evolution of the Is absorption from calcium to copper
In figure 6 the Is absorption spectra of atomic Ca, Cr, Mn and Cu are displayed. The spectra
are shown in the same energy scale and aligned relative to the lowest semi-empirical Is
ionization thresholds. All four spectra are dominated by strong i s - 4p resonances which have
no counterpart in the spectra of the corresponding metallic solids. All spectra are broadened
due to the small lifetime of the 1 s holes. The larger line width for calcium is due to a broad
multiplet, created by a strong interaction of the configurations [Ar] Is°4s 2 4p, [Ar] ls' ] 3d 2 4p,
[Ar] ls'13d4s4p and [Ar] ls'Mp3. The four spectra are overall very similar, apart from the fact
that we have a gradual rise of the cross section in the continuum for Ca and Cr and a more
constant absorption for Mn and Cu, which is assumed to be related to higher order reflections
of the monochromator in Hamburg. LS-term dependent effects have great influence for both
Cr and Cu due to the strong interaction of the unpaired 4s and 4p electrons in the excited
state. The amplitude of the line is the strongest relative 'o the continuum for manganese.

4.6 Influence of solid state effects
One interesting question is always, how solid state effects influence the spectra. There is one
striking difference when comparing the Is and 2p absorption of solid and atomic manganese.
For the 2p absorption we have some similarity, whereas the Is spectra do not look similar at
all. From a atomic point of view this is understandable. In figure 7 the radial parts of the 3d,
4s and 4p wavefunctions for the configurations Mn I* [Ar] 3p"]3d64s2, Mn I* [Ar] 2p"33d64s2
and Mn I* [Ar] ls'^dMsMp are displayed. These wavefunctions were calculated in the
configuration average approximation using Cowan's programs. In addition, the distances
between nearest neighbors in the metal (Brandes 1983) and the expectation values for the
radii of these wavefunctions are shown. The Mn 2p and 3p absorption spectra are dominated
by excitations into 3d orbitals. The expectation value <3d|r|3d> of the 3d orbital (marked *)
is in all cases much smaller than the atomic Goldschmidt radius, which is one half of the
interatomic distance. The expectation value <4p|r|4p> in the configuration [Ar] ls''3d s 4s 2 4p
is much bigger than the interatomic distance. Therefore we can carefully deduce that solid
state effects are much more important for the Is absorption and that the 2p - 3d excitation
is more or less localized on a certain atomic site in the solid. Similar calculations for copper
show that the expectation value for the 4s orbitals in copper is considerably bigger than the
interatomic distance and therefrom solid state effects are much more important for the copper
2p absorption than for the elements with an unfilled 3d shell.
4.7 Atom-to-solid core-level binding-energy shifts
More than a decade ago the description of atom-to-metal core-level binding-energy shifts
have attracted a lot of interest and been in the focus of several publications (Ley et al 1973,
Watson et al 1976, Shirley et al 1977, Williams and Lang 1978, Martensson and Johansson
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1979, Johansson and Martensson 1980). One of the main purposes was the prediction of
atomic binding energies from easier available solid state data. The description of the shifts by
a Born-Haber cycle, proposed by Johansson and Martensson (1980) turned out to be very
successful. In their model the shifts are estimated by combining chemical and spectroscopic
data.
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Figure 7. Radial parts of 3d (solid curve), 4s (dotted curve) and 4p wavefunctions (dashed curve) for
the three atomic configurations: Lower: Mn I* fAr] S p ^ d ^ s 2 ; Middle: Mn I* [Ar] 2p"13d64s2; Above:
Mn I* [Ar] Is'3d54s24p. The wavefunctions were calculated using Cowan's programs in the
configuration average approximation. •: Position of the atoms in the solid; *: <3djr|3d>; °: <4s|r|4s>; • :
<4p|r|4p>. From the wavefunctions it is clear why the Is absorption spectra of the solid metal and the
atom are so different. There is no possibilty to have a 4p-like orbita! localized at an atom. These orbitals
are completely eaten up by the band structure of the solid. For the 3d orbitals it is dinerent: Here it is
possible that the excitations are localized at a certain atomic site in the solid.
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Using their model the binding energy shift is described by the following equation
AE - IZ+1(Z) + E * V E'co,,- E ^ Z ) ,

(4)

when the configuration does not change during condensation. When a change from 3dn 4s
in the free atom to 3dn"'4s2 in the metal is involved, the shift is described by
= IZ+1(Z) (E z t l l(s - d) - Ez0(s - d)) + Ez+Icoh- E 2 ^ - EMmp(Z).

(5)

In the thermodynanical part of their model E 2 * 1 ^ and E 2 ,^ are the cohesive energies (Kittei
1983, p 92) for the Z and (Z+l) metal and E z+l inp (Z) is the solution energy of the (Z+l)impurity in the Z metal (Miedema et al 1980, Brandes 1983). IZ+1(Z) is the 'ionization' energy
from the (Z+l)-model and E z+I j(s - d) and Ez0(s - d)) are the energies required for the
valence change from 3dn4s2 to 3dn+14s in the Z and (Z+l)-element, derived from
spectroscopical data (Sugar and Corliss 1985, Moore 1978).
The experimental and calculated results are presented in figure 8. The filled circles are the
shifts calculated using equation (4) and the open circles represent the results from equation
(5). The experimental values are labeled as follows; x: Is threshold using the (Z+l)-ionization
potential; 0: Is threshold using the semi-empirical ionization potential; +: 2p threshold using
the (Z+l)-ionization potential and • : 2p threshold using the semi-empirical ionization
potential. On the first view it is obvious that there is a striking difference between chromium
and copper on one hand and calcium and manganese on the other hand. The experimental
values for Cr and Cu agree much better with the calculated values including a valence change
[equation (4)] and for Ca and Mn much better with the calculated values without a valence
change [equation (5)]. The disagreement at the Is threshold of calcium might be due the
uncertainty in the absolute energy calibration there. The shifts for the other three elements at
the Is thresholds are very reliable because the absorption of the atom and the solid was
measured simultaneously and therefore the shifts are independently from the absolute energy
calibration.
The calculated and experimental values for the core-level shifts are in agreement within t
error limits, except for the chromium 2p threshold.
This problem is probably connected with weakness of the (Z+l)-model, that all core holes «•/, e
treated in the same way independently on the symmetry and binding energy. And especit y
between chromium and manganese there are sometimes very strange differences. Mn has the
ground state configuration [Ar] 3d54s2, whereas for chromium we have [Ar] 3d s 4s. That
suggest that the changes in chromium when adding a 3d electron are not good approximated
by manganese energy levels, especially the part dealing with the valence change. And in
addition the semi-empirical 2p threshold was deduced from a SCHF calculation, which is a
simple approximation and does not hold for the description of the discrete transitions.
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Figure 8. Experimental and calculated atom-to-solid core-level binding-energy shifts. The experimental
values are labeled as follows; x: Is threshold using the (Z+l)-ionization potential;: Is threshold using
the semi-empirical ionization potential; +: 2p threshold using the (Z+l)-ionization potential and D: 2p
threshold using the semi-empirical ionization potential. Calculated shifts: • : without valence change
using equation 4; O: including a valence change from 3d"4s in the atom to 3d nl 4s 2 in the metallic solid.
The uncertainty in the experimental values deduced using the the (Z+l)-model is: Ca Is 4.0 eV; Ca 2p
1.0eV;Crls 1.0eV;Mnls 1.0eV;Mn2p 1.0eV;Culs 1.0eV;Cu2p 1.0 eV, and using the semiempirical ionization thresholds: Ca Is 3.0 eV; Ca 2p 0.6 eV; Cr Is 0.5; Cr 2p 1.0 eV; Mn Is 0.5 eV;
Mn 2p 0.5 eV; Cu Is 0.5 eV; Cu 2p 0.5 eV.

5. Conclusions
For Ca, Cr, Mn and Cu it was shown that many-electron efifects have only small influence on
the excitation of deep lying core electrons (Is, 2p) compared to 'he excitation of direct
subvalence electrons.
The Is absorption spectra of atomic Ca, Cr, Mn and Cu are all dominated by strong [Ar]
Sd^s"1 - [AT] l s ' ^ d M s ^ p resonances which have no counterpart in the absorption spectra
of the corresponding metallic solids. Relaxation effects leading to the application of the theory
of non-orthogonal orbitals, broadening by Auger and fluorescence decays, for Cr and Cu LSterm dependent effects and for Ca the strong configuration interaction has to be taken into
account in order to reproduce these spectra theoretically. The spectra show only small
variation with the atomic number Z.
The 2p soft x-ray absorption and total photoion yield spectra of atomic Ca, Cr and Mn are
dominated by a group of resonances attributed to [Ar] 3dn4sm [Ar] 2p"I3dn+14s"1 transitions.
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The electron-electron interaction and the spin-orbit interaction have the same magnitude in
all cases, leading to intermediate coupling conditions and complex spectra. For the copper 2p
thresholds the main part of the splitting is caused by the spin-orbit interaction of the 2p
electrons. There is no really dominant process is the copper 2p absorption and processes like
2p - n s , nd, es, ed have to be taken into account. For manganese a scaled single-configuration
Hartree-Fock calculation leads to reasonable agreement between experimental and calculated
results. For chromium the open 4s shell complicates the whole spectrum considerably, so that
a lot of different configurations have to be included in the final state. The 2p absorption and
total photoion yield spectra of atomic copper are not fully understood, but some of the
structures could be assigned via comparison with HF calculations. Soft x-ray absorption and
total photoion yield spectroscopy lead to comparable results at the copper 2p threshold.
The calculated total core-level widths are in agreement with the experimental iinewidths (keep
in mind that only the width of a structure is available experimentally, which includes multiple!
effects, the natural lifetime broadening and instrumental influence).
Excitations of the type np - 3d are localized at a certain atom in the solids. Excitations np 4s and Is - 4p are delocalized, which can be understood when looking at the relevant
wavefunctions in the final states.
The atom-to-solid binding-energy shifts are describable using the thermochemicai model,
except for the chromium 2p threshold, where the calculated shift is much bigger than the
experimental.
From the comparison of experimental and calculated core-level shifts it looks like that the
electron configurations are changing much stronger for copper and chromium than for
calcium and manganese during condensation. Ca and Mn are in both phases well described
by [Ar] 4s2 and [Ar] 3ds4s2, whereas Cr and Cu are described better by [Ar] 3d s 4s and [Ar]
3d'°4s in the atom and [Ar] 3d44s2 and [ArJ 3d94s2 in the metallic solid.
Approaches to use an atomic multiplet from a single-configuration HF calculation in order
to use this in models of solid-state absorption spectra are not safe for most 3d transition
metals. From the absorption of the atoms it is only a good approach for Mn at the 2p
threshold. For Ca and Cr this approach is not safe and it might be necessary to make more
sophisticated calculations including configuration interaction effects.

6. Future
With upcoming synchrotron radiation sources like the Advanced Photon Source a wide field
of so far impossible experiments will open for experimentalists.
One very interesting and promising kind of experiment is certainly the coincidence of x-rays
and electrons or ions. First experiments of that kind were already made on argon, where
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firstly a K hole was produced than the Ka x-ray photon was detected in coincidence with the
L23-MjMj Auger-electrons. Here are still open question like if it is possible to determine
second order PCI effects an if these effects are treatable in the same way you can treat first
order PCI. Also the change of the Auger spectrum when looking for the x-rays in different
directions is a promising experiment.
In the 1 s - 4p resonance there is a strange spectator electron which we can study regarding
effects like shake processes and compare it to similar effects when we are exciting close to
the 2p threshold.
With third generation high-brilliance synchrotron radiation sources it will be possible to
extend these experiments to metallic vapors.
The other kind of very promising experiment is the spectroscopy using excited and ionized
species. There it would be worth trying to combine a laser plasma and synchrotron radiation.
The spectroscopy on laser aligned and oriented systems combined with circular polarized xrays is very promising in studying the x-ray magnetic dichroism on metallic atoms, which will
certainly help to understand the dichroism in solids in more detail.
A very high photon flux is also desired in order to perform XUV fluorescence experiments
especially on atoms, where the fluorescence yield is much less than a percent.
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High-resolution photoelectron studies of resonant molecular photoionization
J. L. Dehmer and P. M. Dehmer
Argonne National Laboratory, Argotme, IL 60439
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J. B. West, K. Ueda, M. R. F. Siggel, and M. A. Hayes
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Motivation
Shape-resonance-induced continuum-continuum coupling in CO 2
Survey of autoionization dynamics in CO2
Spin-orbit selectivity in autoionization of CO2
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Figure 1. L-Shell Photoabsorption Spectra of SF6 and H2S. An old but still one of the best
examples of molecular effects on optical spectra, showing how changes in the molecular field can
produce major redistribution of oscillator strength, including the formation of shape resonances.
From J. L. Dehmer, A. C. Parr, and S. H. Southworth, in Handbook on Synchrotron Radiation,
Volume II, G. V. Marr, ed. (North-Holland, Amsterdam, 1987) p.241.
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(UK). One of us (KU) wishes to thank the British Council for financial support. KU is on leave from the Research
Institute for Scientific Measurements, Tohoku University, Sendai 980, Japan.
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Figure 2. Schematic of the decay channels available to a highly excited Rydberg state of H2. This
illustrates that an excited molecular complex is a microscosm of fundamental chemical interactions
involving the exchange of energy and angular momentum among electronic and nuclear modes in
a molecular field,

ASSOCIATIVE IONIZATION: H(1s) + H{ni) - • H j + e"
K)N NEUTRALIZATION: H + +H" - * H(1s) + H{n/)

DISSOCIATIVE RECOMBINATION: H j + e"-» H(1s) + H(n0

Figure 3. Some processed related to the excited complex in Figure 2 illustrating the intellectual
connections between chemical reactivity and collision physics and between molecular physics and
such fields as plasma physics and astrophysics.
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Figure 4. Eigenphase sum for the ott continuum in CO2 photoionizat:on and in electron-CO^
scattering. Strong molecular shape resonance in the h-wave component is exhibited in both.
From P. M. Dittman, D. Dill, and J. L. Dehmer, Chem. Phys. 78,405 (1983).
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Figure 5. Eigenchannei contour map of the ou resonance in CO2 photoionization. From P. M.
Dittman, D. Dill, and J. L. Dehmer, Chem. Phys. 7«, 405 (1983).
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Figure 7. The partial cross section for the same process, showing the persistent disagreement
between experiment and theory. From M. R. F. Siggel, J. B. West, M. A. Hayes, A. C. Parr, J. L.
Dehmer, and I. Iga, J. Chem. Phys. 99,1556 (1993).
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Figure 8. Partial cross section for the 3su photoionization channel of CO2. This figure shows
that the ou shape resonance is couples into this nominally forbidden ionization channel by
continuum-continuum coupling; however, the effect cannot be verified by experiment owing to a
feature in the single-channel calculation. From M. R. F. Siggel, J. B. West, M. A. Hayes, A. C
Parr, J. L Dehmer, and I. Iga, J. Chem. Phys. 99,1556 (1993). Theoretical calculations by R R.
Lucchese, J. Chem. Phys. 92,4203 (1990).
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Figure 9. The photoelectron asymmetry parameter for the same process shows conclusively that
the shape resonance is introduced into this channel by continuum-continuum coupling. This
shows that photoelectron asymmetry parameters play a complimentary role to partial cross
sections and can be critical for observing certain dynamical effects. From M. R. F. Siggel, J. B.
West, M. A. Hayes, A. C. Parr, J. L. Dehmer, and I. Iga, J. Chem. Phys. 99,1556 (1993).
Theoretical calculations by R. R. Lucchese, J. Chem. Phys. 92,4203 (1990).
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Figure 10. The photoionization spectrum of jet-cooled CO2. It has been a long standing goal to
perform high-resolution, angle- resolved photoelectron studies of the autoionization structure in
small molecules at the same resolution and quality as photoionization mass spectrometry and
angle-integrated measurement. This would provide previously inaccessible information on
mechanisms of intermolecular energy flow, decay dynamics and new spectroscopic information
based on decay dynamics.
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Figure 11. Photoelectron asymmetry parameter for the vuv spectrum of CO2. This is one
example of a recent high-resolution, angle-resolved study of the autoionization structure in CO2,
in this case the asymmetry parameter of the (0,0,0) vibrational component of the ground state of
CO2. The complete data set includes the asymmetry parameters and branching ratios for all the
vibrational levels produced in the resonant autoionization process.
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Figure 12. A 2-di; nensional projection of the photoelectron spectra of CO2 over the same range
as in the last figure. This data is presently under analysis. However, it is easy to see the large
variety of vibrational distributions that result from excitation of members of different Rydberg
series of autoionization states. For example, some produce distributions similar to the
Franck-Condon distribution for direct autoiontzation. Some produce very hot vibrationa!
distributions. Some produce multimodal vibrational distributions. This data is expected to lead to
new insight into the photoionization dynamics and to new information concerning the
spectroscopy and nature of the excited states involved.
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Figure 13. A small portion of the photoionization spectrum of CO2 containing members of the
Tanaka-Ogawa and Henning Rydberg series selected for high-resolution photoelectron studies o
look for spin-orbit selectivity in the resonant photoionization process.. The states studied are
indicated by asterisks. From A. C. Parr, P. M. Dehmer, J. L. Dehmer, K. Ueda, J. B. West, M. R.
F. Siggel, and M. A. Hayes, J. Chem. Phys. 100, 8768 (1994).
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Figure 14. Photoelectron spectra on the m=5 (200) component member of the Tanaka-Ogawa
series showing spectra on this resonance and just off this resonance at two angles of observation
relative to the polarization of the ionizing radiation. These spectra were taken with jet cooled
target gas and an observed photoelectron resolution of 17 meV. This resolution enabled us to
resolve the spin-orbit components of the vibrational bands and to demonstrate the spin-orbit
selectivity of the resonant photoionization process. From A. C. Parr, P. M. Dehmer, J. L.
Dehmer, K. Ueda, J. B. West, M. R. F. Siggel, and M. A. Hayes, J. Chem. Phys. 100,8768
(1994).
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Figure 15. Difference between the resonant and off-resonance spectra in Fig. 14. Note that on
resonance only the 1/2 spin-orbit component is produced. When the Henning series is excited,
both spin-orbit components are produced in equal amounts. This spectrum also contains new
information on non-Franck-Condon vibrational levels populated by autoionization. From A. C.
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Table II. Prospects for future work in molecular physics with third generation synchrotron
sources. Asterisks indicate areas in which recent work has been emphasized by the
Argonne-NIST-Daresbury collaboration.

•

Control over excited complex*

•

Double resonance excitation

•

Localized excitation

•

Novel highly energetic states

•

Rovibronic selectivity at detector'

•

Vibronic effects in inner-valence region*

•

Nondipole dynamics

•

Multiple excitation/ionization

•

Fragmentation mechanisms

•

Cooled* /aligned/unstable/ionic targets
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Radiative and radiationless resonant raman scattering by synchrotron
radiation
T. Abei-g
Laboratory of Physics, Helsinki University of Technology, 02150 Espoo, Finland

1.

The concept of RRRRS by SR {1 ]

A review from 1985 on inelastic x-ray scattering including resonance phenomena [2] begins with the
following sentence "The development of intense tunable synchrotron radiation sources will
undoubtedly stimulate the study of inelastic X-ray scattering by bound electrons in much the same
way as the progress in laser technology has revived Raman scattering investigations in the optical
region". Indeed the development of synchrotron radiation (SR) sources (ESRF, ALS, APS, SPring-8,
etc.) and technology has been impressive during the last ten years. The use of SR has contributed to
our understanding of radiative and radiationless resonant Raman scattering (RRRRS) in the x-ray and
ultraviolet [x(uv)] region and the field is rapidly expanding. Recent reviews [3,4] and the talks by
Nordgren, Ederer and LeBrun at this meeting illuminate some of the progress.
The dominating contribution to RRRRS comes from the second-order expression of the photon and
electron scattering amplitude. The radiative branch of RRRRS thus shares many features with the
normal electronic Raman effect, including the angular distribution and polarization of the inelastically
scattered electromagnetic radiation [5]. The theory of RRRRS [3,4] is also to some extent analog
to the vibronic (rotational) Raman effect [6]. The nature of the spectra is however different. Figure
1 schematically illustrates that there are no anti-Stokes lines (energy gain) in RRRRS by electronic
systems in their ground states. Only energy loss is possible. It is thus of interest whether one could
observe anti-Stokes lines in inelastic x(uv) scattering from laser-excited atoms or molecules.
Another characteristic feature of RRRRS which is in the ordinary vibronic Raman effect is resonances
involving excitation into the continuum. Thus characteristic x-ray and Auger-electron emission
following photoionization can be viewed as resonances in inelastic processes with one photon in
(weak-field limit) and with either one photon and electron out or two electrons out. Satellites in
x-ray emission spectra (XES) and Auger-electron emission spectra (AES) may involve more than two
outgoing electrons. The present time-independent scattering theory of RRRRS [7,8,9] thus treats
characteristic x-ray and Auger -electron emission as resonances in a one-step process in which, as Fig.
1 also illustrates, the inner-shell hole to be filled is an intermediate virtual hole. Energy conservation
is strictly valid only between the initial system (photon plus "atom") and final system (e.g. photon plus
electron plus "ion" of two electron plus "ion") [Eq. (a) in Fig. 5]. Here the concept of "atom" is
meant to stand for any electronic system and "ion" for a residual system which in most cases is left
in and excited state.
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Cesar et al. [11] have extended the theory of RRRRS [7,8,9] to molecules with nuclear degrees of
freedom. This enables the calculation of vibronic RRRRS cross sections for molecules. An important
extension of the theory would be to include photodissociation channels in the final scattering states.
The reason is that the creation of a virtual inner-shell hole in RRRRS may very rapidly lead to
dissociation of the molecule [12,13].
Autoionization and Auger-electron emission are closely related in that both processes are a
consequence of the electron-electron interaction. From a scattering theoretical point of view [Fig.
2] some differences are apparent however. Autoionization involves one photon in and one electron
out. In addition, we have the condition that the excited electron must participate in the transition.
A treatment analog to the theory of RRRRS [7,8,9] is possible but requires that the scattering in-state
involving the photon plus "atom" is treated on equal footing with the scattering out-states involving
the electron plus "ion" [9]. A much simpler treatment of autoionization is based on a half-scattering
approach in which the photon-electron interaction is treated to first order and the resonance structure
is embedded in the final out-state as an interaction between discrete and continuum states. Both
approaches [9,14] lead after some approximations to the famous Fano profile [15] even in the case
of overlapping resonances [14,16].
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1'onizati'on

Two recent examples [14,17] indicate the difference between autoionization and Auger-electron
emission. Figure 3 shows Ar+ photoion spectrum [14] of reaction:
The 3s Rydberg states interact with five 3s23p5+e- channels in the final out-state giving rise to
window-like resonances [18] in the spectrum below the 3 s ionization limit at ho>j=29.25 eV.
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Figure 3. Ar+ photoionization spectrum of ha>j+3s23p6 -
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3s3p6np(ns4) -

3s23p5 + e'.

The photoelectron spectrum in the resonant Auger-electron emission process:
hw,+2p 6 3s 2 - 2p5js2n's,d(n'*4) -* 2p6ns,d+e*
of vaporized Mg exhibits, as a consequence of the L2 Ml Ml Auger transition, strong shake effects
of the s and d electrons. Details of this spectrum are in excellent accord with the theory of RRRRS
[17] while the concept of autoionization as a resonant half-scattering process would not account for
these features. The formation of quasibound states complex of A+++e" in reaction (3) [Fig. 2] thus
does not necessarily mean that this process is analog to autoionization (1).
Figure 4 illustrates how the resonant condition is obtained in practice. The schematic experimental
arrangement is based on a drawing of instrumentation developed by Cowan et al. [19]. inelastic
scattering of electrons initially bound in states |f> are observed under the condition of tuning h ^ !
close to an inner-shell threshold, corresponding to a binding energy /, larger than If. Here states |f>
can be anything from an atomic state to valence-bond states in a solid. Information using RRRRS
is obtained as hco, is swept through the threshold. The design of experiments involves an
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enormous flexibility in observing x(uv)-rays, electrons, and even photoions without or with
coincidences. Angle-resolved and polarization measurements [20,21] with the possibility of
performing nearly complete experiments with phase information [22] can be used in connection with
a controlled choice of the polarization state of the incoming radiation. According to energy
conservation both the (a) radiative and (b) radiationless RRS result in a spectrum in which the
transition energies are close to characteristic x(uv)- and Auger-electron energies. This follows since
spectral features in RRRRS tend to peak at h(EJ=Ij - e, where the excitation energy e with respect to
If is either negative or positive. The schematic energy diagram for case (a) in Fig. 4 shows the
situation for both e<0 and e>0. For case (b) h<o2=ex is replaced by the kinetic energy e A and If by
the ionization energy Iff* of removing two electrons. It should be stressed that Fig. 4 is very
schematic, ignoring details such as multiplet splitting.
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The theory is valid for radiative and radiationless processes below and above an inner-sheil threshold
and accounts for phenomena like post-collision interaction (PCU), recapture, and shake-modified
"autoionization" [3,4].
It leads to a generalized Kramers-Heisenberg formula with the
intermediate-state lifetimes and final-state interactions properly taken into account [2]. Figure 5
displays the key transition-matrix formula which combines the in scattering states i|f a + (photon plus
atom) with the out scattering states typ(e,eXA) (photon plus electron plus "ion" or two electrons plus
"ion"). The formula contains a direct nonresonant term <^fp'(e,eXA) \Hy\ (Jfo+> which usually is
negligible in a resonant situation, characterized by h<S^~Jt. A major task using SR would be to
explore the intermediate region, where the nonresonant and resonant terms may interfere in the
radiationless case [3]. Such interference effects are not expected in the radiative case due to parity
reasons. Nevertheless, the relative importance of these terms is not very well known as a function
of the energy loss h(co,-(o2) and momentum transfer k=k,-k2 in the off-resonance region. Another
unsolved experimental uncertainty [23] is related to the infrared divergence [2] limit (Q-0. The
question is related to secondary processes in matter producing photons. Using SR it now becomes
possible to study these processes for various geometries and up to very high energies (<MeV).
Obviously this possibility is important for many applications.
The complex eigenenergies eTU(E) which depend on the total energy E fulfill a complicated secular
•equation which involves diagonal and nondiagonal matrix elements of the level shifts and widths [2,3].
Usually it suffices to consider one intermediate one-hole state at the time in which case eTU= e, 0 (E)
is approximately given by Eq, (b) in Fig. 5. Under the circumstances, the two-step approximation
is valid and the final out-states involve both radiative and radiationless channels the elimination of the
primary interaction leads to the sum rule r u =r u X +r u A [9], where the widths can still be strongly
energy dependent. Several approximations thus underlie the concept of the lifetime of an inner-shell
hole state and its relationship to the FWHM of an x-ray of Auger-line [24]. Here again SR in
association with coincidence techniques [25] can be used to eliminate some of the distorting effects
like post-collision effect.
In the grandfather formula the energy variable t refers to a summation and integration over excited
orbitals |x> that are coupled to an ionic state <|>u with one or several holes. Note that the states i|flu>
may involve direct products of electronic and photon states [Fig. 6}. In the case of molecules the
vibronic states must be included as well [11]. As Fig. 5 indicates the states |ijrtu> form a set of
intermediate states that govern the scattering process for which the energy conservation is valid in
form (a). It is nevertheless useful to introduce an energy parameter which describes the detuning with
respect to an inner-shell ionization threshold. This is the photon excess energy
EOB.=hti)]-//, where 7=Eu(1+)-Ea. Discrete resonant features usually appear at negative excess energies
but especially in solids it is quite possible also to observe such behavior for Eexc>0. We will present
an example in Sec. 3.
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In Fig. 6 the nature of the intermediate states is listed. The most important difference between the
radiative and radiationless branch consists of the step from the intermediate states to the final
scattering states. In the grandfather formula, it is represented by the matrix elements < J|fp*(e,eXA)
|H-E|i|/IU>, where H is the total Hamiltonian, including both the electron-electron and the
photon-electron interactions. This difference is best illustrated for normal x-ray and Auger-electron
emission in free atoms without any screening effects. In the radiative case the effective potential seen
by the excited electron in the intermediate and final states corresponds to charge +1; there is no
change of charge. In the radiationless case the corresponding effective potential exhibits a change
from +1 to +2; this is dramatic from the point of view of the photoelectron which is exposed to the
change in the potential as long as the Auge; electron is capable to pass the photoelectron. On
average the photoelectron slows down and by energy conservation the Auger electron speeds up
which is the PCI effect. Thus PCI is weak in IXS but strong in PDI [Fig. 6] From a
scattering-theoretical point of view, PCI is a final state channel-interaction effect [26]. According
to detailed quantum mechanical calculations, large distances between particles are usually involved
in the PCI effect which makes the semiclassical description adequate [3].

3.

Some prominent features of RRRRS

In early 80's, Jukka Tulkki realized that the best way to illustrate some of the predictions of the
theory of RRRRS is to use three-dimensional plots showing the radiative cross section (or intensity)
as a function of both hco j and ho>2 [2]. Figures 7 and 8 exhibit the most salient features of RRRRS,
discussed in detail in Refs. 2 and 4. The figures represent calculated differential RRRRS cross
sections in units of picobams (pbs) for 2p inelastic scattering by Ar atoms in the vicinity of hw<K}~Ih
The grandfather cross sections have been convoluted with a non-Lorentzian distribution of incoming
photons and with the lifetime-broadening function of the 2p hole.
The most striking feature of is the difference between inelastic scattering involving either excitation
to a bound state (e.g. 2p to 4p in Fig. 7) or to the continuum (Fig. 8). This prediction also applies
to quasibound states in solids and other materials as long as the state has a component of the wave
function that is localized.
Figure 7 shows how the narrowing of the spectral function suppresses the lifetime broadening of
excitations to bound states. Notice the linear dispersion, narrowing, and intensity enhancement of
the 2p to np (n>4) excitations, These effects have been confirmed experimentally [19]. The same
phenomena have also been observed for the radiationless channel in atoms [27,28] and molecules
[29]. Qualitatively it is easy to understand from the energy conservation relation (a) [Fig. 5] that Je>
is fixed, the u>, approximately determines the energy distribution of |ex> or JeA>. Figure 9
summarizes these findings.
Figure 8 shows another narrowing effect in the evolution of the inelastic 2p3/2 continuum RRS into
Ka fluorescence. Each curve has been cut at the half-minimum, hence the width of each cut is equal
to the half width. The 2p,/2 and the discrete reson ance-line structure has been omitted for simplicity
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[2]. The behavior is related to energy conservation which prohibits the high-energy emission being
fully broadened by Fu until ho>i>4. The half width of <o of the Ka line consequently appears to
narrow as a function of hw, before it becomes independent of the spectral function and equal to
I M ^ + r ^ [2,4]. This effect thus has nothing to do with resonance fluorescence. We have indicated
the onset of the continuous RRS by a straight line, corresponding to hu>2=hu>rI2p.

2p- V
I 20.0

Figure ?. Evolution of the inelastic2p3^
continuum RRS into K a fluorescence.

Figure 7. 2p3/2 inelastic scattering by Ar atoms.
F b is the spectral bandwidth; I in units of pbs.
The experiment by Southworth et al. [Fig. 10] very nicely illustrates some of the most salient features
of RRRRS [21]. It also indicates how important it is to construct three-dimensional figures out of
experimental data, whenever possible.
In a number of recent works, Gel'Mukhanov and Agren [30-33], have stressed symmetry properties
of RRRRS [21]. Gel'Mukhanov and Mazalov [34] predicted in their classical paper that linear
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polarization produces orientation of randomly oriented molecules which then results on polarization
of RRRRS. This prediction has been confirmed in experiments by Lindle et al. [35] and by
Southworth et al. [36]. Actually one of the interesting features of RRRRS consists of angular
distributions and polarization as a selective probe of molecular states and orientation in general [5].
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Figure 9. Three characteristic features of identifying hole quasibound core states in RRRRS.

Solid state RRRRS spectroscopy has many applications as well. Figure 11 lists some of the
applications. Improved resolution can be achieved by setting the x-ray spectrometer at a fluorescence
line and scan as a function of hco, [37]. Maybe the most striking discovery was that the two-step
model breaks down at energies well above the threshold [38]. Ma [39] has recently reviewed the
essential points.
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Figure 10. Experiment by Southworth et al [21]: Inelastic x-ray scattering by 3d electrons of Xe
in the vicinity of the L3 edge (hw=1^3/2): RRS regime.

Another interesting application is to use the radiationless branch to probe localized excitons. Fipure
12 shows the result of a measurement of radiationless resonant K-shell Raman scattering by L i 3 ('D 2 )
electrons of P in InP [40]. In accordance with the theory of RRRRS [7,8,9] the K Raman spectrum
should be the analog of the K absorption spectrum with the exception that it can reveal bound
excitons which otherwise are totally hidden in the absorption spectrum. The comparison, shows that
the absorption spectrum (b) cannot be explained without addition of a discrete exciton (a) which
exhibits approximate linear dispersion (c) in accordance with Fig. 12. Similar observations have been
made by Drube et al. [41] in the case of radiationless L3RRS spectra from solid Rh and Pd due to
localized 4d states.
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Auger spectrometry of atoms and molecules
M. O. Krause
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6201

Before I suggested this title for my talk, I asked myself whether there is, indeed, a place in the light
for Auger Spectrometry at synchrotron radiation sources in general and the sources of the high
brilliance genre in particular. Yes, there is, and I will elaborate on this a little later using examples
from recent work at various synchrotron sources around the world, including samples of our own
work at the Synchrotron Radiation Center in Stoughton, Wisconsin, just north of here. But before
doing so, let me explain why one could raise doubts about the utility of a match between Auger
spectrometry and synchrotron radiation. As with the other two spectrometries in the triad of
photoelectron -, Auger electron - and x-ray emission spectrometries, the capability of a continuous
energy variation of the excitation source is not of prime importance, whether we use photons,
electrons, protons, or a nuclear conversion process for inducing a spectrum which is characteristic
of the atomic, molecular or solid-state species under investigation. The main requirement is an energy
which is greater than the binding energy of the inner subshell deemed suitable for creating the desired
emission spectrum. The energy width of the incoming beam of photons, or particles, is rather
immaterial except in the case of photoelectron spectrometry. Under such mild conditions, Auger
spectrometry has served us well, and continues to do so, whether we are studying the fundamental
properties of inner-shell processes or using Auger spectra for analytical, practical purposes in a
tremendous variety of technological applications. An important caveat must be added, however. The
inner-shell hole must be created fast enough that we can separate excitation and de-excitation
processes: first step, emission of the inner-shell electron, second step, a quasistationary excited state,
third step, decay of this state. Only then will we have (a) a photoelectron spectrometry - or an
electron-energy-loss spectrometry in case of electron bombardment - (b) an Auger spectrometry and
(c) an x-ray spectrometry, each with its clean, characteristic spectral features. These features are now
documented rather well over much of the shell structure of the elements in the periodic table and, as
a result, are used extensively. Nevertheless, a number of gaps do still remain, as I pointed out at the
1990 Workshop at Argonne when I offered my "Thoughts on Future ESSR Studies of Inner Core
ljevels'\X\. The gaps occur mainly at higher energies, in the 1 and 10 keV ranges as for the K shells
of Z=30 to 60 elements and the L shells for Z=30 to 100 elements. As a result, a high-energy photon
source such as the APS could be profitably used to provide the missing spectral information. I will
show by way of an Auger spectrum occurring in the 10 keV range what might be expected.
In Fig. 11 present the K-LL Auger spectrum of Kr, which was measured by Decman and Stoeffli in
a skillful experiment using a P spectrometer for the velocity analysis of electrons created as a
consequence of a nuclear conversion process, namely the decay of isorneric Kr - 83m[2],
Remarkably, the study was done in the gas phase and, hence, is devoid of the problems that have
plagued similar experiments carried out in the past with solid targets. The spectrum of Fig. 1
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Krypton K-LL Auger spectrum measured with a P -spectrometer having a resolution
of 5.5 eV (FWHM); from Ref[2].

illustrates several points of interest in the context of the present workshop. First, since a high-quality
spectrum could be obtained under the difficult conditions of a nuclear conversion process, then a high
brightness photon source should allow us to make facile measurements of K and L Auger spectra at
high energies for many heavier elements in the isolated atomic state. However, the great energies of
the emitted electrons call for magnetic-field dispersion as the preferred method of analysis. As a
consequence, a potentially large spectrometer must be matched to a beamline at a synchrotron
radiation source. Second, the spectrum invites a discussion of the resolution requirements for the
"ultimate" Auger spectrum of the kind shown in Fig. 1. Evidently, only the resolution of the
spectrometer enters into the picture, and this resolution expressed in AE(FWHM) need not be much
better than the natural width of the Auger lines, which in turn are given by the natural widths of the
levels involved in the transitions[3]. For Kr, the KLiL t Hne width is 11.3 eV and the KLXj width is
5.2 eV[3]. With a resolution of 5.5 eV for the electron spectrometer, the spectrum of Fig. 1 reveals
in the greatest detail possible all features present: the nine normal Auger lines predicted in
intermediate coupling and the satellite structures associated with shake processes in various shells,
the relative intensities and the widths of the normal lines following an appropriate fitting procedure.
Third, in order to isolate the pure normal Auger spectrum the Auger electrons would have to be
placed in coincidence with the Kr Is photoelectron, which would be an unambiguous signal for the
creation of a K shell vacancy in the absence of any other excitations. This selection will best be done
with synchrotron radiation; in fact, a Kr Is photoelectron spectrum produced by photons of 15.2 keV
energy[4], has already demonstrated that the tools are in hand to carry out a coincidence experiment
in the future. Fourth, the Kr Is photoelectron spectrum was shown to be identical with the Kr-83m
conversion electron spectrum, which is complementary to the Kr-83m K Auger spectrum. This has
provided direct experimental evidence that the sudden approximation (shake model) is valid in either
case of excitation[4], as inferred elsewhere in studies of a less specific nature[5]. The discussion of
184

the krypton K Auger spectrum would not be complete without mentioning the progress that has
recently occurred in the use of solid target samples and electrostatic spectrometers for the analysis
of energetic electrons. Kovalik et al[6] have succeeded to record an excellent K Auger spectrum with
an electrostatic instrument at high resolution (6.5 eV FWHM) and with a low background from a thin
sample of the Rb-83 isotope.
As I already implied at the beginning, standard Auger electron spectrometry does not depend on
synchrotron radiation. However, it can greatly benefit from this variable photon energy source as it
allows us, whether we use the Auger effect as a research tool or an analytical tool, to select the Auger
line group that is the most suitable for a specific purpose or optimize the Auger electron signal by
setting the photon excitation energy appropriately.
Most significantly, a continuously tunable photon source becomes indispensable when we are
interested in threshold phenomena. These phenomena comprise the resonant Raman effect as
discussed in the previous talk by T. Aberg and resonance excitations below an inner-shell ionization
threshold as well as the post-collision interactions[7] above threshold, in which the Auger electron
exchanges energy with the slow outgoing photoelectron. Most of these threshold phenomena reflect
complex many-electron and many-channel interactions which can be fully delineated only at a
synchrotron radiation source. With respect to applied uses, the resulting Auger spectra are ill-suited,
as they will have lost the ideal peak characteristics that are so desirable for any spectroscopy. There
is, however, one exception: the so-called resonance Auger spectrum. It arises from the excitation
of an inner electron to an outer orbital which is either completely or partially empty. An example may
be the excitation of a Is electron in the oxygen atom to the partially filled 2p subshell. The resonance
Auger spectra display a completely different character from the normal Auger spectra arising from
the ionization of an inner-shell electron. This holds true for both atoms and molecules, whether free
or condensed. Because of its unique pattern and the requirement of a specific excitation energy, a
resonance Auger spectrum will generally provide a more definitive analysis of a sample than that
afforded by the normal Auger spectrum. As a result, we can speak of the development of a new
branch of Auger spectrometry, which is based at synchrotron radiation sources.
Let's jump from the high energies of the krypton spectrum to the low energies of the atomic and
molecular oxygen spectra, skipping in the process the intermediate energies of, for example, the argon
K Auger spectrum because many aspects of the radiationless processes in this element are being
discussed by others at this workshop, namely J. Cooper, T. LeBrun and S. Southworth. Oxygen
offers an attractive opportunity to study the simplest type of an Auger spectrum, the K-LL spectrum,
in an open-shell configuration. Photons of energies greater than the K shell ionization energies near
550 eV are advantageously derived from a storage ring, because few intense characteristic x-ray
sources are available in the energy range 500 s hv < 1100 eV. Photoionization creates a O + [ls] 4 P,
2
P doublet from the 3P ground state of the atom as shown in Fig. 2[8]. These two states, 4.9 eV
apart, give rise to two K Auger series instead of a simple series in a closed shell atom: the [Is] 4 ?
series consisting of 6 lines and the [Is] 2P series consisting, in principle, of 9 lines. The observed
spectrum is displayed in Fig. 3 showing most of the allowed transitions and their arrangement into
three groups, Is-2p2p, Is-2s2p, and Is-2s2s. In spite of the complexity of the O K Auger spectrum,
agreement between experiment[8] and theory[9] regarding both the energies and intensities is now
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excellent. Initially, the agreement was only fair[8], but in contrast to the case of neon, in which it
took more than 10 years in the I960's and 1970's to establish good agreement, the fine accord for this
more difficult case of oxygen was reached in a year's time. The real piece de resistance for
synchrotron-radiation-based Auger spectrometry is of course the resonance Auger spectrum, which
follows the initial excitation of the O Is electron to the partially filled 2p subshell. This excitation
requires an energy of 527 eV, and the resulting decay spectrum will appear in the 475 to 515 eV
range of electron kinetic energies, with the entire spectrum shifted to slightly higher energies with
respect to the normal Auger spectrum due to the presence of an additional 2p electron. The
resonance spectrumflO] is shown in Fig. 4.
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Figure. 2

K-shell photoelectron spectrum of atomic oxygen; from Ref. [8].

Disengaging the excitation and de-excitation process, seven resonance lines are predicted in the LS
coupling schemes for the deacy of the O*ls'2s22ps(3P) resonance state, namely: O+ls22s22p3(2D,2P);
Cris^sVCP.'D^S, 2 ?); and O+ls22s°2p5(2P). All 7 lines are observed. A singly charged ion with
an electron removed from either the 2p or the 2s subshell is created; this is equivalent to direct
photoionization in the 2s and 2p subshells. However, there are several distinct differences, as
illustrated in Fig. 4, where a photoelectron spectrum recorded at hv = 212 eV is compared with the
resonance Auger spectrum. In the PES transitions, which are ruled by the dipole process, the
C T l s M p ^ ^ / S ) and O'ls^s^p^, 4 ?) final ionic states are created. Hence, the 2s°2ps(2P) and
2s'2p4(2S,2D) lines are not seen in the PE spectrum, or only faintly as so-called satellite peaks On
the other hand, the 2s22p3(4S) line, which is forbidden in the resonance process, cannot be discerned
in that spectrum. This implies that at 527 eV,
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corresponding to Is -* 2p excitation, the
resonance process is by far the dominant one.
Although the comparison is made at greatly
different photon energies, the conclusions
drawn from the comparison spectra of Fig. 4
would essentially be the same if a PE spectrum
were recorded closer to the resonance, e.g. at
hv=480 eV. According to our most recent
workfl 1], the branching ratios for 2s and for
2p ionization are virtually constant with
photon energy, but the partial cross section for
2s photoionization would increase relative to
that for 2p ionization.
As discussed
elsewhere[ 10],
the
intermediate
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Figure. 3
K Auger spectra of atomic (upper panel) and
molecular (lower panel) oxygen recorded with a resolution of 0.5 eV
(FWHM) in electron energy at the Wisconsin Synchrotron Center; from Ref[8j.
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Resonance Auger spectrum of the O atom arising from Is - 2p excitation at 527 eV
and the photoelectron spectrum recorded off resonance at 212 eV and energy-shifted
into the position of the resonance spectrum; from Ref[l 1].
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While a discrepancy between the measured values and
the theoretical values derived from simple models was
observed[10J, excellent agreement was noted between
experiment and the most recent theory[9j for the
N*O>. 17) (1972) ]
energies and relative intensities (Auger spectral
NW(I.Eipt(1971)
N*on.Expt(1990)J
distribution). The latter is depicted in the bar diagram
Oxygm, Ex» (1993) is -» 2p
».7J> f/tf * ;
of Fig. 5. This figure makes another interesting
correlation between related data: the resonance Auger
spectrum of O and the shakeoff Auger spectrum of
neon. In both cases an F-like intermediate state with
the same electron configuration, lsiV2s22ps(3P), is
produced. Because the only difference is the nuclear
charge, Z=8 for O and 2=10 for Ne, which has a
minor effect on the radiationless decay, the decay
patterns should be essentially identical. This is, in fact,
the case as seen in Fig. 5.
Figure. 5 Comparison of the branching ratios
for the decay of the ls'2s22p5(3P) electronic configuration in neon
and oxygen. Comparison extends to both theory and experiment; from Reffl 1].
It is instructive to view the molecular oxygen Auger spectra, both normal and resonant, alongside the
corresponding atomic spectra. Figure 3 makes a comparison for the normal Auger spectra. The O 2
spectrum is well known and has been recorded under various excitation conditions by electrons and
characteristic x rays, 1.2 and 1.5 keV. What is remarkable with the spectrum of Fig. 3 i& that this
spectrum, obtained for the first time at a synchrotron radiation source - in this case a secondgeneration source - approaches the quality of the most recent high-resolution measurements! 12] in
which conventional excitation sources were used. A resolution of 0.5 eV for the electron
spectrometer sufficed in the experiment of Ref. 8, because the presence of vibrational modes will
broaden the lines beyond the natural line widths. This stands in contrast to the atomic case, shown
in Fig. 3, where a resolution of about 0.15 eV would be required to match the estimated natural
widths. While the normal molecular oxygen K Auger spectrum obtained at hv = 590 eV represents
a nice showcase for a synchrotron radiation source and the monochromator coupled to it, the real
power of this source is demonstrated in the K threshold region where distinctive decay spectia, or
resonance Auger spectra, arise from the excitation of a K electron to various partially filled or empty
orbitals of the molecule. An impression of the great variety of the decay spectra can be gained by
viewing Fig. 6: the patterns change from the relatively simple resonance spectrum, which derives from
the 7i* resonance (A), via the rather complex spectra, which derive from the a* resonance (B) and
various Rydberg states (C), to the nearly regular Auger spectrum (D) somewhat above the K
ionization thresholds, 4 2 ' and 2 S". Peculiar peaks, labelled A in the 540 eV spectrum, appear in the
a* decay spectrum. These peaks could be correlated with atomic peaks by a direct comparison of
the pure atomic resonance spectrum (Fig. 4) with the a' molecular spectrum in one and the same
experiment[ 13]. Evidently, the dissociation of the o* resonance proceeds along such a steep,
repulsive potential surface curve, that the Auger transition in the K-shell-excited molecule competes
with the dissociation on a femtosecond scale, taking place at a sufficiently large internuclear distance
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Figure. 6

Radiationless decay patterns for various K-shell excitations of the 0 2 molecule, note
the shifts of the molecular peaks with excitation energy, or with screening, and the
appearance of extra peaks (A) in the o* decay; from Ref[13].

in the quasi-free atomic fragment O*ls'2s22p5. This interpretation is corroborated by a recent
experiment 13], which although carried out with an improved bandpass of the incoming radiation
could not be properly explained by these authors in the absence of an atomic reference spectrum. To
make the point, we fitted our atomic spectrum to the 539.7 eV spectrum of Ref. 14 by normalization
to the peak 11 following an energy shift of the spectrum[14] to the proper reference energy given in
Ref 12. As seen in Fig. 7, this approach accounts for the extra peaks, e.g. Nos. 6 to 9 and 11, even
better for the spectrum measured by Neeb et al[14] than for that by Schaphorst et al[13]. The reason
for this is due to the preferred excitation of the a* state at a bandwidth of 0.5 eV over that at a
bandwidth of 2.6 eV, which encompasses many Rydberg states to be associated with molecular Auger
patterns. The decomposition of the respective spectra into a molecular and an atomic part each
shows that the broad band excitation results in a 9% atomic branch and the narrow band excitation
into an atomic branch amounting to about 25% according to our estimate.
Atomic features in molecular excitations to the repulsive o* state are not uncommon and have been
observed in hydrogen halides[15-17] when upon fast dissociation the light H atom is far removed
from the inner-shell excited halogen atom at the time of the Auger decay. The atomic contribution
may then be quite pronounced. A particular good example is the decay spectrum arising from the Br
3d -" a* excitation in HBr. As shown in Fig. 8, the peaks Al through A4 are atomic in nature and
strong compared with the molecular peaks Ml, M2 and 4po[17]. The interpretation of the dual
decay mode in HBr is underlined by the corresponding spectrum of DBr, also shown in Fig. 8. In the
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latter spectrum, the atomic proportion is diminished because the heavier D atom has not moved as
far away from the Br* as has the lighter H atom in the time period of the Auger decay.
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Figure. 7 Comparison of the decay spectra
in the region of the o* resonance excited by a
broad (panel (a)) and a narrow (panel (c))
bandwidth source. Panel (b) from Ref[13] and
panel (c) transposed from Ref[14] decompose
the observed spectra into atomic and
molecular branches.

Figure. 8 Resonance Auger spectra of HBr
and DBr associated with Br 3d -> o*
excitations. The peaks Al to A4 have an
atomic origin; from Ref[17].

As the last topic of this presentation, I would like to discuss coherence effects between different
inner-shell vacancy states by way of some very recent work done at Daresbury by a Dutch
group[18,19]. Manifestations of coherence are frequent in atomic and molecular processes - and on
the practical side coherence is of essence for the power of the new third-generation synchrotron
radiation sources - but the effects of coherence between an Auger electron and a photoelectron have
not been examined until now. If the two electrons have the same energy, coherence is likely and the
resulting interference may lead to energy shifts, asymmetric peaks, and intensity patterns ranging fro.i.
an enhancement by a factor of 4, since it is the amplitudes that add up, to a complete cancellation.
Subtle evidence for coherence between widely spaced atomic states is presented in Fig. 9[I8j. Here,
the photoelectron, which is ejected from the 2s subshell of Ar and has an energy E ^ and {=1, is
imparted the same energy as that of the Auger electron from the 2p3/2 subshell with the
enojy EA
190

.1

c

A

t

and i=l,3 (for the final 3p4('D2) slate). Jn the
top panel of Fig. 9, the photoelectron energy,
E^, is slightly less than the Auger energy, EA,
and an "ordinary" photoline is observed at the
expected energy. However, once Eph equals
EA, the peak becomes asymmetric and does no
longer appear at the correct energy. This is
demonstrated in Fig. 9, panels (b) and (c),
where the "ordinary" peak profile, applicable
to Fig. 9a, does not fit the interference curve
of Fig. b in either position or shape. However,
a profile which takes into account interference
between the two channels results in a good fit
as seen in Fig. 9c. It must be emphasized that
for interference to occur, the final state
reached by two different excitation paths must
be identical.
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Figure. 9 Manifestations of coherence between
a 2s photoelectron and a 2p3^ Auger electron of equal energies.
In (a) the energies are slightly different, in (b) and (c) they are equal.
Solid lines represent profiles calculated without interference effects, (a) and (b);
and with interference included, (c). From Ref[l 9].

The examples given in my presentation represent only a small selection of results that have been
obtained with the aid of synchrotron radiation. All of the studies done so far could greatly benefit
from the higher brilliance offered by the new third-generation sources; furthermore, many of the
pioneering studies will require high-brilliance for thorough scrutiny, and novel studies which are
doubtless being envisioned will require a high brilliance.
This account of the workshop talk is supported by The Division of Chemical Sciences, Office of Basic
Energy Sciences, US Department of Energy, under contract DE-AC05-84OR21400 with Martin
Marietta Energy Systems, Inc.
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Some thoughts of Future Experiments with the New Generation of Storage
Rings
J. Berkowh'z
Chemistry Division, Argonne NationaliMboratory, 9700 S. CassAve, Argonne, IL 60439

I. Introduction
My personal involvement with synchrotron radiation experiments in the past has been rather limited
(for reasons which will become clear), but Gordon Berry asked me to prepare this talk because of my
long involvement with vacuum ultraviolet research, and my interest in synchrotron radiation. I ask
your indulgence for a couple of minutes for the reflections of an older scientist.
In 1967,1 had just returned from a Guggenheim year abroad, and learned that a prototype electron
storage ring in Stoughton, Wisconsin was being proposed as a synchrotron light source. We were
then in the early stages of our vacuum ultraviolet mass spectrometric studies at Argonne, using a
laboratory capillary discharge light source. I immediately became interested in the relative merits of
the synchrotron and our laboratory light source. In principle, it was possible to calculate the emitted
light from the storage ring, but there were many uncertain experimental factors. On the basis of my
early calculations. I made a proposal to our Physics Division Director that a dedicated synchrotron
light source be built at Argonne. This came to nought, because the Physics Division was proposing
another major apparatus at the time (which incidentally also came to nought). I returned to the
problem of comparing our laboratory source to the storage ring. The most definitive way was io
measure the light output from our monochromator, using alternatively our laboratory source or the
storage ring. It took another 8 years before this experiment could be done. By that time, our
laboratory source had been improved, and the storage ring (then called Tantalus) was operating at
240 MeV with 100 ma circulating current. The experiment showed that, using the same grating, the
light intensities of the two sources were the same at -800 A (within experimental uncertainty). Our
continuum light source cut off at -600 A~the storage ring could go to significantly shorter
wavelength, depending upon the type of monochromator and grating. At this time, other
synchrotrons and storage rings were planned or under construction, and it was possible to scale the
Wisconsin results to make some predictions. Insertion devices, such as undulators and wigglers, were
still on the horizon. I envisaged several stages of experimentation, as the storage rings improved.

II. Early expectations from synchrotron radiation
First stage:

(weak light intensity) The signal to be measured is of the same order as the light
signal, i.e. Lambert - Beer types of photoabsorption (total photoabsorption, total
phtotoionization cross sections of stable molecules). As we heard yesterday, such
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experiments are still being conducted.
Second stage: (increasing light) The signal is a result of some interaction, i.e. mass analyzed
photoions, kinetic energy analysis of photoeiectrons.
Third stage: Photoelectron angular distributions, various types of coincidence measurements,
which are differential cross sections of one sort or another.
With still greater light intensity, other experiments could become possible.
1.

2.
3.

Inherently weak processes could be studied in detail. These could be satellites in
photoelectron spectroscopy, (as performed elegantly in recent years by the groups of Prof.
Shirley and Prof. Becker), or low abundance photoionization fragments
The greater intensity could be translated into higher resolution.
Inherently low density targets, such as free radicals, atoms of non-permanent gases, ions,
could become accessible to study. Then, of course, the wavelength range could be expanded
enormously. Previously, data at high energies came from X-ray lines. Now, it would become
possible to continuously tune from the vacuum UV through the X-ray region. All of this has
come to fruition, to a greater or less extent. What has surprised me is that, in the vacuum
ultraviolet region (which has been my major area of interest), our laboratory source could
continue to compete well with existing synchrotron sources. I would like to quickly give you
some examples.

III. The surprising survival of the laboratory discharge light source; some
comparisons with synchrotron-based experiments
A.

Species in weak abundance

1.

Does SiH4+exist?

CH 4 is the prototypical tetrahedral molecule. Ionization from the triply-degenerate uppermost
occupied orbital gives rise to a Jahn-Teller distorted CH4+, no longer tetrahedral. Nonetheless, CH4+
is a stable ion that can readily be observed in a mass spectrometer. SiH4 is also a tetrahedral
molecule. Valence ionization of this molecule should also result in Jahn-Teller distortion. However,
the very existence of SiH4+ has been controversial. Detection of a weak SiH4+ signal in a mass
spectrometer is complicated by the natural isotopic composition of silicon (28Si=92.27, ^ S i ^ ^ ,
30
Si=3.05) Thus, 28Si4+ has the same mass as ^SilV and ^ S i H / the latter are the dominant species
in the mass spectrum of SiH4, and appropriate subtraction is required to infer any residual 28SiH4+.
Ding, et al (A. Ding, R. A. Cassidy, L. S. Cordis and F. W. Lampe, J. Chem. Phys. 83, 3426 (1985)),
studying SiH4 with the BESSY synchrotron in Berlin, concluded that no appreciable amount of SiH4+
is formed.
In our experiments with a laboratory discharge light source, we were not only able to show that SiH/
could be detected, but we (J. Berkowitz, J. P. Greene, H. Cho, and B. Rustic J. Chem. Phys. 86,
123 5 (1987)) were able to determine its photoion yield curve (see Fig. 1).
T h e
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adiabatic ionization potential of SiH4 deduced
from this spectrum was (astonishingly) -0.6
eV lower than the previously accepted value,
from photoelectron spectroscopy. This finding
led to several ab initio calculations, which
were able to reproduce our IP, but only when
SiH4+ was drastically distorted from the
tetrahedral structure, describable as SiH/ H2,
i.e. H2 barely attached to SiH2+. This extreme
manifestation of Jahn - Teller distortion leads
to a very weakly stable SiH/, and to very poor
Franck-Condon factors near threshold for
photoionization of SiH4.

1125

Figure 1. The threshold region of the photoion curve for SiH4+ vs.
wavelength. The experiment was performed at -150°C, with a wavelength
resolution of0.28A. [Berkowitz et al, J.Chem. Phys. 86, No. 3, 1 Feb 1987]
2.

Dissociative photoionization of Qo, buckminsterfiillerene

Hertel, et al [I. V. Hertel, H. Steger, J. de Vries, B. Weisser, C. Menzel, B. Kamke and W. Kamke,
Phys Rev. Lett 68, 784 (1992)] studied the photoionization of C^ at BESSY. They did not observe
"any significant C2 evaporation from C^", i. e. no C5g+ was detected.
In our laboratory (R. K. Yoo, B. Ruscic and J. Berkowitz, J. Chem. Phys. 96, 911 (1992)) this
fragmentation process was not observed at 26.95 eV (Cs^/C^,* <, 1/350), but was observed at 40.8
eV with the ratio {C5t*JC^) = 0.07 ± 0.04. From this ratio, and application of quasi-equilibrium
theory, the dissociation energy (C^ -> C5g+ + C2) was deduced to be 6-6.5 eV. This is an important,
and controversial conclusion. Other experiments, using kinetic energy analysis of the fragment, have
arrived at lower dissociation energies (-4.5-5.5 eV) while an electron impact study has deduced a
somewhat higher value (~7 eV). However, ab initio calculations appear to agree on a value about
twice our experimental value.
3.

The transient species CH2OH

This free radical can be prepared in-situ by the reaction of F atoms with methanol, CH 3 0H. We
initially reported the results of our study (B. Ruscic and J. Berkowitz, J. Chem. Phys. 95, 4033
(1991)), and subsequently a group at Brookhaven National Laboratory (W. Tao, R. B. Klemm, F.L.
Nesbitt, and L.J. Stief, J. Phys. Chem. 96,104 (1992)), using the National Synchrotron Light Source
(NSLS) published their experimental results.. Both sets of data are reproduced in Fig. 2. It can
readily be seen that the ANL data display better statistics, a cleaner onset, essentially no background
and well-defined step structure, compared to the BNL synchrotron - based data.
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4.

Bi, and Bi,,

Of the Group V elements, the common form of nitrogen is N2, whereas sublimation of phosphorus,
arsenic and antimony gives rise to tetramers (P4, As4, Sb4). With bismuth, the subliming vapor
consists primarily of Bi and Bij, with Bi3 and Bi4 about two orders of magnitude weaker. The trimers
of these elements offer an interesting contrast. N 3 is known to be linear, whereas calculations agree
that P3, Asj, Sb3, and Bi3 are nearly equilateral triangles. Of the later species, the one most amenable
to study is Bi. It has been generated by vaporization of bismuth and examined by photoionization
mass spectrometry at two laboratories ~ the UVSOR at Okazaki (Y. Saito, A. Kajita, T. Yasue, M.
Hayaski, A. Ichimaya, T. Gotoh, Y. Kawaguchi, M. Kotani, Y. Shigeta, S. Takagi, Y. Tazawa and
S. Ohtani, Phys Scr. 41,51 (1990)) -- and at ANL (R. K. Yoo, B. Ruscic and J. Berkowitz, J Electr.
Spectr. 66,39 (1993)). The results are compared in Fig. 3. The data of Saito et al reveal only noise,
whereas the ANL data display a gradual onset, which may be indicative of a substantial change of
geometry upon ionization, and an ionization threshold. Similiar comparative results have been
published for Bi4.
The examples given are not intended to show that a laboratory source out performs a synchrotron
source — there are other factors involved — but it shows that the laboratory source has been
competitive. With the new generation of synchrotrons replete with insertion devices, this will no
longer be true.
However, to utilize fully the capabilities of the new photon sources, provision must be made for
handling toxic or hazardous gases, because the inability to study such systems may deny us the
opportunity to explore some important physics. I would like to illustrate this point with some
examples.
Y. Saito, etal.
Phys. Scripta
41.51(1990)

R.K.Yoo.B.Rusic
andJ.Berkowte
J. Electr. Speclr.
9S. 39(1993)

Figure 3.
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B.

Species generated from hazardous materials

The easiest and safest gases to study are the noble gases. A long time ago, we obtained high
resolution photoionization spectra of these gases. This motivated Johnson and Cheng to develop
their RRPA-MQDT calculational method to compare with our experimental spectra.
The more difficult cases, both experimentally and computationally, were the open-shell atoms, e.g.
the halogens (sV), the chalcogens (sV) and the pnicogens (s2p3). These atoms are transient species,
difficult to generate, and involve hazardous materials such as F2, Cl2, H 2 S, H2Se, phosphine and
arsine. At synchrotron sites, special handling must be provided since accidents can endanger many
people. Over the course of several years, we have succeeded in obtaining the photoionization spectra
of almost all of these atoms. These results have begun to inspire ab initio theoreticians.
1. Atomic Halogens
Recently, F. Robicheaux and C. H. Greene (Phys. Rev. A 46,3821 (1992) published their R-matrix,
MQDT calculations for the atomic halogens, and compared their results with our experiments (see
Figs. 4 and 5). The agreement between theory and experiment is generally quite good. One of the
apparent discrepancies involves the relative intensities of the peaks at 680 A and 682 A in fluorine.
The peak at 680 A is the most intense one in the experimental spectrum, althought it is not observed
in absorption, and is forbidden to autoionize except throught the weak spin-orbit interaction in
fluorine. This anomaly was recognized in our work; we suggested at the time that this state may be
superradiant, thereby repopulating itself and enhancing the apparent autoionization peak. The excited
state is known to both autoionize and radiate. Drs. C. D. Caldwell and M. O. Krause have informed
me at this workshop that they have observed the 680 A peak in constant ionic state (CIS)
photoelectron spectroscopy, but with about 3 % intensity relative to the 682 A peak, whereas our
photoionization measurements (repeated several times) are about 200%, and the ab initio calculations
about 50% of the 682 A peak. The drastic differences in the two experimental results may relate to
a) the different observational methods (photoions vs. photoelectrons), b) the conditions of the
discharge generating fluorine atoms (ours involved neat fluorine, theirs used helium as diluent) and
c) the geometrical arrangement (ours was a direct linear path from discharge to photoionization
region, theirs involved a perpendicular flow path).
There are also discrepancies between ab initio calculations and our experiments for atomic iodine,
where large spin-orbit interaction can cause calculational problems. Robicheaux and Greene believe
that small deviations may be due to two-electron excitation effects. The photoionization spectrum
of atomic iodine is very complex, especially in the region ~1100 - 1120 A. It is remarkable that the
calculational and experimental spectra look as similar as they do, though both could stand
improvement.
2.

Atomic sulfur, and other chalcogens

As I indicated, we have also performed experiments on sulfur, selenium and tellurium.
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Dr.

Robicheaux, now at Auburn, is extending the R-matrix, MQDT calculations to the chalcogens, and
has just sent me his results on atomic sulfur. I cannot reproduce the calculated figure in this report,
since it is still privileged material, but the results are better than in two earlier calculations, and are
generally in good agreement with our experimental spectrum. The major disagreement is in the
intensity of a line at ~1156 A, which is another case where radiation and autoionization compete.
3.

Window resonances

In tellurium, we noticed some dips, which appeared to be the beginning of a window resonance series.
This was attributed to excitation from the inner s-shell. Subsequent studies have shown that this
pattern of window resonances occurs upon excitation from the inner s-shell of all the atoms
mentioned so far - the noble gases, the halogens, chalcogens and pnicogens. Calculations have been
made for chlorine and bromine. We have given a qualitative description of the reasons for this
behavior and some observed trends. We have recently seen this behavior in atomic bismuth, although
this atom is heavy enough to warrant relativistic treatment.
Even more surprising was the observation that similar window resonances could be seen in the
corresponding homonuclear diatomic molecules. In Fig. 6 we can see the window resonances in
atomic phosphorus and P2, and in Fig. 7 the examples of As and As2. The molecular orbitais from
which excitation occurs correspond to one of the two orbitais formed from the linear combination
of the aforementioned s orbitais. We are currently awaiting a good theoretical explanation of this
pattern of window resonances.

IV.

Experiments which will require the new generation of storage rings

I have described today some experiments which we have been able to perform with our laboratory
light source. There are a number of experiments which we have been unable to perform, which would
benefit from a high intensity, high energy tunable light source.
A.

Processes where fragmentation occurs at higher energies

We have already given the example of, where we have only succeeded in observing the fragment at
a single wavelength. Similar studies should be performed on Another example where we have
suffered from wavelength limitations is

B.

Absolute cross sections measured to very high energy

Such experiments will enable us to test sum rules more precisely. To date, approximations have been
made. Partial cross sections at higher energy need further work. Among such studies, fragmentation
of molecules by X-rays are of particular interest to me. A remarkable man, Hermann Joseph Muller,
won the Nobel Prize in 1946 for demonstrating that X-rays could induce mutations. How dependent
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are these biological effects on the wavelength of the incident radiation, for example, below or above
the carbon K-edge? We may be able to understand these processes on a molecular level in the near
future.
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C.

Detection of weakly abundant species

The higher light intensity may be sufficient to detect products of bimolecular chemical reactions.
Direct studies on molecular ions, both positive and negative, could be performed. Dr. J. West has
suggested one such experiment at this Workshop. Absolute photoionization cross sections of
transient atoms aid small molecules are poorly known. With a diagnostic introduced into such
measurements, such as a resonance transition of known oscillator strength monitored by laser-induced
fluorescence, it should be possible to extend our understanding of sum rules and derived properties
from permanent gases to transient species.
D.

Higher resolution

Higher intensity could be utilized to achieve higher resolution. The current record in the VUV, using
either laboratory or synchrotron sources, is about 0.02A. Here, there will be competition from VUV
laser sources.
The new generation of light sources, at ALS and APS, offers us opportunities to perform these, and
undoubtedly still more sophisticated experiments.
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Abstract
Electron spectroscopy combined with tunable synchrotron radiation has been used for
studies of Ar K-shell excitation and vacancy decay processes. In addition, electrons
and fluorescent x-rays have been recorded in coincidence to select subsets of the
ejected electron spectra. Examples are presented for Ar Is photoelectrons and KLL
and LMM Auger spectra.

Introduction
Atomic inner-shell photoexcitation processes display a variety of many-electron phenomena,
particularly near resonances and thresholds where electron correlation effects are dynamical in nature
and excitation and decay must be treated as a unified process [1]. In addition, the de-excitation of
an atomic inner-shell vacancy state is quite complicated, due to the large number of alternative, multistep decay pathways involving the emission of photons and electrons. Electron spectroscopy
combined with tunable synchrotron radiation provides a direct and sensitive probe of inner-shell
processes. However, while electron spectroscopy is a well-established technique in synchrotron
radiation studies of valence and shallow core levels using far-UV and soft x-ray beamlines [2],
relatively few studies have been made on deep inner shells using x-ray beamlines. This situation is
due in part to the orders-of-magnitude smaller photoionization cross sections of inner shells compared
with those of outer levels, so that electron counting rates are much smaller. Nevertheless, Crasemann
and co-workers [3,4] have successfully used electron spectroscopy to demonstrate some of the
unique physics involved in atomic inner-shell processes, particularly near resonances and thresholds.
Other groups have also used synchrotron radiation and electron spectroscopy for studies of atomic
and molecular inner-shells [5-10].
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We have developed an electron spectrometer system for inner-shell studies which is similar to that
used by Ice et al. [4]. Our system contains a double-pass cylindrical mirror analyzer (CMA) for
electron spectroscopy which has recently been combined with a Si(Li) x-ray fluorescence
spectrometer for measurements of electron/x-ray coincidence spectra [11]. Several studies have been
made on K-shell-excited Ar using beamline X-24A [12] at Brookhaven's National Synchrotron Light
Source. X-24A is a "second-generation" x-ray beamline built on a bending magnet source and is
typically operated in the x-ray energy range =2-6 keV. These studies therefore provide points of
reference for consideration of both scientific opportunities in atomic inner-shell studies and advanced
instrumentation capabilities at forthcoming "third generation" synchrotron radiation beamlines
A diagram of the electron spectrometer system is shown in Fig. 1 and a detailed description of the
instrumentation and experimental methods is given in Ref. [11]. Briefly, the system is designed to
precisely position a gas jet and the incident x-ray beam at the source point of the CMA. The
symmetry axis of the CMA is positioned at 90° with respect to the x-ray beam and parallel to the
polarization direction. For electron/fluorescent-x-ray coincidence measurements the Si(Li)
spectrometer is positioned opposite the CMA.
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Figure 1.

Primary components of the electron spectrometer system.

Atomic Ar is one of the simplest and experimentally convenient systems in which to study deep innershell processes. Much is known from the Ar K photoabsorption spectra [13,14], ion yield spectra
[15-17], x-ray fluorescence studies [14,18,19], and Auger spectra [20-24]. However, much work
remains to be done to understand electron-correlation effects, vacancy cascades, and their dependence
on excitation energy, even in this relatively simple atomic system. Figure 2 illustrates Ar K-shell
photoionization and one of the primary vacancy cascade pathways. A \s photoelectron, a KLL Auger
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electron, and two LMM Auger electrons are ejected in this example. Of course, this is only one of
several available decay pathways, and the observed electron spectra can be complex due to
overlapping or unresolved contributions from several pathways. Therefore, high-resolution
spectrometers, coincidence techniques, and the guidance of atomic structure calculations are needed
to determine the state-to-state excitation and decay pathways of atomic inner shells. In this report,
we give examples of electron spectra corresponding to the transitions depicted in Fig. 2 and give an
example of a coincidence measurement.
1s

"•Figure 2.

J&

^

-*

Illustration of Ar K-shell photoionization followed by K - L - M vacancy cascades

Is photoelectron spectra
In Fig. 3 is shown the Ar Is photoelectron spectrum and its associated electron-correlation satellites.
As is well-known [25], the satellite structure is a consequence of the many-electron nature of the
atomic ground-state and ionic-state wavefunctions and of the photoionization process. Modelling
the satellite structure provides a sensitive test for the inclusion of electron correlation m atomic
theory. This spectrum was recorded using 3626 eV x-rays, far above the Is ionization threshold at
3206.3 ± 0.3 eV [13]. It is interesting to notice the similarity of the satellite structure in the Is
photoelectron spectrum (=3215 - 3250 eV ionization energy) to resonance structure in the Ar Kphotoabsorption cross section which is attributed to simultaneous excitation or ionization of K- and
M-shell electrons (see Fig. 4) [14]. Recently, Heiser et al. [8] have reported on the dependence of
the relative intensity of the satellite structure on excitation energy.
When the x-ray energy is tuned close to the ionization threshold, the Is photoelectron energy
distribution is observed to become asymmetric and its maximum shifted below the "excess energy,"
which is defined as the x-ray energy minus the ionization energy. These effects are attributed to the
post-collisional interaction (PCI) among the Is photoelectron, K-Auger electron, and the residual ion
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[ 1,2]. PCI results in a transfer of kinetic energy from the photoelectron to the Auger electron, as
observed by peak shifts and asymmetries in both electron spectra. However, =12% of Ar K-vacancies
decay radiatively, with the emission of a Kec (2p - Is) or KB (3p - Is) x-ray [26]. In these cases,
there is no K-Auger electron to interact with the Is photoelectron, although PCI with LMM Auger
electrons (if they are produced) is still possible. These ideas were tested by recording the Is
photoelectron peak in coincidence with unresolved Ka and KB x-ray fluorescence. The coincidence
and non-coincidence spectra were recorded simultaneously, and the results obtained at 10.0 and 60.1
eV excess energies are plotted in Fig. 5. The observed kinetic energy scales in Fig. 5 may be slightly
incorrect due to calibration errors, contact potentials, or fields in the interaction region. However,
the relative energy scales and the peak shapes are accurately determined. As expected, the "PCI-free"
coincidence peaks are symmetric and their maxima are at higher energies than the corresponding noncoincidence peaks.
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Figure 3. Ar 1 s photoelectron spectrum with electron-correlation satellites recorded using 3626 eV x-rays.

KLL Auger spectra
An Ar K-shell vacancy decays primarily by the KLL, KLM, or KMM Auger processes [22,23], with
KLL transitions being most likely. Shown in Fig. 6 are KLL Auger spectra recorded using 4.5 keV
electron beam excitation and using x-ray excitation on the Is - 4p sub-threshold resonance and at 4.9
and 63.1 eV above the K-ionization edge. The electron-beam generated spectrum is similar to the
high resolution KLL spectrum reported by Asplund et al. [23] using 6 keV eleciron beam excitation.
Excitation-dependent effects are apparent in the energy region of the K L ^ L ^ peaks which are shown
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on an expanded scale in Fig. 7. The "shakeoff" peak has been attributed to KM-double-ionization
in the vacancy creation process [24]. This peak appears in the electron impact spectrum and in the
63.1 eV spectrum for which the x-ray energy lies above the KM-double-ionization threshold [14].
The shakeoff peak is absent from the 4.9 eV spectrum, recorded below the KM threshold. In
addition, the 4.9 eV spectrum is shifted =1 eV to higher energy than the 63.1 eV spectrum due to the
stronger PCI effect in the spectrum recorded closer to threshold.
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The KLL spectrum recorded on the Is - 4p resonance displays an apparent doubling of the diagram
peaks. In this "resonant Auger" spectrum, the more intense peaks, which are shifted by =5 eV to
higher energy, correspond to 4p-spectator transitions, while the weaker peaks contain unresolved
contributions from np (n = 5,6,7,...) spectators and the PCI-shifted diagram lines. A detailed study
of the resonance and threshold dependence of the KL2L3 ('D2) peak as the x-ray energy is scanned
in small steps is described by LeBrun et al. [27]. Resonance and threshold phenomena are the
subjects of much current research [1], in solid-state spectra as well as in free atoms, and will no doubt
be a primary topic of future research using third-generation x-ray sources.
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Figure 6. Ar KLL Auger electron spectra recorded using 4.5 keV electron beam excitation and using x-ray
excitation on the Is - 4p sub-threshold resonance and at 4.9 and 63.1 eV above the K-edge.

LMM Auger spectra
The LMM Auger spectra of Ar produced by direct ionization of L electrons by electron impact are
well known experimentally [20,21] and are fairly well assigned [28-30J. We have used tunable x-ray
excitation to produce K vacancies and record the subsequent LMM Auger spectra in which the L
vacancies are produced by K - L vacancy transfers such as depicted in Fig. 2. Here we briefly discuss
some of our results for L J J M M Auger spectra. A full report on these results and for L,L i3 M CosterKronig spectra is in preparation [31].
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Figure 7. The same Ar KLL Auger spectra as in Fig. 6 shown on an expanded energy scale
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K-edge.
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Figure 8 shows L23MM spectra recorded using 2 keV electron beam excitation and using x-rays
tuned to 32.7 eV below the K-edge, on the Is - 4p resonance, and 4.9 eV above the K-edge. The
electron-impact generated spectrum is similar to the high resolution spectrum reported by Werme et
al. [21]. Most of the peaks of this spectrum can be assigned to either diagram transitions or to
satellites corresponding to excitation or ionization of additional M-shell electrons. The satellite peaks
appear to be strongly enhanced in the x-ray generated spectrum recorded 32.7 eV below the K-edge.
K-vacancies are not produced in this case, and Cooper et al. [30] have shown that the satellites are
enhanced primarily due to L, - L i 3 vacancy transfers via L,L W M Coster-Kronig decay of L,
vacancies produced by the initial photoionization process. Thus, the fast Coster-Kronig processes
produce Lv vacancies with additional vacancies in the M-shell. The subsequent L ^ M M satellite
transitions are identical to satellites which result from electron correlation, but the production
mechanism can be characterized by the excitation dependence of the satellite intensities. For example,
in Fig. 9 is a calculated L2 3MM spectrum showing the relative contributions of diagram transitions
and L, - L ^ vacancy transfers which approximates the observed spectrum recorded 32.7 eV below
the K-edge. In this spectrum, the contribution of L, - L i 3 vacancy transfers is comparable to or
greater than that of direct L i 3 photoionization.
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When the x-ray energy is tuned to Ar K subthreshold resonances or above the ionization edge, Kvacancy production is large compared with direct L-shell photoionization. Consequently, the
observed L^MM spectra are dominated by K - L - M vacancy cascades such as depicted in Fig 2.
The vacancy cascade spectra (right side of Fig. 8) display strong discrete peaks and what appear to
be underlying continuum structures, but the latter are likely due to numerous unresolved or
overlapping lines associated with the large number of alternative vacancy decay pathways. Some of
the stronger groups of peaks in the 4.9 eV spectrum can be assigned to specific decay pathways by
making use of known energy levels of initial and final states [31]. Recently, von Busch et al. [10]
reported a similar L 23 MM vacancy cascade spectrum excited by broadband synchrotron radiation
which includes a large component due to photoionization above the K-edge. They have used atomic
stmcture calculations to model the contributions of alternative vacancy cascade pathways and obtain
good qualitative agreement with their observed spectrum. Somewhat more information is provided
by our spectra recorded using narrowband excitation at several x-ray energies. For example, the
"resonance vacancy cascade" spectrum recorded on the Is - 4p resonance clearly involves different
sets of states than the spectrum recorded above threshold. So, it is interesting to study the
dependence of vacancy cascade spectra on excitation energy. In addition to the spectra shown in Fig.
8, we have also recorded L^3MM spectra above the KM-doub!e-ionization threshold and on the Is3p
- 3d2 double-excitation resonance [31].
Coincidence measurements would clearly be useful to reduce the complexity of vacancy cascade
spectra. Subsets of the decay pathways could be selected by recording electron spectra such as
shown in Fig. 8 in coincidence with particular Ar"+ final charge states. Levin et al. [15] have reported
on a related experiment done in the reverse fashion, i.e., by measuring Ar"+ yields in coincidence with
KLL and KLM Auger electrons. And Hayaishi et al. [9] have recently reported on thresholdphotoelectron/ion coincidence measurements. We have recorded vacancy cascade electron spectra
in coincidence with fluorescent Kcc x-rays using the same instrumentation as used for the Is
photoelectron data in Fig. 5. In this measurement, we selectively record the L2)3MM transitions which
follow a 2p - Is radiative decay of initial K-vacancies. Data have been recorded using excitation on
the 1 s - 4p resonance and above the K-edge, and the complex vacancy cascade spectra such as
shown in Fig. 8 are reduced to much simpler coincidence spectra [32].

Conclusions
Electron spectroscopy combined with tunable synchrotron radiation has been used to study electroncorrelation effects and vacancy cascades following Ar K-shell excitation. Coincidence measurements
between electrons and fluorescent x-rays have been used to "turn off1 PCI in the Is photoelectron
spectrum and to selectively record vacancy cascade Auger spectra. These results have been obtained
using a 2nd-generation x-ray beamline and commonly used spectrometer components. Advanced
spectrometers combined with third-generation x-ray sources should yield increasingly detailed
information on atomic inner-shell processes.
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Abstract
Photoionization of atoms by high energy photons is considered. It is
emphasized that in this frequency region the cross section and other
characteristics of the process are strongly effected by electron shell polarization
and rearrangement effects, including that due to inner vacancy Auger decay. In
the high frequency region the effects of nuclear structure could be important and
noticeable, i.e. of virtual or teal excitation of the nucleus degrees of freedom
and of the Quantum Electrodynamics vacuum.
lonization accompanied by secondary photon emission (Compton ionization) is
analyzed in the considered domain of energies.
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1.

Introduction: main reasons to study photoionization

Photoionization or elimination of target particles by incoming photons is the best method to
oblain information on the structure of any multiparticle object: solid body, atom, nucleus.
Indeed, the incoming photon interacts directly with only a single electron or proton of the target
system. It is not disturbing (or being disturbed) by other target particles. These can be excited or
eliminated only due to the interparticle interaction in the target, so the photoionization cross
sections give information on the target structure in initial and final states. Most interesting is the
information about the role of interparticle, in case of an atom of interelectron, interaction which
determines the difference between a real atom and a group of electrons moving in the Coulombic
field of the nucleus.
The photoionization cross sections can be studied as functions of a) photon frequency, b)
outgoing particle or particles energy or energies, c) photon frequency but at fixed differences
between energies coming to and going out of the target.
The investigation of the type a) gives information about different space regions of the target
wave function. In general, the higher the frequency the smaller are the considered distances from
the nucleus. If ionization is performed by low energy photons, the final state wave function is
comparatively simple, having only one or two open channels. With an increase of the incoming
energy, more and more channels become open and a number of channels are able to contribute to
the cross section of the process. As a result, with increase of energy complication to the target
wave function resulting from the interparticle interaction not only in initial but also in the final
state must be taken into account.
The investigation of the type b) gives information on the target energy level structure, including
the main linss (and levels), which correspond to that in the Coulomb field of a nucleus, and socalled satellites, the very existence of them being determined by interelectron interaction. Of
interest is the level's position and width. The latter is determined by the probability of radiative
and Auger decay processes. While Auger decay is completely determined by the interelectron
interaction, the radiative one is not. However it can also be importantly affected by this
interaction.
The investigation of the type c), particularly at high photon energies, gives information on the
wave function of a given level. At very high photon energies, at which the interaction between
the outgoing electron and the residual ion can be neglected the cross-section is simply
proportional to the square modulus of the Fourier-image of the ionizing electron initial state
wave function.

2.

Specifics of the high photon energy region

The photon energy 10* can be considered as high if u3»I, I being the atomic electron shell
ionization potential. This quantity is different for different shells, from about 1 a.u. for the outer
and Z2/2 for the innermost shell, Z being the nucleus charge. Due to the big difference between
Z2/2 and 1 for Z » l a given photon can be simultaneously of high energy for the outer and of
near threshold energy for intermediate or the inner shells.
In the co»I energy range the photon may or may not be dipolar. It is dipolar, if its wave length
is much larger than the dimension of the ionizing electron shell:
Atomic units, with #=e=me=l is used in this paper
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X-c/co » r~Z"1

(J)

or
co « cZ.
In (1) c is the speed of light. To be nondipolar means therefore to have energy
w > cZ

(2)

Only for heavy elements with Z-c"1 is this a relativistic energy, which is of the order higher than
the electron rest mass.
The high energy region where the photons are dipolar becomes relatively narrow with increasing
Z:
cZ»w»Z2/2,
(3)
or
1 »co/cZ » Z/2c
Outgoing electrons become relativistic, when
»C2

(0

or even if
w>c2

(4)

In total, the high photon energy region consists of several zones, namely the medium high energy
zone, which is
I in > to » l o u t ,

(5a)

Ion( and Iin being the ionization potentials of outer and inner electrons, respectively. Next is the
nonrelativistically high energy zone,

cZ»to>Ijn.

(5b)

c2»w>cZ,

(5c)

to > c 2 .

(5d)

Then finally the nondipole zone

followed by the relativistic zone:

The zone to » c2 can be called ultrarelativistic.
The pure multielectron effects, caused by Coulombic interelectron interaction are most important
in the nonrelativistic high energy zone, while with growth of photon energy the relativistic
corrections to the electron motion and to interelectron interaction become more and more
important.
The pure multielectron effects are the following f 1]:
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a) polarization of electron shells by the absorbed photon, which means the effect of virtual
excitation of electrons after they absorb a photon.
b) The rearrangement of outer electron shells due to inner vacancy creation and decay. This
effect includes also satellite formation as well as screening of the interaction between the
core and the outgoing electron due to the core's virtual excitation.
c) Polarizational action of the core upon the outgoing electron, which includes the process of
direct knock-out of outer atomic electrons and their excitation due to collision with the
photoelectron coming from the inner shell [2|.
With increasing photon energy some of these effects are dying out and gradually the deviations
of the interelectron interaction from being pure Coulombic become more important, than the
dynamical reaction i.e. the excitation of nucleus and the reaction of the Quantum
Electrodynamical Vacuum, i.e. virtual or real creation of electron-positron pairs.
At first let us concentrate on the medium and nonrelativistically high energy zones. If an outer
electron is removed by a photon in medium high energy zone, the ionizing shell polarization, the
polarizational action of the core upon the outgoing electron and its exchange with the core
electrons can be neglected. If w » Iin, Im being the inner shell ionization potential, entirely all
the core polarization is inessential. What is left of electron correlations in this photon frequency
zone is that which accompanies the ion recoil, namely shake-up and shake-off type excitations
and ionizations. It is the specific feature of photoionization, that because absorption of a photon
by a free electron is forbidden by energy and momentum conservation, the excess momentum
must be given to another partner of the process, e.g. the ion. This is the very reason for
photoionization cross section decrease with the photon frequency to growth: more and more
momentum must be transferred via long-range Coulombic interaction from the electron to the
ion, in fact finally to its nucleus.
While in the zones (5a) and (5b) the photons are dipolar, which determine to a large extent the
shape of the photoelectron angular distribution, in zone (5c) and for higher frequencies nondipole
contributions become important. This leads to a completely nondipole angular distribution at
relativistic energies. While at low energies the interaction between the electric field of the
photon and the electron current absolutely dominates, at relativistic energies the interaction
between photon magnetic field and the spin of the electron becomes more important. This
effects the photoelectron polarization, i.e. the probability to find electron spin oriented in a given
direction

3.

Light atoms - far above threshold

The photoionization cross section for hydrogen and hydrogen-like ions is presented in very many
text books. For high frequencies and in the dipole approximation it looks like \ \ j :

<7o(<0) «268aN a 2z5(l o /io) 7/2 [l-;r(I/u') 1/2 ],

(6)

where Z is the nuclear charge, a is the fine structure constant a ~ 1/137, I o is the hydrogen
ionization potential, ao is the Bohr radius. In atomic units it is ao = 1. Due
to the presence of TT
and the fact, that the expansion goes, according to (6), in powers of (I/w) l/2 < 1 which for (IAo) <
1 is considerably bigger than (I/oo), the negative term in (6) remains non negligible up to very
high energy to.
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Hxprcssion (6) must be corrected, if the photoionized target is not hydrogen. Indeed, fm very
high energies the outgoing fast electron can be described by a plain wave. For high, but
nonrelativistic photoelectron energies, one can show [ 1J, that

a(co) = |cp(o)/cp0fCT0(w)

(7)
co>> I ,
where cp( r) is the wave function of the ionized electron in the initial state at f = 0 , while <p,,(o) is
the same but in hydrogenic approximation.
A formula, which is generalizing (6) looks like

a(w) = Ato-7/2[l-b(I/co)1/2] .

(8)

~7/2

This expression instead of a more simple one a(co) ~ co
should be used to fit the high photon
frequency experimental data accurately. While A, according to (7) is determined by <p(o). the
parameter b contains information on the distortion of the outgoing electron Coulomb wave
function by the short range atomic core potential.
The photoionization cross section in the photon energy zone I «
Fourier-image of the electron's initial state wave function [3]:

w « cZ is connected to the

~jcpi(q)P ,

(9)

where q is the momentum transferred to the ion in the ionization process and i denotes the initial
state of the ionizing electron. Thus, for hfgh w the cross section (9) gives information on the
electron wave function at high q or small distances from the nucleus. Due to presence of the
interelectron interaction the vacancy i is not a pure state: on the contrary, it is mixed with more
complicated excitations, which include at least one extra electron-vacancy excitation, forming
so-called satellites. The cross-section of their excitation CTV(W) by medium high energy photons
is given by the following relation
CT»j«(to) = S1«i«ai(w) ,

(10)

where S-j« is the frequency-independent quantity which characterize the admixture of satellite
states "i" to the main state i. The coefficient Sj is not equal to one, which leads to transformation
of (7) into
| ^ ^ 2

(II)
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At first glance, S| could be incorporated into cpj(o). But this is not the case. Indeed, the
quantity Sj, which is called spectroscopic factor alters the normalization
of the wave function
which without inclusion of configuration mixing was j |cpj(r)|2dr = 1. The factor Sj absolutely
decreases the intensity of the line i: due to configuration mixing the pure vacancy state i
becomes only a fraction of the total intensity of the conglomerate, formed by the main line and
all its satellites.

4.

Heavy atoms - near an inner shell threshold

The frequency to belonging to medium high energy zone, being far above the outer electrons
ionization potential, can be near and even below inner shell thresholds.
In this frequency region the polarization of outer electron shells by the photon is inessential. But
the rearrangement of them due to inner vacancy creation after photon absorbtion and the vacancy
decay is of great importance. The vacancy, created in the inner shell increases nuclear attraction,
acting upon outer electrons, thus altering their states. It results in screening of the vacancy field
in which the photoelectron moves on its way out of the atom. The decrease of the strength of
this field leads to a reduction of the inner shell photoionization cross section at its threshold.
However, if the inner vacancy decays via the Auger mechanism, the outgoing electron instantly
finds itself in a stronger attractive field of at least two vacancies created in the decay process.
This increases the near threshold value of the inner shell photoionization cross section. Due to
this extra attraction, the photoelectron loses its energy, while the Auger electron becomes more
energetic. This redistribution of energy, called Post Collision Interaction {PCI), was studied in
photoionization extensively, both experimentally and theoretically (see, e.g. |4]). However in the
vicinity of inner vacancy thresholds this process acquires additional features, connected with the
usually multistep Auger decay of these vacancies. As a result, the photoelectron, which initially
starts to move in the single charged ion field, instantly finds itself at first in a two-vacancy field,
which is a simple PCI effect, then in the three-, four- etc. vacancy fie'ds. Their attraction
becomes step by step stronger and the outgoing electron energy decrease becomes bigger and
bigger. For example, if the inner vacancy decays in a two step process, the photoelectron energy
shift is given, instead of an ordinary formula Ae ~ -£l I v, by:

Here Tj is the inner vacancy i Auger -width, while fj is the Auger-width of the second step
decay.
Note, that a specific feature of an inner vacancy decay in a heavy atom is a large contribution of
a radiative process as compared to an Auger one.
At photon energies close to inner shell thresholds interesting interference effects can take place
in the outer shell electron ionization. Indeed, this process can proceed directly when an outer
electron itself absorbs a photon. The electron correlations within the outer shell are unimportant.
However, the photon can be absorbed by an inner electron and the outer electron can be
eliminated due to the interaction of the inner and outer ones. The outer electron photqionizalion
amplitude.D(O)(w) can be presented as a sum of two terms, describing the direct d((l)(to) and
indirect D(")(w) processes:
D (o) ( w) = dfo) (co) + D}^(co)
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(13)

Thejr frequency dependence is completely different: while d<,(to) is decreasing at least as
IO ^", D(")(co) decreases much slower, having also important peculiarities at to close to the
inner shell discrete excitation energies and ionization threshold.
As a source of information on electron correlations the measurements of the multiple charged ion
yield are very important. These ions are created either via multistep Auger decay, which is the
most probable and simple way or by other processes, such as shake off, direct knock-out and
iheir combination. Interesting is the formation of ions, the charge of which is either smaller or
larger than that created via a multistep Auger-process. One extreme is the single-charge ion
formation which is attractive from the theoretical point of view because it permits consideration
of a process with a very simple final state: a fast photoelectron and an outer shell vacancy. The
other extreme is formation of ions whose charge is considerably higher than that achievable by
multistep Auger processes. In this case the contribution of shake off and direct knock out
mechanisms manifest themselves transparently.
Recently it became clear j5j, that the measurement of the mean ion charge N(w) produced in
photoionization is interesting and informative. The function N(w) near the Is threshold in Ar
was analyzed, experimentally J5] and then theoretically |6|. It was demonstrated that N(w) is
rapidly increasing while to is approaching the ls-threshold from below. The increase is due to
virtual Auger-decay of ls-vacancy i.e. a decay of a vacancy below the threshold of its creation.
The increase of N(to) is described by a formula |6|:
+pTI .

(14)

Here £ = 2(1;-coJ/Tj, p = ffi(Ij)/ 7raj+i(lj), 0j((O) is the photoionization cross section of the
inner i-shell, while (i+1) denotes the next outer shell as compared to the i-th one; Ij and H are the
ionization potential and width of the vacancy i.
A relation similar to (14) can be derived for multiple ionization cross sections cr+n (to):
(15)
Z7T l j ~ CO

where a + n (w) is the total cross section of the (+n) ion formation and O"jn (I;) is the threshold
value of the (+n) ion production at to = Ij.
Direct knock-out, or elimination of an outer electron by one removed from the inner shell is an
important mechanism in the formation of multiply charged ions. It may be taken into account by
multiplying the corresponding cross section of inner shell ionization by the factors r|(£)
n/E) = exp[-2Im5 f (£)| ,

(16)

where 5,(e) is the elastic scattering phase shift of a photo- or Auger-electron with angular
momentum f, traveling with energy £ via the outer atomic shells. Note, that (16) includes the
imaginary part of o ,•(£), which is determined by inelastic processes, namely by ionization or
excitation of outer atomic electrons.
The processes discussed in this section affect not only cross sections, but also angular
distributions and spin orientation of the outgoing electrons. Indeed, if a deep vacancy is
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decaying, it alters the angular momentum and spin of the residual ion core, forming, in principle,
a nonspherically symmetric and spin-dependent field acting upon outgoing electrons.
Measurements of such characteristics as anisotropy parameters and spin orientations are of
interest, because they are sensitive to electron correlations in atoms.

5.

Relativistic corrections

Starting from the frequency values co~cZ, the relativistic corrections to the photoionization cross
section become important. In the angular distribution, corrections of the order v/c (v being the
photoelectron's speed) appear due to interference of dipole and quadrupoie photon components.
Therefore the angular distribution da(io) / dfi may be presented as |7|:

2
where a y (w) is the total photoabsorbtion cross section, Ps(cos6), s= 1,2,3 are the Legandre
polynomials, e is the photoelectron energy. Coefficients v(e) and 5(E) for the case when a shell
with angular momentum f. is ionized are expressed via products of dipole f'-*f±l
and
quadrupole f — fj.±2 transition matrix elements [7]. On the contrary, P(e) is expressed via
products of dipole f.-+?±l matrix elements only. It appeared that in some cases the quadrupole
terms are considerably bigger than the dipole ones overcoming at least partly the smallness of the
parameter (org/c, rs being the ionizing shell radius. In the pure dipole approximation the term
~to/c is neglected. Note that electron correlations are affecting all transition matrix elements, but
differently, depending, of course, on the transitions multipolarity.
The presence in (17) of the term with Pj (cosB) leads to a "drag" current - a macroscopical motion
of photoelectrons along or opposite to photon flux direction. Indeed, after averaging
photoelectron velocity vcos0 with the distribution (17) an "electromotive force" is found, which
after dividing by the "resistance" gives an expression for a current j(«) |8|:
()()W;/(e),

(18)

where W is the photon flux and c^(£) is the "electron-target atom" elastic scattering cross
section. The factor y(e) describes how the total momentum Wco/c of the photon flux can be
distributed among photoelectrons and recoil ions. This distribution must be kept in mind,
because the linear momentum conservation law determines the total momentum of the outgoing
electrons and residual ions, while the current is determined by the electron momentum only. It
was assumed in deriving (18), that as soon as a photoelectron collides with another target atom it
is scattered with equal probability in any direction, thus leaving the current While y(£) is
determined by a quite complicated expression, in order to estimate the current by an order of
magnitude, it can be substituted by y(e) ~ r-?, r s being the ionizing shell radius, t h e relativistic
corrections to the total cross section Oy(co) start to be important at higher frequencies, because
cry(co) does not include to/c terms. Due2to lack of interference of different multipolaritics in
ay (to) the corrections start from the (uVc) term.
With further increase of u) it becomes to be insufficient to treat the ionizing electron in initial or
final states nonrelativistically. On the contrary, even in the one electron approximation along
with higher multiple components of a photon the ionized electron must be treated relativistieallv
i.e. by solving the Dirac instead of the Schrodinger equation. As a result, accounting for the
relativistic yields the angular distribution of photoelectrons more and more concentrated in a
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narrow cone near the photon beam direction. In the ultrarclativistic zone the photoioni/ation
cross section of a hydrogen-like ion with nuclear charge Z and the number of electrons N for io
>> c 2 is given by |9J
2

r2 —
w
r e = 1 / c2 .
Here re is the so-called classical radius of an electron, it is of interest to compare ay (co) with
cross +sections of other quantum-electrodynamical processes, namely
with Compton scattering
and c e' pair production in the same frequency domain w » c2. For the Compton-effect the
cross section is [9|
a c = 2 nNr2—f\\ (to / c 2 ) ,
to

{20)

while for e+e~ pair production it is [9J

These formulae are valid in the ultrarelativistic zone, where it is seen that e+e~ production
becomes absolutely dominant. Note, that two of these processes, namely pair production and
photoionization, proceed via interaction with the nucleus, while Compton scattering yields
unbound electrons. This affects considerably the transfer of momentum to the nucleus and all the
secondary processes such as shake-up or shake-off which are caused by the recoil.
In the nonrelativistic zone the recoil momentum is increasing rapidly with 10 growth, as q ~
while at to » c 2 the main contribution to the cross section is coming from the comparatively
small momenta transferred to the ion, of the order of r
s

The multielectron nature of the target atom can be essential also in photoionization processes in
the relativistic frequency zone. The interelectron interaction leads to satellites to the main line,
manifests itself in intershell effects and so on. However, the interelectron interaction for w > c2
includes not only the pure Coulomb term but also relativistic corrections to it, such as Breit terms
|9|.
It is of interest to study the polarization of photoelectrons in this frequency zone. Such an
investigation would allow study of the so called complete quantum mechanical experiment, in
which all amplitudes characterizing a given process can be derived directly from experiment. In
the nonrelativistic zone, one has three independent quantities, characterizing photoionization of
an atomic level with angular momentum P., namely the absolute values of the transition matrix
elements f,-*f±\ and their relative phase. If relativistic corrections are taken into account, due
to interaction between spin and angular momentum, five independent quantities characterize the
process. To obtain them, it is necessary to measure the partial photoionization cross section,
angular distribution and three different spin polarization characteristics 110|.
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6.

Vacuum polarization and nuclear excitations

At energies, comparable to that required for creation of an electron-positron pair, this process
must be taken into account not only as a real cross section as described by (21), but also as a
virtual one. This means, that excitation or ionization of any atomic electron can proceed via
virtual excitation of Quantum Electrodynamical Vacuum. The threshold of e+e~ creation is
decreasing with nuclear charge growth. At Z«170-180, the energy required to create a pair goes
to zero, leading to so-called spontaneous
decay of the vacuum [11]. Traces of this threshold shift
allow virtual excitation of e+e- pairs for lower Z. The simplest way to take these Quantum
Electrodynamical Vacuum Excitations into account is to generalize the Random Phase
Approximation with Exchange (RPAE) | l | , which is very often used to describe the
photoionization process of jnultielectron atom. The central point of RPAE is an equation for
photoionization amplitude D(to) which is connected with the single-electryn amplitude d:

E'>F

^F

(22)

x < ei'lUjief > - < i'|D(co)|e'>(co +£' + 1;.)"' <i'i|U|£'E>]
Here the summation is performed over occupied (<F) states, while integration and summation
takes place over vacant (>F) states. The u-operator includes direct Coulomb V and exchange
potentials, so that the interaction matrix elements are determined by equation:
<£i'|u|i£'> = <£i'|V|i£'> - <ei'|V|efi> .

(23)

All matrix elements in (22) are calculated with wave functions derived in the Hartree-Fock
approximation, its self-consistent field being determined by the pure Coulombic interelectron
interaction.
The equation (22) takes into account rigorously "one electron - one vacancy" atomic excitation.
The effects of "one electron - one positron" vacuum excitations can be taken into account
similarly, by extending the summation in (22) over these states, adding noncoulombic frequencydependent terms (Breit-type corrections) to the Coulomb matrix element (23) and calculating the
one-electron wave functions relativistically, by solving Dirac-Fock instead of Hartree-Fock
equations (see, for example [12]). The interelectron interaction entering these equations must be
modified in the same way as in RPAE equations.
This is technically a difficult program which is far from being quite satisfactorily materialized
112]. The availability of corresponding experimental data on relativistic photoionization would
stimulate research in this direction.
For heavy atoms the nuclei very often have comparatively low lying levels, which can strongly
interact with the atomic electron shell excitations. The simplest and a well known process of this
type is internal conversion, i.e. transmission of nuclear excitation energy to an atomic electron
leading to its ionization, or a creation of an electron-positron pair 113]. The process of internal
conversion can be complicated also by virtual excitations [14] of electron
shells. This can
modify the decay probability by orders of magnitude. A good example is 235 U, where virtual
excitation of atomic electrons enhance the decay probability of the E2 nuclear 76 eV transition
by five orders of magnitude 115].
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The presence of nuclear excitations open another pathway for atomic excitation and ioni/ation.
If a nuclear level can be excited by absorbing a photon, it becomes autoionizing when the
interaction of atomic and nuclear subsystems is taken into account j 16|. As a result, the atomic
photoionization cross section acquires resonant structure, which is described by Fano-type
profiles.
Another interesting possibility is the indirect excitation of a nuclear level via virtual atomic
excitation. In some exceptional cases the energy of a discrete atomic excitation can be
transferred to a nuclear level, if it has the same angular momentum and their energy is close.
Such levels can strongly interact each other and mix.
For inner atomic vacancies, their decay energies are very often enough to excite the nucleus in an
Auger-type process, in which the energy of electron transition is transferred to the nucleus,
leading to its excitation 117|.
Nuclear excitation can accompany creation of an inner shell vacancy, thus forming a new family
of satellites, called nuclear satellites of atomic levels. Usually it is possible to detect the fact of
nuclear excitation by observing its special decay channels - via emission of a photon or atomic
electron of specific energy. Because the probability to excite these "atomic-nucleus" levels is
quite low, they require high photon fluxes for observation.

7.

Double-electron photoionization

Double-electron photoionization is a process in which a single photon eliminates two atomic
electrons. Because a photon directly interacts only with one electron, this process is completely
determined by the interelectron interaction. It was demonstrated long ago [ 18], that in ^ e
medium high energy zone for S-electrons the double-electron photoionization cross section a y
decreases with growth of co as in (6). So the ratio R(to) "double-to-single photoionization cross
section" at high to reaches a frequency independent limit
<24,
Analytically, this ratio for helium-like ions is given by an expression f 19|
R =0.093/ Z 2 .

(25)

The calculations in 119J were performed in the lowest order in interelectron interaction. It was
demonstrated that one of the outgoing electrons carry away almost all photon energy, the other
being slow. The fast electron has a usual dipole photoelectron angular distribution while the
other is distributed isotropically.
In the nondipole zone the energy, angular and spin distributions of outgoing electrons change
considerably because of the nondipole components of the photon and due to the increasing role
of the interaction of the photon magnetic field with the electron spin. As a result the energy
distribution acquires a maximum in the e ] ~ E, area, and the outgoing electrons prefer to have
the same spin projection and are emitted
almost oppositely. The ratio R started as a function of
to and is increasing, until at (0 » c 2 it reaches a much bigger value than (25) [20|:
R=0.59/Z2 .
(26)

co>>c 2
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These statements are not yet confirmed (or rejected) experimentally. But on the way of verifying
the expression (25) a difficulty appears: photoionization stops to be an absolutely dominant
process already at comparatively low w. On the contrary, the Compton ionization becomes
important in eliminating one or two electrons. For example, in the case of helium, the classical
threshold of double electron Compton ionization is about 3.5 kev and soon reaches a maximum.
With subsequent increase of to, the Compton ionization
cross section is almost constant, and
starts to decrease, according to (20), only at to » c2. Therefore, there exists a broad frequency
region where Compton ionization is more important than photoionization |21]. Theoretically,
double electron Compton ionization can be considered similarly to that how it was done for
photoionization. At least for light atoms, particularly for He, the lowest order in interelectron
interaction is sufficient (221. In this approximation the calculations were performed [231 in the
frequency region from 6 to 12 kev, demonstrating the increase of the effective ratio R, which
relates the total cross sections of double and single electron ionization. It is necessary, however,
to have analytical instead of pure numerical results in order to demonstrate whether a frequency
independent limit exists for the ratio R(w), how big it is and to demonstrate the validity of the
approximations used in calculations by estimating the contribution of neglected terms.
It is shown* that in the high nonrelativistic frequency limit, the double-electron Complon
ionization cross section can be presented as a product of the single-electron Compton crosssection and a fector which is determined by the interelectron interaction and can be calculated
easily. The result is surprising because the ratio Re is frequency independent and equal almost
precisely to one half of R, given by (20):
R « 0.048/Z 2

(27)

Although the expression (27) is not confirming the hypothesis which was made in |22|, namely
that R=Rc, the close proximity of Rc to (1/2)R forces us to perform a verification of the numbers
in f 191, which is now in progress.
In any case, the expression (27) deserves to be checked experimentally. It was derived in the
frequency region, where single-electron Compton ionization ++
cross section is independent of oo.
So, the formula (27) means, that in a broad w region the a
for Compton ionization is not
decreasing, contrary to++the photoionization cross section. This simplifies the experimental
observation of Rc and a (w) up to photon energies of about 100 kev.
Substituting Z by the effective nuclear charge Zeft = 1.69 in He, which takes into account nuclear
screening by one of the electrons, it is obtained from (27) Rc = 1.68% in very good agreement
with experiment [24], The ejected electron energy distribution in double electron Compton
ionization proved to be similar to that in photoionization case: one electron is fast, while the
other is slow. Obviously, there is a difference in angular distributions, because an A 2 term is
either monopole or quadrupole, whereas A is dipole.
It is of interest to study the double electron Compton ionization in the relativistic zone to > c 2 in
order to clarify, whether the peculiarities in the energy distribution of the ionized electrons
reflected in (26) for double electron Compton ionization also.
Experimentally, as well as theoretically it is of interest to separate and then investigate the
Compton ionization cross sections in the kinematical regions which are forbidden for unbound
*M.Ya. Amusia and A.I. Mikhailov, sent to publication
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electrons. This would give information on the role of the nucleus and its recoil in Compion
scattering.
It would be of interest, particularly for He to study the (y,yHe++) reaction thus observing
the
emitted quantum y' and the doubly charged ion in coincidence. Observation of He + + as well as
the energy of y' would demonstrate that all the energy difference between y and y' is given to the
ionized electrons. By varying this difference, as well as the incoming photon y energy detailed
information on the structure of the He electron wave function in initial and final states can be
obtained: from the ionization threshold region up to that where almost all energy taken away by
electrons.

8.

Concluding remarks

The photoionization of atoms by high energy photons gives a possibility to study a number of
problems traditional to atomic physics in a new frequency region. The "traditional" problems
include measurements of inner shell cross sections and corresponding angular distributions and
photoeiectron spin orientation, investigations of satellite near-threshold structure, as well as
multiple excitation and ionization processes, consideration of the role of inner shell virtual
excitations upon the outer and intermediate shells ionization and excitations.
The relativistic corrections will manifest themselves in all these characteristics. The momentum
of a photon flux will lead to a "drag" current of photoelectrons.
In the high photon energy region also "nontraditional" atomic physics can be done, including
investigation of the role of virtual and real electron-positron pair creation, and of the admixture
and overlap of atomic states with nuclear excitations. The potential role of the magnetic
interaction, which is also increasing with incoming photon energy growth, can be clarified.
Of interest is the investigation of the Compton ionization process whose cross section is almost
completely independent of the incoming photon frequency, thus becoming much larger than the
photoionization cross section.
Presented here is not a list of possible problems, but simply a demonstration of how potentially
rich is this domain.
This work was supported by the U.S. Department of Energy, Office of Basic Energy Sciences,
under contract W-31 -109-ENG-38.
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Ion coincidence spectroscopy on rare gas atoms and small
molecules after photoexcitation at energies of several keV
F. von Busch. N. Anders, U. Ankerhold, J. Doppelfeld, S. Drees and B. Esser
Physikalisches Instihit der Universitat Bonn, Nussallee 12, D-53I15 Bonn, Germany

Abstract
Ion spectra taken after inner-shell photoexcitation can give rather detailed
information about the complex process of excitation and de-excitation especially
when the energy of the primary radiation is tuned across an absorption edge. Though
the gross phenomena dominating such spectra are well known new ones can be
expected to become visible when the threshold region is scanned with good signal to
noise ratio. This will be demonstrated here by photoion spectra of argon taken near
the Kedge as well as by photofragmentation of CS 2 and OCS observed via complete
coincident detection of all ionic fragments.

The data to be presented have been taken at the electron-stretcher accelerator ELSA of the
Physikalisches Institute of the University of Bonn. This machine, having been designed as a short-time
(~ sec) storage ring for nuclear research, is being used part-time as a dedicated source of synchrotron
radiation. At energies between 1.9 and 2.5 GeV currents of 70 mA and storage times between 1 and
3 hours are routinely achieved. For 2.3 GeV electrons the characteristic wavelength of the emitted
radiation corresponds to 2.5 keV photon energy, making ELSA typically a source of moderately hard
x-rays.
Light from a bending magnet is monochromatized by two InSb{ 1,1,1) crystals to a bandwidth of 1.25
eV and crossed with an effusive beam of the target gas. Photoion spectra are taken with a
conventional time-of-flight mass spectrometer of the Wiley-McLaren type using constant electric
fields, multichannelplate detection and a time-to-digital converter with 1 ns resolution. The start
signal is derived from the electrons ejected in the ionization process. This implies some bias against
detection of events with low charge, thus introducing slight distortions which however are
unimportant for the conclusions to be drawn here. We have determined relative abundances of the
various ionic charge states. Similar experiments have been reported by Ueda et al. [1] on argon and
by Tawara et al. [2] on xenon. Levin et al. [3] have taken ionic charge spectra of argon in
coincidence with energy selected KLL Auger electrons. However, our data have a better
signal-to-noise ratio than previous work and show new details.
The ion yield spectrum of argon around the K ionization potential (3206.3 eV) exhibits a Rydberg
1 s -> np series of which only the 4p member at 3203.5 eV can be fully resolved[4]. The observed
charge states range from one to eight. As the photon energy approaches the 4p resonance the average
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charge shifts towards higher values (Fig. la) because upon Is excitation an additional step of the
Auger cascade becomes possible. Although the amount of energy deposited in the atom changes very
little from here on the average charge continues rising till the curve becomes flat about 5 eV above
the ionization potential. Corresponding trends are seen in the relative abundances of the individual
charge states (Fig. Ib) [5]. The interpretation of this behavior has been given by Levin et al.[3]: The
loosely bound Rydberg electron experiences what may be called an electrostatic earthquake during
the Auger cascade following the generation of the primary vacancy and hence is ejected into the
continuum with a probability that increases with decreasing binding energy. Vice versa, right above
the threshold for ionization the slow photoelectron may be recaptured into a bound state by
post-collision interaction (PCI) with a fast KLL Auger electron. This recapture process ceases to
work when the photoelectron becomes fast enough not to be overtaken any more. The average
charge then stays flat up to the threshold for primary K+M double photoionization at 3225eV. Here
it starts rising again, reaching another flat part at photon energies where the double excitation can be
considered to be sudden. This pattern is repeated at the K+L threshold and above it. The rise in the
relative abundance of the 8+ fraction, being due mainly to K+L, double excitation, is somewhat
delayed compared to 6* for which K+LJJ excitation is sufficient [5j.
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Figure 1. a) Average charge q of photoions from argon vs. photon energy in the vicinity of the K
absorption edge [5]. b)Relative abundances of individual charge states of photoions from argon vs.
photon energy in the vicinity of the K absorption edge.
234

Quite a remarkable feature is the slow increase of the average charge below the is -> 4p resonance
(Fig. la). This tail extends over more than 100 eV [5] whereas the width of the Is hole state is only
F = 0.68 eV [6]. Thus the tail is anything but Lorentzian, but although first suspected to be an artifact
it proved persistent under various experimental conditions. However, the Lorentzian Rydberg
resonances are superimposed on the well-known arctangent shape of the onset of continuum
absorption [7]. This arctangent arises from integration over continuously distributed Lorentzians
each asymptotically decreasing as \/(E-EK^2, and hence the tail of the continuum, as has been pointed
out recently by M. Amusia [8], has a 1/(E-EK) asymptote, thus dominating the far wing of the K
excitation. The higher ionic charge qK resulting from K excitation as opposed to L ionization (q,)
transfers this behavior onto the average charge q:
q(E) = (qL a L (E) + qK o K (E)) / (a,(E) + a K (E)).
Approximating the arctangent by its asymptotic form this can be transformed into
q(E) = q. + ( q> -

q< )

where u = 2n (EK - £)/T, r = {oJod^ m^ n<" a °d " > " denote photon energies respectively far below
and above the K edge. Here we have made the tacit assumption that qK, the charge resulting from Is
excitation, is independent of the photon energy. Due to Rydberg shake-off and recapture this
is not strictly true, and therefore only fair agreement of the simple formula with experiment can be
expected. Making similar assumptions Amusia achieved a reasonable fit to our experimental data [8],
thereby demonstrating that the long tail is due to virtual Is ionization.
The sole assumptions underlying the arctangent model of the absorption edge are that the width F
of the inner-shell vacancy state is independent of photon energy and that the absorption cross section
stays reasonably constant above the ionization threshold [7]. Hence such long pre-edge tails in the
average charge (and, for that matter, also in the relative abundances of the various individual charge
states, cf. Fig. 1b) should represent a rather general phenomenon. In fact we observed them also in
photoion spectra taken around the L3 edge of xenon and, as will be shown below, at the sulfur K
edge of CS2. A similar slow rise of the average charge has been found by Holland el al. [10] below
the Ar 2p edge.
We now turn to molecular fragmentation induced by inner-shell excitation. This process has been
studied quite thoroughly in the soft x-ray regime, e.g. after Is excitation of carbon, nitrogen or
oxygen (see e.g. [11], [12]). Here only one Auger transition is possible, and the total charge normally
is two or three. In contrast, excitation in the harder x-ray regime, e.g.K ionization of a third row
element, is followed by several Auger emissions in cascade, leading to an average charge offour or
higher. After sulfur Is excitation molecules like CS 2 and even SF6 in most cases break apart
completely into atomic particles (ions or sometimes neutrals). As for each atomic fragment, several
possible charge states exist, there arises a great manifold of fragmentation channels. Partly for this
reason photofragmentation studies with hard x-rays are still scarce. The numerous dissociation
channels can be fully distinguished only by complete coincident detection of all fragments (three for
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the cases of CSZ or OCS). This poses an experimental problem insofar as the detection probability
per single ion usually is much less than unity, with the consequence that only in a small fraction of the
events really three ions are seen. Here we report on a study based almost entirely on such completely
detected ionic fragmentations of CS2 snd OCS. These were measured using the time-of-flight
instrument described above. The ultimate aim is to unravel as far as possible the complex multistep
process of photoexcitation, electronic de-excitation and dissociation.
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Figure 2. Photoion yield of CS2 vs. photon energy in the vicinity of the sulfur 1 s ionization potential.
The electronic aspect of this process, as it is expressed in the ionic spectra of CS 2 , closely resembles
that one observed in argon. The ion yield spectrum shows several molecular and Rydberg resonances
right below the sulfur K edge (Fig. 2). As a by-product of the complete detection of the ionic
fragments the total charge can be determined whose average value q is displayed in Fig. 3 as a
function of photon energy. Acomparison with Fig. la shows the great similarity to argon, the main
difference being that for CS2 the %* resonance is better resolved. Again one sees the gradual increase
of q over the region of the edge which is due to Rydberg shake-off and recapture by PCI. Also the
tail of virtual sulfur Is ionization is evident. If one realizes that each sulfur atom is surrounded by a
closed shell of eight valence electrons the similarity toargon should not come as a surprise. It appears
just as clearly also in the behavior of the various individual charge states(cf. Fig. lb).The
fragmentation of CS2 yields sulfur in charge states 1 to 4,carbon mostly as C \ less frequently as C44
Neutrals, whose contribution is assessed in an indirect way, are relatively unimportant. In the majority
of cases the parent ions of CS2and OCS dissociate into three atomic ions. From the various possible
charge states of the atomic fragments then a large number of dissociation channels can be combined
Table 1 gives their typical relative abundances in percent both for CS 2 andOCS and respectively for
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a photon energy below the sulfur I s ->7t * resonance and above the ionization potential. It is seen that
the intensity pattern for channels with C+ is similar to those with C*\ Molecular fragments are quite
rare for CS : but make a sizeable contribution for OCS, notably in the region of sulfur L ionizaiion.
We attribute this difference in behavior to the higher symmetry of CS ; where all molecular orbitals
are symmetric or antisymmetric with respect to the sulfur atoms.
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Figure 3.

Average charge q of photoions from CS2 vs. photonenergy. Assignments of the
resonances and the value of the I.P.are taken from [13].

Upon comparing the energy dependent abundances of fragmentation channels carrying the same total
charge it is found that they mostly stay in approximately constant proportions, i.e. that the branching
ratios vary little with photon energy. This is remarkable because at different photon energies - e.g.
below theTC*resonance and above the ionization limit - the dominant contribution to decays of the
same total charge comes from different electronic cascades. This seems to imply that they end up
more or less with the same distribution of vacancy configurations. Conspicuously distinct decay
modes of discrete resonances are not evident.
As is well known time-of-flight spectra contain also information about the kinematics of
fragmentation, though intrinsically incomplete one (for each fragment only one momen-tum
component can be measured). This information is contained in the familiar contour shapes ("bear
paws") which arise when flight times of pairwise coincident ions are plotted against each other [14].
We find for CS2 that these contours can be simulated quite well using a kinematical model in which
the Auger cascade is assumed to develop much faster than the dissociation. The maximum ionic
momenta are measured to be independent of the photon energy and are only about 10 % smaller than
calculated from the Coulomb energy of point charges in the conformation of the parent molecule.
This implies that indeed there exist decays in which the cascade is practically instantaneous compared
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to the nuclear motion so that upon dissociation essentially the full Coulomb energy of ionic repulsion
is converted into kinetic energy. The question then arises if this is true for all decays. As the momenta
of the three fragments are not collinear one cannot deduce the distribution of the total kinetic energy
from the time-of-flight spectra. But it is possible to derive the distributions of absolute individual
momenta and compare them to the simulation. It turns out that these distributions are broader than
calculated, i.e. there exist decays leading to considerably smaller momenta than the model (which has
no free parameters) predicts. Hence we conclude that there is a sizeable fraction of decays in which
much less than the full Coulomb energy is liberated, which means that the dissociation has proceeded
well already during the Auger cascade.
Inner-shell processes induced by photoexcitation in the hard x-ray regime include a multistep
de-excitation sequence, ejection of several electrons and, for molecular targets, breakup into alarge
number of possible fragmentation channels. These circumstances call for coincidence experiments of
increasing complexity whose challenge however can be expected to be met successfully under the
conditions offered by photon sources of the new generation.
This work has been funded by the German Federal Minister for Research and Technology (BMFT)
under contract nr. 05 433 AXI and by the Deutsche Forschungsgemeinschaft via
Sonderforschungsbereich 334.
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Table 1.

Relative abundances [%] of fragmentation channels inphotodissociation of CS 2 and
OCS, for each moleculerespectively at a photon energy below the lowest S(ls)
exci-tation and above the S(ls) ionization potential. The indicesU,V,W denote the
charge states of the atomic ions S (O), C, S.
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Motivations
Photoionization of Multiply Charged Ions:
a)
The photoionization mechanism is important for understanding processes in fusion and
astrophysical plasmas.
b)
Only a few experimental results on the photoionization of multiply charged ions (can
count them on one hand). Highest charge state is only C .
c)
Many Theoretical calculations have been performed of varying complexity that have not
been verified by experimental results.
PHOBIS (PHOton Beam Ion Source):
Create an ion source for very low energy, multiply charged ion - atom (molecule) collision
experiment.
EBIS Operation:
An EBIS creates highly charged ions by successive electron impact ionization. The electron beam
is electrostatically focused and then compressed as it enters the solenoidal magnetic field. Ions
are confined axially by applied potentials on the drift tubes and radially by the space charge of the
electron beam and magnetic field.
Main Features of this EBIS:
1)
LN2 cooled copper wound solenoid magnet R(LN2 temperature) A R(room
temperature)/10
2)
Vacuum is maintained by turbo-pumps, Non-Evaporative Getter wafers (NEG) and LN 2
temperature surfaces
3)
Drift tubes have slots, covered with mesh for better pumping of the drift tubes
*4)
Two drift tubes are split to allow the application of RF to resonately excited ions in the
EBIS
*5)
Pulsed gas source target for the electron beam to reduce background pressure during
241

6)
7)

photoionization
Time of Flight (TOF) ion analyzing system
Computer control of the EBIS and ion analyzing system
Side vje« of ibe EBIS

LN,

vcoor

cooled
.

copper

laser target

///////////////////////////////^^

electron
collector

^v/y/////////////////CV/%w///y///^^^^
pulsed gas s o u r c e - / , a s e r
entrance aperture
•
10 cm
,

„

h f

Cross-sectional view of ibe EBIS at tbe entrance of tbe
solenoid, illustrating tbe geometry or tbe pulsed gas source and
laser ablated metal targets.

iron oars

Figure 1. Views of the EBIS.
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Deflector
Figure 2. The experimental system
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Ion Detection:
Ions are pulsed out of the EBIS by reducing the end
drift tube potential and then pass through post
extraction optics which includes a deflector. At a
predetermined time delay after the end potential is
reduced, a voltage ramp is applied to the deflector
which sweeps the beam across a secondary electron
multiplier (ceratron). The start of the voltage ramp
triggers a digital storage scope and the output of the
ceratron (after amplification) is fed into the storage
scope as the signal. Due to the fast voltage ramp on
the deflector, only a small fraction (about 1%) of the
ion pulse coming out of the EBIS reaches the
ceratron.

Most low energy collision experiments have utilized
the recoil ton source (RIS), where a fast multiply
charged ion beam interacts with a gas jet and the
resulting recoil ions are extracted and directed towards
the collision region. More recently a mini-EBIS has
been employed to realize collision energies near qeV,
where q is the ionic charge state. This recent paper
illustrates the advantages of using a photon beam as
ov
the
ionizing agent as compared to an ion beam when
ion
extractor considering the ion recoil energy.
Figure 3. EBIS pulse mode operation
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PHOBIS: PHOton Beam Ion Source

photons
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F ^ / r e 4. ^ The PHOBIS source - K.W.Jones et al Phys. Lett. 97A (1973); (b) Ion trap charge
states-Meron^a/ 5 Nud.Inst.Meths.B31,256(1988);(c) The RIS ion source
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Figure 6. A PHOBIS spectrum; the charge distribution shown is characteristic of single L-shell
photoioization followed by Auger decay.
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Example of recent theoretical calculations not verified by experiment:
Of about 1270 calculated cross sections, about 1130 are of ionic species. Only one of the
calculations are compared with experiment results. Subshelf Photoionization Cross Sections and
Ionization Energies of Atoms and Ions from He to Zn, D. A. Verner, D. G. Yakovlev, I. M. Band,
and M. B. Trzhaskovskaya.
Partial photoionization cross sections of atoms and ions from He to Zn for all subshells nl of groundstate species are calculated with the Hartree-Dirac-Slater method for photon energies E 2 100 E^,
where E,h is the photoionization threshold. The cross sections are fitted by simple analytic
expressions for E £ 50 keV, and the ionization energies are fitted by simple polynomials of atomic
number Z and number of atomic electrons N. The fit parameters are tabulated.

Calculated Ion Densities in an EBIT:
Evolution of ion-charge-state distributions in
an electron-beam ion trap, B. M. Penetrante, J.
N. Bardsley, D. DeWitt, M. Clark, and D.
Schneider, Phys. Rev.A 43, May 1991.
"We present measurements and calculations of
the evolution of the ion-charge-state
distributions in an electron-beam ion trap
Direct measurement of the charge-state
distributions are made with an ion extraction
system. The data are used to test our
computer model, which solves the set of
coupled nonlinear differential equations for the
energy and charge balance for all ionic species.
The model is used to assess the importance of
various processes in establishing the chargestate distribution."
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Figure 8. Why use an EBIS - high ion target densities are obtainable
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How to Make a Pure Charge State Ion Target in the EBIS?
1.
2.
3.

Adjustment of electron beam energy: limits the highest charge state.
Pulsed gas source: limits low charge states.
Application of RF to the drift tubes.

dN h.
Event Rate (dN/dt):

—^ = O/p<pF

at
a = photoionization cross section (2 x 10'19 cm2 - 2s Ar)
j = interaction length (20 cm)
p = target ion density (108 cm'3)
<(> = photon flux (1OIS photons/sec, first harmonic undulator radiation from the Photon Factory
BL-2B beam line)
F = form factor (4 * JO'2 assuming a photon beam diameter of Imm and an ion target diameter
of 0.2mm,
n f 2

i

at
dN

phion _ O/p<f)F_ C70 _
f

/pnrf
or 2.5%

dN/dt for SPring-8
a = 6 x ]0"20 cm2 for Ar Is electrons
4) = 1014 photons/sec, AE/E = 10'3, 0.5 x 0.5mm2
F = 0.126

dN
dt

or 0.24%
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The purpose of taking the signal to target ratio is to illustrate that it should be easy to detect
photoionized ions if the target ions and the signal ions can be directed towards two different
detectors. With TOP detection all ions go to the same detector and the number of target ions is large
forcing use of the detector in a semi-current mode (low gain). Separating the targe! ions and the
other potential background sources from the signal ions signals is difficult under these conditions.
Surely, if we can detect the target in a current mode and 1% of the target gets converted to signal,
it will be easy to detect in a separate, higher gain detector.
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A new detection system is being designed that will be able to separate the target and the signal ions,
directing them to two different detectors. With the use of the analyzing magnet, the entire ion pulse
that comes out of the EBIS is analyzed, unlike the case of the TOF detection system where only a
small percentage of the pulse is utilized. Use of the analyzing magnet will greatly increase the signal
detection efficiency. The TOF detection system has the advantage of being able to detect all ionic
charge states in a single pulse from the EBIS, but with low efficiency.

Conclusions:
1.
2.

The numbers show that we can produce photoionized ions in sufficient quantities.
Improvements in the apparatus are necessary to realize our goals.
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Gamma-2e Coincidence Measurements
The Wave of the Future in Inner-Shell Electron Spectroscopy
John W. Cooper
Institute of Physical Science and Technology, University of Maryland,
College Park, MD 20742-2431

I. Introduction
Although electron-electron coincidence techniques have been a tool used by atomic and molecular
physicists for many years 12 to study single electron ionization by electron impact, it is only recently
that double electro ionization via photon impact experiments have been made. Two review article53-4
describing, respectively, time of flight techniques for photoelectron Auger coincidences and double
ionization coincidence spectroscopy appeared in 1990 and discussed the few y-2e experiments which
had been done at that time. The article by Schmidt discusses in detail some of the experimental
difficulties in performing y-2e experiments and points out that three distinct types of photon induced
double ionization processes can be studied via electron-electron coincidences, namely;
A.
B.
C.

Direct double ionization
Coincidences between photoelectrons and Auger electrons
Double ionization resulting as a consequence of resonance Auger processes.

The article by Eland is mainly concerned with C above and related near threshold processes
Since these reviews appeared, there have been a several experiments of electron-electron coincidences
via photon impact. The aim of this report is to provide a brief review of the results obtained in some
of these experiments and to show how they may be extended by future measurements.

II.

Two Step Processes-Auger-Photoelectron and Auger-Auger Coincidence
Measurements

Basically, there art o reasons to perform Auger-photoelectron coincidence measurements; i.e.: (1)
to provide a method to identify uniquely the origin of the various lines in typical Auger spectra and
(2) to study angular cos relations between Auger electrons and photoelectrons.
When an electron in a deep inner shell is removed, the resulting Auger spectra corresponding to outer
shell vacancies is exceedingly complex, since vacancies can be transferred to outer sub-shells via
Auger or Coster-Kronig processes. Each transfer of this type results in an additional vacancy and
thus the resulting Auger spectrum corresponds to final ion states > 2 which would be the case if an
outer vacancy were created directly. For Argon K ionization, in principle the final ion charge
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following K shell ionization in the LMM Auger spectrum can be as high as 6 even if no direct double
ionization occurred. A typical LMM spectrum following K shell ionization is shown in Fig. 1
At Auger Linos
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Figure 1. An Argon LMM spectrum taken with a photon source above the argon K-edge.
One way to separate out the various charge states is to do coincidence measurements between ions
and Auger electrons and such a measurement has recently been done.5 Fig. 2 shows the results of
such a measurement at a photon energy tuned to the Argon Is4p excitation. Note that the
measurements in coincidence reduce the range of charge states observed non-coincident
measurements, since observation of an Auger electron defines a definite path for the Auger vacancy
cascade process.
Electron-electron coincidences provide an alternative method of analyzing the decay process and such
measurements have recently been performed.617 The basic experimental setup for these measurements
his shown in Fig. 3 and consists of two cylindrical mirror analyzers mounts on opposite sisdes of a
the beam from a storage ring. Coincidence measurements may be used in two ways to analyze Auger
spectra. The first way is to do coincidences between a know photoline and an Auger line.
This procedure is illustrated in Fig. 4 from Ref. 7, which shows the results for measurements of Auger
xenon N 4 s O ^ O ^ spectra in coincidence with N4 and N s photolines. The measurements clearly
distinguish the two unresolved lines near 32 eV.
Alternatively, Auger-Auger coincidences may be used to determine the various pathways for
a vacancy cascade. Suppose a vacancy is formed and may decay to a higher charge state via an Auger
process. That charge state may in turn decay via a
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second step with emission of another Auger election.
Detection of the two Auger electrons in coincidence
uniquely determines the pathway for the cascade
process and distinguishes it from other pathways.
Plate 5 from Ref. 7 shows the various paths for decay
of an argon 2p53s23p6 ml resonance. By observing
first and second step Auger electrons in coincidence,
the authors were able to identify some of the paths
shown in the figure. Similar results were obtained for
resonant excitation in neon, krypton and xenon.

III. Angular Correlations

TIME OF FLIGHT

Figure 2. Argon photoion-Auger
electron coincidence spectrum

When two electrons are observed in coincidence
following formation of an inner shell vacancy an
angular correlation between them may be present. For
a two-step Auger process following formation of a
single sub-shell vacancy, the angular correlation
between Auger and has been treated theoretically.*'9
They find that for aj=l/2 vacancy, the Auger electrons
will be isotropic and thus there will be no angular
correlation between Auger and photoelectrons
However, for j=3/2 or 5/2 vacancies there will be an
angular correlation. The general form of the angular
distribution will be:

d 2 o/dQ,dfi 2 = o/(I6* 2 ) [1 + Pj P 2 (cos(0,)) + p 2 P 2 (cos(0 2 ))

+S q C2(q)Y 2q (9 1 ,(J) I ) Y24&2,4>2)
+SqC4(q)Y4q(01,<f>1) Y2K,(92,d>2)
Kammerling and Schmidt10 have observed 4d5/2 photoelectrons for an incident energy of 94.5 eV in
coincidence with N 5 O i 3 ( \ 3 'So Auger electrons for electrons perpendicular to the photon beam
direction and the results are shown in Fig. 6. Their results were fitted to the above form of the
angular distribution and indicate that the C4 terms in the expression are small but not negligible. Also
shown in the figure is a predicted angular distribution which would result from asymptotic Coulomb
interactions. This result is obtained in the following manner. At large distances the Coulomb
interactions between two particles can be represented as a simple normalization constant

where kab = [k,2 + kb2 - 2k1kbcos(8)]"2. This introduces a correlation factor in a double differential
cross section of N 2 = q/(eq-l) where q = 27r/k,b. The dotted curve shown in Fig. 5 is simply a plot of
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this normalization factor for the momentum k, and kb corresponding to the ejected energies of ejected
and Auger electrons which in this case are 27 and 30 eV, respectively. The normalization factor has
the following interesting properties.
1.
2.
3.

k, = kb; N=0, Electrons cannot escape in the same direction.
k 1 » » k b ; Nor angular correlation due to long range interaction.
k, = lq, but both are large; No angular correlation except particles cannot escape in the same
direction.
SYNCHROTRON RADIATION

Figure 3. Schematic diagram - from ref. 6.

30.0

32.0

34.C
36.0
40.0
Kinetische Energi* (eV)

42.0

44.0

Figure 4. Measurements of N4 5 photolines in coincidence with Auger lines (from ref. 7).
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The results shown in Fig. 5 indicate that final state Coulomb repulsion does not appear to be
important in this case. However, a more recent measurement of Auger-photoelectron coincidences
in lead" indicated by the abstract in Fig 6 does not agree with predictions of the two step model The
normalization factor indicated above for these low energies (2.82 and 0.9 eV) would predict a ratio
of 20 for the ratio of Auger electrons collected at 180° to those collected at 90° relative to the
photoelectron's direction which is almost within the error limits of the measurement.
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Ar"

Figure 5.

IV.

Diagram of paths for "first step" and "second step" Auger processes following
resonant excitation of an Lv electron in argon (from ref. 7).

Direct Double Ionization

All of the experiments described above refer to coincidences between Auger and photoelectrons.
Experiments which measure two electrons emitted directly as a result of photo-absorption are more
difficult and so far have been performed only for low electron energies. Mazeau et al.12 studied the
angular correlation of two 1.12 eV electrons emitted from krypton by absorption of a Hell 40.8 eV
line source. They find as in the Auger-photoelectron experiments that the triply differential cross
section is largest for relative angles of 180° between the ejected electrons. Schwarzkopf et al."
have measured the triply differential cross section for ejection of two 10 eV electrons by a 99 eV
photon beam from a storage ring. Their measurements can be compared with compared with
Wannier theory14 and with direct numerical calculations. Their results indicate the importance of final
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state Coulomb interactions.

Polar plot of coincident intensities between
pholoelcctron and the Nt-OuOn 'So Auger electron in xenon.
The photon beam passes the origin and is perpendicular to the
plane or drawing: its main component of linear polarization (described by S i ) is indicated by E. the 4d>n photoelectrons are
observed in the direction e,*. The intensities of true coincident
Ni-OisOis 'So Auger electrons are given as points with error
bars. The solid line represents the result or a least-squares fit
according to the theoretical expression

Figure 6.

V.

N 5 -O 2 3 O 2 3
ref.10).

'S o Auger-N5 photoelectron coincidence angular distribution (from

Suggestions for Future Work

The few experiments described above represent but the first steps in what promises to be a new area
of atomic physics. The list below gives some of the promising new directions for work in photo
induced coincidence electron spectroscopy.
1.
The work of Refs. 6 and 7 has shown that it is possible to define unique pathways for
cascade Auger processes in the case of resonant excitation. A promising use for coincidence
techniques is to extend this type of measurement to inner shells in order to investigate in more
detail vacancy cascade processes.
2.
For the case where photoionization and Auger decay may be considered as a two step
process, the theory of angular correlations between photo-electrons and Auger electrons has
been developed as indicated in Refs. 8 and 9, but, with the exception of the work reported in
Refs. 10 and 11, has not been tested experimentally. More work along these lines would be
desirable both for inner shell processes and for cases, as in Ref 11 where both outgoing
electrons are slow. The latter type of measurement would be valuable, since it would give
information of the importance of final state Coulomb interactions on the triply differential
cross sections.
3.
The triply differential cross section for two electrons emitted in direct double ionization has
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so far been measured in two cases as reported in Refs. 12 and 13. These experiments
represent only the first step in mapping out the -2e cross sections as a function of incident
photon energy and of the energies and directions of the two outgoing electrons. Although
experiments of this type are more difficult than photo-electron Auger coincidence
measurements, they can be expected to provide useful information on the nature of the double
ionization process and the role of initial and final state correlations.
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Abstract
An overview is given on the use of recoil momentum spectroscopy in
ion atom collisions, with particular emphasis on the longitudinal
momentum transfer. The use of such spectroscopy for differentiating
experimentally between electron-nuclear and electron-electron
interactions in the collisional ionization of hydrogenlike O and F by
a He target is discussed. A similar differentiation for He on He is
described . The possible use of similar techniques for the study of
photoionization and Compton scattering is discussed.

Introduction
Traditional study of energy and momentum transfer in ion-atom collisions has emphasized
measurements on the projectile. Energy gain/loss spectra and angular distributions of the projectile
give information on the impact parameter dependence of the collision process and on the final states
populated. For many years, studies of the recoil ions were restricted to concentrating on the charge
state and the x rays or Auger electrons emitted by the recoil after the collision. New developments,
especially in the area of cooled tartgets, have made it possible to perform similar measurements on
the recoil ions, even in cases where the momentum transfer to the recoil is extremely small. Indeed,
the precision which can be obtained using the recoil is much superior to that which could be obtained
by measurements on the projectile in many cases.
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In order to set the stage for a discussion of this type of spectroscopy, we show in Fig. 1 a schematic
of a typical ion-atom collision. We show a nucleus with nuclear charge Z, incident with velocity v on
a projectile of charge Z2 at an impact parameter b. Either, or both, of the nuclei may be dressed with
electrons, but we at first concentrate on the exchange of momentum between the nuclei. For this
exchange, the impulse approximation (i.e., straight-line trajectory) is excellent in most ion-atom
collision situations, and the integrals of the transverse and longitudinal momentum impulses through
half the collision are both equal to Z,Z/bv. For the full collision, the longitudinal impulse integrates
out to zero, while the transverse impulse doubles. Thus the transverse momentum transfer is quite
sensitive to b, and the repulsion between the nuclei, or ion cores for dressed ions, dominates the
momentum transfer. The longitudinal momentum transfer, on the other hand, would be zero for any
b if only the interaction of the nuclei were considered. Two results follow: first, the (ongitidunal
momentum transfer is generally much less than the transverse one; second, any non-zero value for
the longitidunal momentum transfer is due nearly entirely to the exchange of momentum and energy
between the electrons of one (or both) of the systems and the nucleus (or electrons) of the other. A
great deal has been published on the subject of the transverse momentum transfer in recent years, and
the extent to which the recoil momentum is balanced by the projectile momentum transfer1"*. For hard
collisions, measuring the recoil transverse momentum is tantamount to measuring the scattering angle
of the projectile, although better resolution can be obtained for the former measurement. For soft
collisions, there is evidence for transverse momentum carried off by continuum electrons in the
collisions. In this talk, we concentrate mainly on the use of longitudinal recoil momentum
spectroscopy. A useful expression relating the change of the electronic energy in the collision, Q, to
the longitudinal momentum of the recoil, pa is

pz= -Q/v -nmev/2 -pe

(1)

where n is the number of electrons captured by the projectile, pe is the net momentum (in the lab
frame) of any continuum electrons left after the collisions, and me is the electron mass. Q is the
difference between the final and the initial energy of all electrons and includes any energy carried by
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any continuum electrons after the collision measured in the frame of the parent" ion. It is positive
for exoergic collisions. In low energy collisions involving heavy ions, for which pc is known to be
negligible, measuring both n and p. yields Q, and this technique for measuring average Q values,
which can be translated into final excited state populations for capture, have been reported5-6. As v
becomes large enough that the release of electrons directly into the continuum in the collision is
common, this relationship is lost. However, as we will show below, for high v collisions,
measurement of pz can be used to distinguish between "mechanisms" for electronic excitation and
ionization.
There are technical problems which must be solved before recoil momentum spectroscopy is practical,
however. The major problem is that pz is typically quite small, of the order of a few a u . of
momentum, and this is comparable to the thermal momentum present in a room temperature target
gas. For example, the r.m.s. spread in momentum, dpt, of a gas of atomic mass A (in amu) is given
by

= 2.3xf(AxT/300)

(2)

where dpt is in a.u. and T is the temperature in degrees kelvin. For example, for He, dpt is 4.5 a.u.
at room temperature. This value can be reduced by cooling the target cell7. It can also be reduced
in a gas jet either through geometrical collimation of an effusive jet or in a supersonic jet. Figure 2
shows schematically three such jets. For He, the values obtained to date with these jets are 3, 1.5 and
0.2 a.u., respectively*"10 In most experiments, the target temperature has been the factor limiting the
precision of the measurement, and technical advances in this direction translate directly into
improvements in the power of recoil momentum spectroscopy.

«.
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beam —

Hot jet

Figure 2.

Cool jet

Several forms of gas jet.
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Supersonic jet

Examples
1. Projectile Electron Loss from Hydrogenlike Projectiles:
Two recent experiments have shown that longitudinal recoil momentum spectroscopy can be used
to distinguish between two mechanisms for the ionization of one electron projectiles by a helium
target9"10. The two mechanisms are shown schematically in Fig. 3 for the Of7-He collision system. We
concentrate cur attention on the electron originally bound to the oxygen nucleus and ask, how can
this electron be removed in the collision? There are two major ways: it can interact with the He
nucleus (e-N), or it can interact with one of the electrons of the He atom (e-e). These two
mechanisms have been the object of intense discussion and study in recent years,11"15 and are known
by various names. A brief glossary might be: e-N = "screening" = electron-core interaction; e-e =
"anti-screening" = dielectronic interaction. The e-N interaction is understood here to include
interaction with the "screened" He nucleus, and implicitly includes some electron-electron interaction
that way. The momentum and energy supplied to the projectile electron to ionize it by the e-N process
is supplied by the He atom acting coherently as a whole, and the He is left in its ground state.
According to Eq. 1, this process will thus impart ap2 forward to the He atom of size

p = (B.E. + EJ /v

(3)

where B.E. is the binding energy of the projectile electron and Ee is the energy of the ionized electron
in the projectile frame. On the other hand, if the projectile is ionized by interacting with a quasi-free
He electron, the remaining He+ ion core is just a spectator to the process and will be left with
approximately its original momentum. Thus the e-e process should leave the recoil at rest, while the
e-N process throws it forward.
o7*

e-N interaction

loss
lonizalion

e-e interaction
Figure 3.

Schematic of process which contribute to the ionization of O+7 by He.

262

The experimental arrangement used to make the measurents is shown in Fig. 4. The beam of O' 7 was
supplied by the KSU Tandem-LINAC accelerator, charge state purified and crossed with a collimated
effusive jet of He. Recoil He ions are extracted by a transverse electric field of a few volts/cm and
sent onto the facet of a position sensitive channelplate detector. From the position of impact on this
detector and the time of flight, the vector velocity and charge state of the He ion can be determined8.
The post-collision projectiles are charge state analyzed by a second position-sensitive detector, and
used to start the clock for the timing. A rather complete magnetic and electrostatic analysis sytstem
is used to measure and correct for double collisions in the experiment, which is an important
correction.
Time-to-AinpIiiude

Converter

Projectile
Detector
Magnet

Ca)
Projectile Detector
Recoil Detector

Beam

(b)
Figure 4.

Apparatus schematic for recoil momentum measurements at KSU.

Since the experiment can detect only ionized He recoils, one might ask how the e-N process produces
a detectable recoil at all. The answer is that nearly any collision in which the He nucleus passes close
enough to the O+7 core to ionize it will, with high probability, ionize the He in a separate and
independent interaction between the O nucleus and the target. This process is a spectator to the e-N
process discussed above, and is not expected to perturb substantially the/?, of the recoil, since the
recoil nucleus is not involved.
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The results of the experiment are shown in Fig. 5. The projectile capture channel, shown on the left.
shows that the experimental resolution is 1.5 a.u. in momentum. Thus, all of the widths seen in the
loss data shown on the right is from physics, not experimental resolution. Focussing on the projectile
loss channel, it is seen that for 20 and 24 MeV, only a single peak in the p. spectrum is seen, which
appears where it would be expected for the e-N process and Eq. 3. The threshold for the e-e process
is at 25 MeV, and for energies above this there appears a second peak abound p=0, which we
attribute to the e-e process. This component grows with bombarding energy, as is expected from
theory. Thus the two processes, which lead to the same projectile loss, are clearly separated in their
p: spectra. An even cleaner separation is seen when a two-dimensional plot of p, versus the
transverse recoil momentum,/^ is made. Such a figure is shown as Fig. 6 for F*8 on He. At the higher
energy, above the e-e threshold, the e-e component is very clearly isolated from the e-N island, while
it is entirely absent at the lower energy. From plots such as these, one can also obtain separate b
dependences for the two processes. Finally, in Fig. 7 the ratio of cross sections for the e-e and e-N
processes, extracted from figures such as Fig. 6, is shown. The agreement with theory 119 is
remarkable.
8+

-8-4

0

He - F9 +

4

8

12

He + +2e

16

Pz (a.u.)
Figure 6.

Density plot of events as a function of pz and py for F*8 on He. The broad peak is due
to the eN interaction. The peak at the higher energy at small momentum transfer we
attribute to the ee interaction (from Kef. 9).
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Ratio of cross sections for ee and eN ionization of O+7 by He (from Ref. 9).
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2cm

Schematic of jet used at U. Frankfurt for recoil momentum measurements.
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If one tries to carry out a similar experiment with a lighter system, He' on He, one must have a colder
target, since the pz's are smaller. The necessary target has been developed at Frankfurt. An outline
of the apparatus is shown in Fig. 8. The jet itself is created by pre-cooling the He gas to 20K and
forcing it through a 30 micron aperture to form a supersonic jet. The apparatus reaches a resolution
inp, about an order of magnitude lower than that obtained with the collimated effusive jet, yielding
0.2 a.u. in momentum. If one applies Eq. 1 to such a jet, the corresponding resolution in a Q value
measurement, if/?, is taken to be zero, is 17 eV for a 1 MeV He beam. To obtain an equivalent
resolution in Q by measuring the energy loss or gain of the beam would require a measurement of the
beam energy before and after of 2x10 5 ; for a 2 GeV/u U beam, the corresponding value is 3x10 9 .
Thus is it clear that recoil momentum spectroscopy has great advantages over the more direct method
of Q measurements when the target is so cold. If one were measuring transverse momentum transfer
spectra with this target, the angular resolution required to get the same precision by measuring the
scattering angle of the projectile would be 10"5 rad for 1 MeV He and 4xlO'9 rad for 2~GeV/u U,
quite unrealistic to obtain by that method. In Fig. 9 we show a two-dimensional plot of p z vs. p y for
the capture reaction He2+ + He to He1+ + He1+. Capture to the n=l of the projectile is clearly
separated from that to n=2, and even some separation of higher n begins to be possible . We note
that the designation of the n "of the projectile" is not justified for the excited states, since either target
or projectile could exit in an excited state.

0.25 MeV He2++He--He1+(n)+He1+(n")

w
"E

CO

(n,n")=
(1.1)

c

3
O

o

rec
Figure 9.

A spectrum of pz for capture from He by He42, showing resolution capabilities of jet
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A similar separation of the e-e and e-N contributions to the ionization of He" by a He target can be
observed with the help of this jet. One example of the data are shown in Fig. 10. The upper half of
the figure shows the two-dimensional spectra of the He recoil for 1 MeV He on He. The two islands
clearly distinguish the two different mechanisms, as the labels indicate. The lower half of the figure
shows the corresponding spectrum when free electrons with a velocity equal to that of 1 MeV He are
sent onto the He. The similarity of the resulting recoil momentum spectrum to that labelled e-e for
the ion-atom cast is striking, and further confirms that the identification of the two processes ar'
correct.

Figure 10. Contour plots of p 2 vs. p y for He+ on He. The ee and eN islands, similar to those in Fig.
6, stand out clearly. The lower figure shows the results for free electrons on He (from Ref. 10).
Photon-He Collisions:: Such a cold target offers several possibilities for the study of photon-atom
collisions. The collection of the He ions is done with an efficiency near unity. For single ionization
of He, the measurement of the angular and energy distribution of the photoeiectrons can thus be made
without using a small solid angle spectrometer to disperse the photoelectron energies. If the He is
initially at rest, and the incoming photon momentum is known, the final state is completely
kmematically defined by a measurement of the He+ recoil momentum. For double ionization, the
addition of an electron detector which measures the angle of one of the outgoing electrons, when
coupled with energy and momentum conservation and the recoil momentum, is sufficient to
completely determine the 5nal momenta. A schematic of how such a measurement could be made is
shown in Fig. 11.
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Figure 11.

Schematic for recoil momentum spectroscopy with a synchrotron radiation beam on
a supersonic jet of He.

The separation of the e-e and e-N processes discussed above finds its analog in the -He experiment
in the separation of photoionization from Compton scattering. The roles of these two mechanisms
in the ionization of He, especially in connection with the ratio of He+ to He++ production, has been
the topic of hot debate recently16"20. By using recoil momentum spectroscopy, one might hope to
easily distinguish between the two processes experimentally, and to measure R for the two processes
independently. In the case of single photoionization, since the incident photon carries little momentum
(which is anyway well defined), the momentum of the outgoing electron must be balanced by the
momentum of the recoil. For a 6 keV photoelectron, this momentum is 21 a.u., and could be
measured with good precision by the 0.2 a.u. resolution jet. When the same energy electron is
liberated via Compton scattering, the recoil nucleus is a spectator, similar to the e-e case discussed
above, and the recoil will be left with only the momentum it had within the atom before the collision,
its "Compton profile." Thus the two mechanisms should stand out clearly separated in recoil
momentum space, and R could be measured for each mechanism separately. Indeed, the next taik
reports results for the use of this idea in experimentally discriminating against photoionization, and
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extraction of experimental relative cross sections for Compton ionization of He at high photon
energies21. A full momentum spectrum of the He recoils could address such questions as, "What is
the angular and energy correlation of the electrons for both processes?," and "Is the Compton profile
for double ionization the same as that for single ionization?."
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A study of Compton ionization of helium
J. A. R. Samson\ Z. X. He*, R. J. Bartlett*, and M. Sagurton*
'University of Nebraska, Lincoln, NE 68588-0111
'Los Alamos National Laboratory, Los Alamos, NM 87545
"S.F.A. Inc., 1401McCormickDr., Landover, MD 20785

Ionization produced by incoherent scattering from bound electrons in helium can occur at any incident
photon energy above 24.6 eV M . This is allowed because the recoil of the helium ion provides the
necessary motion to conserve momentum. No information exists regarding how much energy is
transferred from the scattered photon to the atomic system nor how that energy is distributed. Total
in coherent scattering cross sections have been calculated and tabulated for all elements by several
groups". However, these scattering cross sections include both ionization (Compton scattering) and
electron excitation (Raman scattering) processes. Recent calculations8-9 of Compton scattering have
included the contributions of single and double ionization.
At photon energies in the high kilovolt range bound electrons are expected to behave as free electrons
(as observed originally by Compton10) from which the photons are elastically scattered giving up some
energy to the electrons in accordance with the laws of conservation of energy and momentum. Hence
in this high energy region we would expect the residual ions to have negligible recoil energies. This
is in sharp contrast to the photoabsorption process where the photon energy is completely lost and
a photoelectron is ejected with a similar energy less the atomic binding energy, thus creating an ion
with appreciable recoil energy. For example, absorption of a 10 keV photon by He would produce
an ionic recoil energy of about 1.4 eV. Thus, measurements of ionic recoil energies should allow us
to distinguish between photoabsorption processes and ionization produced by incoherent scattering.

Measurement of "zero" energy recoil ions
Our experimental arrangement consisted of an ion chamber, a hemispherical energy analyzer, and a
mass spectrometer (see Fig. 1). The ion chamber was designed for maximum extraction, the ions
were accelerated to 5 eV to match the pass energy of the energy analyzer, which had an energy
resolution of 75 meV. On leaving the analyzer the ions were accelerated to 90 eV before entering
the mass spectrometer. A typical scan over the zero energy peak produced by photons of 5.5 keV
energy is shown in Fig. 2. Relative cross sections were obtained by measuring the ration of ion
signal/incident photon. The ion signal was measured by taking the area under the curve.
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Figure 1. The experimental arrangement
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Figure 2. Zero energy Compton peak
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Ion chamber
The ion chamber consisted of a 28 mm diameter hemispherical cavity inside a solid cylinder of capped
as shown in Fig. 3.
The ion extraction electrode was held at -60 V. This produced equipotential surfaces in the ion
chamber of 10mV to 50mV in the region of ion production.
The extracted ions were retarded in two steps reducing their energy to 5eV as they passed through
the entrance slit of a 180j hemispherical energy analyzer.
The ion trajectories were determined by use of the SIMION computer program. It was assumed that
the direction of the ionic velocities were isotopically distributed. Examples of ions with initial kinetic
energies of 1, 10, and 25 meV are shown in Figs. 3(a), (b), and (c). A curve of the ion extraction
efficiency vs kinetic energy is shown in Fig. 4.

Figure 3. Trajectories for ions with initial kinetic energies (isotopically distributed) of (a) 1 meV, (b)
lOmeV, and(c)25meV.
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Figure 4. The ion chamber extraction efficiency

Relative cross sections for Compton scattering
Measurements of He+ ions were made between 2.1 and 5.5 keV. "Zero" energy peaks were observed
at each energy. Because the ion chamber strongly discriminated against ions with energies greater
that 50 meV it was not feasible to measure the higher recoil energies of the photoions. However,
when the gas pressure in the ion chamber was high (~10"3 torr) increasing numbers of "zero" energy
ions were observed as the photon energy was decreased towards 2.1 keV. Presumably, the ions were
produced by thermalization or charge transfer between the energetic photoions and the neutral helium
atoms. These extra ions disappeared as the pressure was reduced. The fact that the low pressure
data produced "zero" energy ions is conclusive evidence that the ions were produced by Compton
scattering. Data were taken at both high and low pressure.
At a sufficiently low pressure, so that no thermalization took place, relative cross sections were
measured between 3.5 and 5.5 keV. The statistical errors were ±37%. These results are shown in
Fig. 5 (open circles). The data have been normalized by eye to the calculated cross sections of Hino,
Bergstrom, and Macek8 (open squares). The dashsd curve represents the total incoherent cross
276

sections calculated by Hibbell et al~ The data represented by the solid curve and closed circles were
obtained by analysis of the high pressure data as follows. Because the data is a mixture of Compton
ions and thermalized photoions we can equate the observed cross section ( o ^ ) to the total
photoionization cross section (o p ) and Compton ionization cross section (o + c ) as follows:
(1)

°obs =

where fj, and fc denote the fraction of o p and a\, respectively, that contributes to the total ion signal.
°ote ^ measured (in relative units), o p is known", and a\ has been calculated by Hino, Bergstrom,
and Macek 8 Using their theoretical values for a*e at 3 and 3.5 keV we can determine the average
values for fp and fc for a given pressure, and hence determine o\ as a function of photon energy.
The energy dependence of the experimental curve is in good agreement with that of the calculated
data. This agreement may suggest that Compton ions produced between 2.5 keV and 5.5 keV all
have very low recoil energies. However, without measuring the full recoil energy spectrum of the
Coinpton ions we cannot draw any definite conclusions about the recoil energy distribution.
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Figure 5. Total Compton scattering cross section as a function of tbe incident photon energy.
Closed circles and solid line represent the present data obtained at "high" pressures. Open circles
represent data at "low" pressures. Open squares represent the calculated Compton cross section (ref.
8). Dashed curve represents the calculated total incoherent scattering cross sections (ref. 5).
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Future perspectives of photoionization studies at high photon energies
Uwe Becker
Frilz-Haber-Institut der MPG, D-l 4195 Berlin, Germany

The following is a series of figures shown at the round table discussions at the end of the workshop:
Some
•
•
•
•
•
•
•
•

perspectives among others cover the following topics:
Cross-section studies of muhply charged ions
Non-dipole effects in angular distributions
Compton scattering
Decay cascades of inner-shell resonances
Coupling between inner- and outer-shells
Spin polarization and dichroism in inner-shdl photoionization
Anisotropic fragmentation of core excited molecules
Inner-shell photoionization of oriented molecules
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-Experimental Setup
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ADVANCED PHOTON SOURCE

Development of Coherent X-ray Optics
Purpose:
The purpose of this R&D activity is to
investigate theoretical and experimental techniques
to develop coherent optics that operate in the hard
x-ray energy range. Several key technological
areas have recently converged to allow this io
occur:
• high brilliance x-ray sources
• advances in microfabrication, deposition
techniques, and precision metrology

Objective:
The objective of this proposal was the design
and fabrication of a hard x-ray optics which
preserves the coherence of radiation and
simultaneously meets the requirements for
the application. An example of such an optics is the
phase Fresnel zone plate.
• Mathematical analysis of tolerance
requirements to produce minimum foca! spot
of coherent photons
• Preliminary assessment of available
technological capabilities
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ADVANCED PHOTON SOURCE
Machine Parameters for the APS Undulator A
Positron Energy, E [GeV}
Stored Current fmAl

7
100

Positron Beam Emittance [m-rad]:
Horizontal, ex

8.2 x 10-9

Vertical, Ey

8.2x10-10

Betatron Function [m]:
Horizontal, Px

14.27

Vertical, p v

10.16

Positron Beam Size, standard Deviation [u.m]:
Horizontal, ax

342

Vertical, ay

91

Positron Beam Divergence, standard Deviation [urad]:
Horizontal, ax1

24

Vertical, ay1

9

Intrinsic Photon Size, standard Deviation Or [Jim]

2.1

Intrinsic Photon Divergence, standard Deviation Or' [urad]*

10.9

Total Photon Source Size, standard Deviation [fim]: *
Horizontal, T.\

342

Vertical, Ey

91

Total Photon Source Divergence, standard Deviation fur]:
Horizontal, Ex'

26

Vertical, Zv»

14

•Quantities evaluated at first harmonic energy or 4.2 keV.
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ADVANCED PHOTON SOURCE

APS Undulator A Parameters
Device
Undulator Period, Xu [cm]
Number of Periods, N
Device Length, L [m]
Minimum Gap (initial phase) [cm]
Minimum Gap (mature phase) [cm]
Deflection Parameter, Keff (Kmax) *
Maximum Field, Beff (Bpeak) [T] *
First Harmonic Energy El [keV] *
Characteristic Energy, Ec [keV] *
Random Field Error (RMS)
Phase Error (RMS)
Quantities

evaluated

at
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minimum
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Spectral Properties of APS Undulators
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BESSRC - APS ELLIPITICAL MOTION WIGGLER
Critical

Energy

Deflection

-

40 keV

Parameter

Ky
Kx

-

< 14
< 1.5

Degree of Circular
Polarization (on-axis)-

> 0.8

Switching

0.01 ^ 1 H?

Frequency -
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ADVANCED PHOTON SOURCE

Photon Beam Position Monitors

Design Goal:
Sensing 10% of undulator beam opening angle
and beam spatial size.
For Bx and By of 10 m,
y

< 8 - 30

da

y' < 1 - 2 jirad

The detection of such changes is achieved by using
two photon BPMs with a spatial resolution of ± 1p.
and separated by 3 - 4 m.
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ADVANCED PHOTON SOURCE

New Frontiers to Open in Research at the
Advanced Photon Source
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Techniques for Science and Technology
Research at the Advanced Photon Source
Information

SR Technique
Imaging
Absorption Contrast
Micro-Tomography
Holography

Real Space

Diffraction
- Powder

- Crystal
- High Pressure
- Polychromatic
- Surface/Interface
- Micro
Scattering
- Anomalous
- Magnetic
- Diffuse
- Wide-Angle
- Small-Angle
- X-ray Raman

Reciprocal Space
(Momentum)

- Inelastic
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Techniques for Science and Technology
Research at the Advanced Photon Source
(continued)
SR Technique

Information

Scattering Resolution
Spectroscopic Analysis
Fluorescence Microprobe
Reflectivity
XAFS
Spectroscopy
- Coherent
- Nuclear Resonant

Energy

Spectroscopy
- Photon Correlation
- Intensity Fluctuation
Time Resolved Scattering
- Structural
- Nuclear Resonant
- Biological Processes

Time
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ADVANCED PHOTON SOURCE

Some of the Research Areas Proposed for the
Advanced Photon Source
• Atomic Physics - Studies of Transient
Phenomena
Photo ionization Studies of Excited States
Surface and Interfaces
Phase Transition Kinetics
Fibers and Fiber Formation
Magnetic Studies Using Polarized Radiation
In-situ Thin Film Growth
Surface Oxidation and Reactions
Catalysts
Membranes
Crystallization and Melting
Self-assembling Systems
Clusters and Micro agglomerates
Amorphous Systems
Photosynthesis
Collective and Single-Particle Excitations
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Coherence Based Studies
Coherent Light from an Incoherent Source:
Longitudinal Coherence Length: lCOh
Icoh = (A/2) (k/AX)

Typical value = 0.6

Transverse Coherence Length: tCoh
tcoh = (A/2) (Rsource/dsource)

Typical value = 10 |im

Transverse Coherent Flux : FCOh
= (A/2)2 x Brilliance
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TIME-RESOLVED

INVESTIGATIONS

- 103 I
CATALYTIC REACTIONS
FOLDING-UNFOLDING MOTIONS

- 10°

i

- 10

ELECTROCHEMICAL PROCESSES
CHEMICAL INTERMEDIATES
COLLECTIVE MOLECULAR MOTIONS

- 10" 6

PHASE TRANSITIONS
FAST CHEMICAL/BIOLOGICAL
PROCESSES
ELECTRONIC EXCITATIONS

- 10-9

COLLECTIVE NUCLEAR
EXCITATIONS
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USERS AT THE APS
What is a Collaborative Access Team (CAT) at
the APS?
A CAT is an organizational entity that has an MOU
with the APS to develop and operate one or more
sectors, each consisting of an ID source and an
adjacent bending magnet source.
Who Are CAT Members?
Researchers interested in long-term, intensive
use of the APS will participate as members of a
CAT.
Who are Independent Investigators (Us)?
Groups and individuals interested in independent
access to the APS are an equally important part of
the APS user community and are referred to as Us.
Prospective Us will submit proposals to appropriate
CATs.

312
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Status of Collaborative Access Teams (CATs)
• Number of Sectors Requested

22

• Number of Sectors Approved by the
Proposal Evaluation Board (PEB)

20

• Number of ID Beamlines Planned

20

• Number of BM Beamlines Planned.

20

• Participation:
Universities
Industries
National Labs, etc.

77
25
18

Total Pis over
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500

Advanced Photon Source Collaborative Access Teams
COLLABORATIVE ACCESS TEAM

LEAD INSTITUTION

DISCIPLINE

A Micro-Investigation of Composition
Research Organization CAT (MICRO-CAT)

Oak Ridge National Laboratory

Microprobe Analysis of Material
Structure, Biological, & Environ.
Samples

Materials Research CAT (MR-CAT)

University of Notre Dame

Materials Time-Resolved
Scattering & Spectroscopy, insitu Measurements

Midwest Universities CAT

Iowa State University

Materials Science

Pacific Northwest Consortium CAT
(PNC-CAT)

University of Washington

Environmental Analysis, Materials

Structural Biology Center CAT (SBC-CAT)

Argonne National Laboratory

Structural Biology

Synchrotron Radiation instrumentation
CAT (SRI-CAT)

Argonne National Laboratory

X-ray Physics and Novel
Synchrotron Radiation
Instrumentation

A University-National Laboratory-Industry
CAT (UNI-CAT)

University of Illinois

Materials Science, Structural
Crystallography, Time-Resolved
Studies

co
Research, Macromolecular
Crystallography

Advanced Photon Source Collaborative Access Teams
COLLABORATIVE ACCESS TEAM

LEAD INSTITUTION

DISCIPLINE

Basic Energy Sciences Synchrotron
Radiation Center CAT (BESSRC-CAT)

Argonne National Laboratory

Materials science, chemical science, e?omlc physics

Biophysics CAT (BIO-CAT)

Illinois Institute of Technology

Biophysics

Consortium for Advanced Radiation
Sources CAT (CARS-CAT)

The University of Chicago

Structural Biology, Geosciences,
Chemical Sciences, Material
Science, Soil/Environmental
Sciences

Complex Materials CAT (CMC-CAT)

Exxon Research & Engineering

Complex Materials

E.I. Du Pont de Nemours & Co. Northwestern University • The Dow
Chemical Co. CAT (DND-CAT)

Northwestern University

Surface and Interface Science,
Polymer Science and Technology,
Materials Science

Industrial Macromolecular Crystallography
Association CAT (IMCA-CAT)

The Upjohn Co.

Structural
Biology/Macromolecular
Crystallography

IBM-MIT-McGill CAT (IMM-CAT)

IBM Research Div.

Dynamic Phenomena In Materials
Science and Physics

Center for Real-Time X«Ray Studies CAT
(MHATT-CAT)

Howard University

Physics, Real-time Structural
Studies of Materials, Chemical
Sciences

en
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Summary
Bernd Crasemann
Physics Department, University of Oregon, Eugene, Oregon 97403

The advent of new light sources has always evoked excitement among scientists. The atomic and
molecular physics community has eagerly anticipated advanced synchrotron-radiation sources and has
devoted a series of workshops to the study of their potential. There has been a qualitative change in
the character of these meetings, however. This fact one can note by comparing, for example, the 1980
Brookhaven Workshop on Atomic Physics at the National Synchrotron Light Source with the present
meeting. Whereas the early conferences tended toward somewhat speculative and often necessarily
vague forecasts of future opportunities, we are now at a stage where solid extrapolations from
present experiments are possible. Some of the first work on the newest light sources is being
reported, offering a tantalizing foretaste of what is in the offing.
An illuminating overview of the present status of third-generation synchrotron radiation facilities was
presented. At LURE, a richiy productive research program described by Paul Morin excels in
imaginative experimenis, particularly in molecular physics. For 1994, no less than 50 proposals have
been accepted by the facility for 500 shifts of running time. It is anticipated that SuperACO, the first
source of its generation in the world, may soon be joined by SOLEIL, a 2.15-GeV positron storage
ring planned to produce soft x rays to complement the capabilities of ESRF. From Berkeley's
Advanced Light Source, inaugurated but a few months ago, impressive data on x-ray fluorescence
from light elements were presented by Joseph Nordgren as they arrived by fax from the beamline,
demonstrating how high photon flux can make up for vanishing fluorescence yield and how tunability
and variable angles of incidence can resolve surface from bulk effects and differentiate adsorbate from
substrate. The Advanced Photon Source at the Argonne National Laboratory was toured by
Workshop participants; installation of the storage ring is to be completed this August, with
commissioning to start in January of 1995. Eleven undulators and 5 wigglers are to be installed
early-on, according to Gopal Shenoy, with delivery of one device per month scheduled to begin next
July. Preparations for a vigorous in-house research program on the APS are underway, enlarging in
part on experiments that cunently are being conducted at Brookhaven's NSLS by Gordon Berry and
his colleagues. With SPring-8, the grandest of the new sources is taking shape in Japan. Yohko
Awaya described how, circling Mount Mihara-Kuriyama, 38 insertion-device beamlines will be
constructed on the storage ring; there even is room for a 1-km-long line that could have unique
capabilities for scattering experiments. It is anticipated that 60% of the facility will be utilized by
university groups after it is commissioned in 1997, the rest being divided equally between industry
and government users. Plans for atomic studies include use of an EBIS for photoionization studies
on multicharged ions, on which Scott Kravis spoke.
Descriptions of innovative work on some of the more established sources invited extrapolations to
future plans. John West indicated that at Daresbury, total cross sections of some light atomic ions
have been measured by the merged-beam technique. The flux of ~1012 photons/sec limits the
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were, and how eagerly the atomic and molecular physics community looks forward to the
forthcoming opportunities.
At the conclusion of the meeting, the participants through prolonged warm applause showed their
appreciation for the magnificent job that Gordon Berry and his colleagues have done in putting
together this outstanding event.
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Workshop on Atomic Physics at High Brilliance
Synchrotron Sources
Argonne National Laboratory, Argonne IL 60439 USA
Bidg. 203, Auditorium
April 23-24, 1994

Saturday. April 23
8:00 a.m.- 8:30 a.m.

Registration

8:30-10:40 a.m.
Welcome

Walter Henning, ANL

Session 1

Chair, Pedro Montano
Yohko Awaya & Masaki Oura, RIKEN
"Present Status of SPring-8 and the Concept of the Atomic
Physics Undulator Beamline at SPring-8"
Gordon Berry, ANL
"Photoattenuation of Helium in the Compton Region"
Paul Morin, LURE
"Core-excited Molecules: Explosion or Concerted Process?"
John West, Daresbury Laboratory
"Experiments on Atoms, Ions and Small Molecules Using the
New Generation of Synchrotron Radiation Sources"

10:40 a.m.-11:00 a.m. Break
11:00 a.m.-12:20 p.m.
Session 2
Chair, Uwe Becker
Joseph Nordgren
Advanced Light Source/Uppsaia University
"Soft X-ray Fluorescence Studies Using Tunable Sychrotron
Radiation"
David Ederer, Tulana University
"Narrow Band Photon Excitation of Soft X-ray Emission Spectra"
Nina Avdonina, University of Pittsburgh
"Outer-Shell Photoionization of Ions"
12:20 p.m.-1:20 p.m.

Lunch

Sponsored by Argonne National Laboratory with additional support from the University of Chicago Board of Governors for
Argonne National Laboratory
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Saturday. April 23 (contd)

1:20 p.m.- 3:20 p.m.
Session 3

Chair, Joachim Burgdorfer
Gopal Shenoy, Advanced Photon Source/ANL
"Present Status of APS"
Gordon Knapp, Material Sciences Division, ANL
"Overview of the APS BESSRC Beamline Development"
Alfred Schlachter, Advanced Light Source, Berkeley
"The Advanced Light Source: Research Opportunities in Atomic
and Molecular Physics"
Tetsuo Koizumi, Rikkyo University.
"Pbotoionization of Ba + ion by 4d Sheii Excitation"

3:20 p.m.-3:40 p.m.

Break

3:40 p.m.- 5:40 p.m.
Session 4

Chair, Reinhard Bruch
K. Ueda, Tohoku University
"Decay Dynamics of inner-Shell Excited Atoms and Molecules"
Uwe Arp, NIST
"X-ray absorption of Atomic Ca, Cr, Mn and Cu"
Thomas LeBrun, ANL
"Auger Raman Spectroscopy of Atomic inner Shells"
Joseph Dehmer, ANL
"High-Resolution Photoelectron Studies of Resonant Molecular
Photoionization"

6:30 p.m.- 7:30 p.m.

Cocktails - Carriage Greens Country Club

7:30 p.m.

Dinner
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Sunday. April 24
8:30 a.m.- 10:30 a.m.
Session 5
Chair, Paul Cowan
Tefjo Aberg, Helsinki University of Technology
"Radiative and Radiationless Resonant Raman Scattering"
Manfred Krause, Oak Ridge National Laboratory
"Auger Spectrometry of Atoms and Molecules"
Joseph Berkowitz, ANL
"Some Thoughts on Future Experiments with the New Generation of
Storage Rings"
Stephen Southworth, NIST
"Electron Spectroscopy Studies of Argon K-Shell Excitation and
Vacancy Cascades"
10:30 a.m.-10:45 a.m. Break
10:45 a.m.- 12:15 p.m.
Session 6
Chair, Donald Gemmell
Miron Ya. Amusia, ANL/Joffe Inst.
"Photoionization of Atoms at High Energies"
Friedrich Von Busch, University of Bonn
"Ion Coincidence Spectroscopy on Rare Gases and Small
Molecules After photoexcitation at Energies of Several keV
Scott Kravis, RIKEN and Rikkyo Univ.
"An EBIS for Use With Synchrotron Radiation
12:15 p.m.-1:00 p.m.

Lunch

1:00 p.m.-2:30 p.m
Session 7

Chair, Richard Deslattes
John Cooper, University of Maryland
"Gamma-2e Coincidence Measurements-The Wave of the
Future in Inner-Shell Electron Spectroscopy"
Lewis Cocke, Kansas State University
"Recoil-ion Momentum Spectroscopy in Ion-Atom Collisions"
James Samson, University of Nebraska
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"A Study of Compton lonization of Helium"

Sunday. April 24 (contd)
2:30 p.m.-2:45 p.m.
2:45 p.m. - 3:30 p.m.
Session 8

3:30 p.m.- 3:45 p.m.

Break
Discussion Panel
James McGuire, Tulane University, Chair,
Uwe Becker, Max Planck Institute, Berlin
Joachim Burgdorfer, ORNL
Summary Talk
Bernd Crasemann, University of Oregon

3:45 p.m.

Conclusion of talks and tour of the APS

5:00 p.m.

Last bus leaves for O'Hare
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