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WORKSHOP ON ATOMIC PHYSICS AT THE ADVANCED PHOTON SOURCE

ABSTRACT

The first Workshop on Atomic Physics at the Advanced Photon Source was held at
Argonne National Laboratory on March 29-30, 1990. The unprecedented
brightness of the Advanced Photon Source (APS) in the hard X-ray region is
expected to make possible a vast array of new research opportunities for the
atomic physics community. Starting with discussions of the history and current
status of the field, presentations were made on various future directions for
research with hard X-rays interacting with atoms, ions, clusters, and solids.
Also important were the discussions on the design and status of the four next-
generation rings coming on line during the 1990's: the ALS 1.6-GeV ring at
Berleley; the ESRF 6.0-GeV ring at Grenoble (1993); the APS 7.0-GeV ring at
Argonne (1995); and the SPring-8 8.0-GeV ring in Japan (1998). The participation
of more than one hundred scientists from domestic as well as foreign institutions
demonstrated a strong interest in this field. We plan to organize follow-up
workshops in the future emphasizing specific research topics.

H. Gordon Berry
Yoshiro Azuma
Noura Berrah Mansour
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Alan Schriesheim COMMENTS:
APS WORKSHOP ON ATOMIC PHYSICS

March 29,1990

Ladies and Gentlemen, it is a pleasure to welcome you to Argonne National
Laboratory and to this workshop on the ways that synchrotron radiation
generally, and the Advanced Photon Source (APS) specifically, can advance
atomic physics.

We are pleased to see you here for a variety of reasons. For one thing, we
want you to know all that we are doing to get the APS ready for your use. For
another, we welcome the chance to learn from the leading researchers in the field
what you are doing in this area of science.

Most of all, we want to be sure that all of us are prepared to utilize fully the
APS as a vital new tool. The combination of high intensity and high-energy x-rays
provides unique opportunities in atomic physics, particularly in studying the
processes that follow deep-inner-shell electron dislocation.

First, let me tell you about our progress. Many of the current developments
that will affect the future of the APS are in a peculiar corner of science known as
"political" science.

We are receiving $51.5 million for APS construction and supporting
operations this year. We expect to break ground about a month from now.

The Department of Energy's spending plan, which is reflected in President
Bush's 1991 budget proposal to Congress, supports construction which would
allow us to start research in the fall of 1995. Some members of Congress feel that
we can optimize the nation's financial investment by shortening that construction
schedule.

This would require $120 million in APS funding for 1991 instead of the $75
million in President Bush's proposed budget to Congress. I've discussed this
accelerated schedule with Secretary of Energy James Watkins. He has indicated
to me privately and to Congressional hearings that he would welcome
incremental funding for such a purpose.

We are ready to accelerate this project. We have been hiring staff as fast as
funds are released to us for that purpose. Currently there are 165 Argonne people
in the APS organization.

The cultural, archeological, geological, and soil work on the construction
site is either on schedule or completed. The study which found no significant
environmental impact has been approved by the state Department of Energy and
is moving forward toward approval by the federal DOE.



Both the architect-engineering contract and the construction management
contract have been signed with leading national firms.

The first quadrupole magnet to focus the positron beam has been shipped to
Fermilab for testing. The prototype undulator which will wiggle the positron
beam in order to generate brilliant x-rays has been designed by APS for testing at
Brookhaven National Laboratory.

Testing continues on the aluminum vacuum chamber prototype. And we
are advancing development of a unique design to run liquid gallium through
channels in the silicon crystals that act as polarizing mirrors for the x-ray beam,
both to cool one side of the crystal and to heat the opposite side to offset distortion.

In collaboration with researchers at the University of Michigan and
AT&T's Bell Laboratory, we have developed a charge-coupled device to make
ultra-fast x-ray diffraction images of materials under stress.

We are also preparing our staff to make this the most user friendly facility
ever built in the United States. And I don't mean just the APS Staff.

With 200 research programs, Argonne probably can claim the most
diversified mix of disciplines and expertise of any national laboratory. We believe
that diversity represents an advantage for both this Laboratory and for the users of
APS.

It offers you a smorgasbord of collaboration and assistance ranging from
theorists and experimentalists through advanced computer specialists,
accelerator engineers, and technicians.

It is our goal to have each user of APS spend the maximum amount of the
time at Argonne on the experiment. We expect to apply what we have learned in
the operation of our other accelerators — like the Intense Pulsed Neutron Source
and ATLAS « to save the user time on setting up, operation of the facility,
collection of data, and bureaucracy.

That is why it is important for us to have you here for this workshop and to
learn what you foresee as your needs when we start generating the most brilliant
x-rays in the world. Thank you again for coming to this conference and for your
continuing interest in the Advanced Photon Source.
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STATUS REPORT ON THE ADVANCED PHOTON SOURCE, SPRING 1990

by

David E. Moncton
Associate Laboratory Director, Advanced Photon Source

Argonne National Laboratory

INTRODUCTION

The Advanced Photon Source (APS) at Argonne National Laboratory has been
designed as a national user facility for synchrotron-radiation researchers from
industry, universities, and national laboratories. In fact, the APS user community
has been an important source of guidance and expertise throughout the project's
planning cycle.

By providing x-ray beams more brilliant than those currently available, the APS
promises to play a substantial role in any discipline where knowledge of the
structure of matter is important, from basic research in materials and chemistry to
condensed-matter physics, biology, and medical applications. The science now in
progress at existing synchrotron-radiation facilities, and the science being proposed
for the APS, underlie virtually all modern technologies.

In February of 1986, a conceptual design report (CDR) was issued detailing plans
for a next-generation synchrotron-radiation machine, the 6-GeV Synchrotron X-ray
Source. In April of 1987, a second CDR formalized the design of the 7-GeV
Advanced Photon Source. That design has been refined and carried forward to its
current level of construction readiness. On the eve of ground-breaking ceremonies,
a review of APS status is appropriate.

APS FACILITY OVERVIEW

The APS facility is to be constructed in the southwest corner of the Argonne site
on a 79-acre parcel of land with very good geological characteristics.

The experimental hall will be 390 meters in diameter, with the storage ring
nearest the inner wall of the large hall. The linac, positron accumulator ring, and
booster are to be located in the infield. Lab/office modules for users will be located
around the perimeter of the ring. Staff and long-term visitors will occupy an office
building situated outside the ring. The APS will provide research opportunities for
several thousand scientists in total, with 300 to 400 taking data at any one time.

The 58-m-long, 60-Hz APS linac will initially accelerate electrons to 200 MeV.
One-third of the way down the linac, the electrons will impact on a tungsten
positron-conversion target. Positrons will be captured and accelerated to 450 MeV
over the remaining two-thirds of the linac and then injected into a small
accumulator ring, approximately 31 meters in circumference, where successive 450-
MeV pulses from the linac will be stacked. The accumulator ring serves two
functions: to damp the positron emittance, thereby making the beam more compact,
and to accumulate 24 pulses from the linac while the booster is ramping-up the



previous set of pulses. After injection into the 368-m-circumference booster,
positrons will be ramped-up from 450 MeV to 7 GeV in one-quarter of a second.
Because it cycles back down to 450 MeV in order to pick up the next pulse, the
booster performs two cycles per second, making it a 2-Hz machine.

The storage ring, 1104 meters in circumference, is designed for a nominal energy
of 7 GeV. All calculations of undulator spectra indicate an optimal energy range
between 7 and 7.5 GeV. At higher energies, the performance of undulators in the
principal x-ray range, where APS will operate, begins to deteriorate, making 8, 9, or
10 GeV problematic in terms of usefulness. Under normal operating conditions,
about 30 of the 1296 available rf buckets will be filled with positron bunches, each
carrying on the order of 5 milliamps. Anticipated filling time is one minute.

The APS storage ring will have 40 sectors that each include a straight section.
Each sector will contain one insertion-device (ID) beamline and two bending
magnets. One of the two bending magnets in each sector will be available to extract
radiation; thus, a sector from the user's point of view is an insertion device and its
companion bending-magnet beamline. Allowing for rf cavities and injection
apparatus, there will be 34 sectors available to user groups.

APS undulators will produce x-ray beams with spectral brilliance in the range
between 1018 and 1019 photons/s/0.1%BW/mrad2/mm2. That brilliance represents an
increase of 3 or 4 orders of magnitude over what is now available from, for instance,
bending magnets at the National Synchrotron Light Source. There are other devices
which perform in the intermediate range, but nothing extant in the U.S., or in fact
the world, is capable, certainly on a dedicated basis, of producing brilliance at the
level to be achieved by the APS.

Space for users at existing synchrotron-radiation facilities has historically been in
short supply. The APS design calls for one user module, containing two labs and
complementary offices, for each sector of the machine, providing a significant
improvement in the quality of life for the research community around the ring.

RESEARCH AND DEVELOPMENT HIGHLIGHTS

Insertion devices
A collaboration between the APS Experimental Facilities Division (EFD) and re-

searchers at Cornell University resulted in the design of a new insertion device, the
APS/CHESS undulator. APS staff then worked with Spectra Technology of
Bellevue, Washington, to construct the ID, and in 1988 the prototype APS/CHESS
undulator was installed at the Cornell Electron Storage Ring, where it performed
extremely well.

A prototype ultraviolet undulator has now been constructed and it will soon be
tested in the vacuum ultraviolet ring at Brookhaven National Laboratory. Currently
under consideration is a device to produce circularly polarized radiation, an advance
certain to be of interest in the atomic physics community.

Optics
The problem of thermal loading on beamline optical components is also the

subject of an EFD study. When an intense x-ray beam strikes a monochromating



crystal or a mirrored surface, that surface is heated, causing a distortion, or local
thermal bump. These high power densities, which will occur at unprecedented
levels at the APS, would be disastrous to a beam's optical quality. A multi-step
procedure developed by APS staff will model the effect of localized high heat loads
on optics. Using the Cornell machine and beams from the prototype APS/CHESS
undulator, the results of these calculations have been intercompared with
performance to determine the reliability of the finite-element-analysis approach and
to optimize schemes for optics cooling adequate to the needs of APS.

While the state of the art in optics cooling has been to run water through
channels close to the surface of a crystal, Argonne scientists have pioneered the use
of liquid metals, particularly gallium, which is much more effective as a coolant. At
the current stage of development, APS-designed optics can withstand the power
densities associated with beams carrying brilliance levels in the 1018 range. Further
optimization of that geometry will be carried out to accommodate the even greater
power densities that will come with the 1019 brilliance level produced by the fully
operational APS facility.

Accelerator physics
Anticipating the behavior of particles in a storage ring is among the most

daunting of accelerator-physics issues. The APS Accelerator Systems Division (ASD)
is performing a series of experiments using the Aladdin storage ring at the
Synchrotron Radiation Center in Wisconsin. Thase experiments serve as a check on
computer programs that must predict the behavior of particle dynamics in the APS
storage ring, as measured in response to perturbations. Under experimental
conditions, APS simulations have proven to be very accurate. The measurements
also resulted in specific determinations about the operational parameters of the
magnets in the Aladdin ring, conditions which were not known at that level of
detail at that time, making this undertaking useful for scientists at Aladdin as well
as at APS.

Vacuum chambers
There will be 240 sections of vacuum chamber, each approximately 15 feet long,

in the storage ring alone. Three actual, though non-production, storage ring
vacuum-chamber segments, complete with all welds, hardware, and ports, have
been constructed by the Accelerator Systems Division. Fabrication of these chambers
requires intricate welding to allow connection of all segments in the ring. An
innovative welding technique has resulted from the R&D effort carried out with
Ferranti Sciaky, Inc., of Chicago.

Configuring vacuum chambers to match ring curvature has not been a trivial
matter. It was realized that if the chambers could not be bent, they would require
machining, a much more expensive alternative. A method for bending the
chambers, the subject of an R&D initiative begun two years ago together with Pacific
Pipe of Oakland, California, has been successfully demonstrated, putting to rest a key
technical and budget issue.



Magnets
As there will be a total of 1503 magnets of various types in the APS accelerator

complex, R&D in this area has also been a focal point for the Accelerator Systems
Division. The first of 400 APS storage-ring quadrupole (SRQ) magnets has been
assembled from components fabricated to APS specifications. The SRQ, though a
straightforward electromagnet, is very demanding in terms of magnetic-field
quality: Storage-ring quadrupoles for the APS require field gradients accurate to 1
part in 104, maintainable even after disassembly and reassembly for repair. Critical
parameters must also be achieved economically over the entire SRQ fabrication
cycle, as they must for all APS magnets.

The prototype 0.8-m-long SRQ was transported to Fermi National Accelerator
Laboratory for magnetic measurements, which proved to be within the required
margin of error. Slight design modifications are now under way prior to assembly
and testing of a second SRQ. In order to expedite the measurement process, an APS
magnet-measurement facility is scheduled to be on line at Argonne in the summer
of 1990.

FUNDING

The 7-GeV Advanced Photon Source Conceptual Design Report proposed a
construction budget of $380 million (expressed in FY1989 dollars, as are all amounts
here), with $77 million of that sum for contingency and a detailed estimate totaling
$303 million for technical components including the injector, the storage ring,
insertion devices, and beamlines. Since then, that estimate has held up as the APS
progressed from conceptual design to a completion level of 30 percent. Though costs
have risen by $30 million, the contingency has dropped to $49 million as more
knowledge about the design has been gained, the motivation for setting a large
contingency at the outset. Escalation in the cost of conventional construction,
currently estimated at $147 million versus the CDR estimate of $115 million, had
been the cause of some concern. However, in the last few months, value-
engineering studies have identified approximately $16 million in cost containments
for conventional-facilities construction. Over all, the project cost estimate has risen
by only one percent.

The schedule now on file with the Department of Energy, the Office of
Management and Budget, and the Congress, calls for $40 million in FY1990 to
underwrite early construction activities, as well to purchase some technical
components. In FY1991, APS is scheduled to receive $75 million, with funding
escalating through FY1993 and then tailing off over the next two years for a total of
$456 million at completion in 1995.

Project management has developed an accelerated funding profile, calling for
more initial dollars but no increase to the total of $456 million, which would allow
completion of the APS a year earlier. That possibility has been communicated, and
there has been some enthusiasm for it within the Department and Congress.

These next few months will be critical to the progress of the Advanced Photon
Source. If the case for an accelerated funding schedule is made, perhaps the APS will
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have some chance of competing with next-generation facilities being constructed in
Europe and Japan.

LETTERS OF INTENT

APS user programs are approaching an important date. May 1,1990, has been set
as the deadline for submission of experiment proposals in the form of Letters of
Intent from prospective users, both Independent Investigators and Collaborative
Access Teams. Those Letters of Intent that are approved will move on to the formal
proposal stage. Finally, there will be a third stage, where a memorandum of
understanding is signed cementing relationships between users and the Laboratory.

All those associated with the APS can view May 1 as that point in time when the
variety and scope of research interests will come into clearer focus, and the APS's
true potential will begin to take shape concurrent with its physical manifestation.
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Workshop on Atomic Physics at t ^ Advanced Photon Source
Argonne National Laboratory, 29-30 March 1990

OPPORTUNITIES FOR ATOMIC PHYSICS WITH HARD SYNCHROTRON RADIATION

Bernd Crasemann

Department of Physics, University of Oregon
Eugene, Oregon 97403

Introduction: Construction of third-generation synchrotron-
radiation facilities places atomic and molecular scientists at
threshold of extraordinary opportunitites.

Complementarity of APS and ALS. Here emphasize applications
°f hard x rays.

History of x rays recent. Importance in development of
"modern" physics—crucial experiments on wave-particle dualism,
structure of matter... yet limited. Continuous source of EM
radiation from transverse acceleration of charged particles seen
in supernova remnant in Crab. Properties of SR from synchrotrons
and storage rings predicted 1898 by Lienard, cf. also Schott 1916,
calculated by Schwinger 1946, * 49 and Sokolov and Ternov 1968.
First observed in 1947, initially considered nuisance. Only in
last 3 decades the realization has grown that this source of
radiation continuously tunable, highly polarized, bright is
extremely useful for scientific research and technology.

Potential in atomic physics strikingly revealed by experiment of
Madden and Codling 1963. Yet lags behind e.g. surface science,
crystallography... largely because of tenuity of gas-phase
sources and relatively low cross sections. Change now: insertion
devices, dedicated third-generation sources anticipate
extraordinary advances in applications.

These perspectives were surveyed by a Panel at a DoE Workshop
held in Berkeley last November; its report and those of other
panels dealing with additional frontier research areas in AMO
sciences are to be discussed at a "town meeting" on the last
evening of the DAMOP annual meeting in Monterey 21-23 May. Ap-
propriate to take the Panel Report as starting point here, expand
upon unique potential of hard x rays in the production of which
the APS will excel.

Subjective view of "Global Frontiers" {note qualifiers). Strong
potential of APS likely to lie in part in exploration of relati-
vistic and QED effects which become prominent in inner shells and
at high Z cf. later.

Techniques and topics provide selected illustrations:

Total photon interaction cross sections [Absorption spectromet-
ry] Technological applications from medical radiology to space
travel discrepancies near edges; many-body effects; ill-unders-
tood phenomena. Clear resolution at inner thresholds cf. Xe L 3 —
-need to extend.
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ffi} Scattering Molecules and atoms to nuclei; cf. George _Q

Brown's lecture nuclear Bragg scattering, resonance width 10
eV! Fe-57 in YI6, sees enhancement of coherent decay: broadening
and shift; quantum optics analog.

(^ Fluorescence cf. Lindle et al.'s discovery of polarization
dependence of Cl K-beta from CH3CI (methylchloride) on excitatioi
energy in the Cl K region deduce molecular orbital symmetries
(Peter Langhoff): a consequence of the alignment of the molecule
produced by the excitation process. Foresee applicability to more
complicated molecules, adsorbate and condensed phases!

Photo- and Auger-electron spectrometries workhorses of atomic-
structure and dynamics investigations, anticipate more angle- anc
spin-resolved and coincidence measurements made possible by high-
er brightness cf. Manfred Krause's lecture.

Especially fruitful now: e-e correlation studies by thres-
hold ("zero-energy") time-of-flight electron spectrometry.

(°\\ Further example: Tulkki-Krause Xe 5s threshold satellite:
^—^ cross section at threshold dominated by interaction between [5s]

single hole and 5p 5d double-hole ionization channels new "in-
ternal electron scattering satellite" with peculiar dynamical
properties dominates at threshold!

Ion spectrometry Note paucity of data. Frontier. Cf.
(iS) Wuilleumier lecture. Church recently reviewed brightness and

storage techniques. Plans for traps incl. EBITs in SR beams.

For remainder of talk, turn in slightly more detail to a couple
of challenging questions regarding atomic inner-shell phenomena—

(\\) A special regime in which APS will lend access to unprecedented
exploration... Illustrate.

Atoms held together by the Coulomb force, hence it is important
_. to look at the lowest-order relativistic corrections to the
Qjp Coulomb energy, viz., current-current interaction [exchange of a

single transverse photon] and retardation effects.

(y$\ Breit operator accounts for small contribution to total energy
^—^ but can get significant in special cases, e.g. hypet-fine split-

tings and two-hole-state energies... k
3. ?

© Energy matrix element between antisymmetrized j-j-ccmpled 2-hole
states.

© Test predictions by looking at hypersatellites. Note K-alpha-one-
h [Is ]-[ls2p] P^ forbidden in LS coupling, emission depends on
mixing of P± and Pj in [2s2p] final state reduced by Breit:
2585 effect at Z=18 but mixing is increased for higher Z!

(^ Note discrepancy from classical ratio of two in K-alpha-one/K-
alpha-two hypersatellite intensity ratio vs. Z! What fun to check
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Similar large contributions of Breit to energy shifts clear
opportunity for sensitive tests of Mann-Johnson operator.

Another class of atomic inner-shell processes that deserves being
singled out because important investigations will become possible
with the APS relates to virtual phenomena: (1) Interaction of
hole states with the continuum, and (2) resonant Raman transi-
tions.

Interaction-with-radiationless-continua effect on level energies.

© Second type of interesting virtual transitions, barely explored
as yet: resonant Raman scattering.

^tT) Principle of Raman transitions.

£~\ Xe L3-M4M5 threshold Auger spectra and hole-state width, compared
^—' with absorption-edge "anatomy."

£|N A later, better spectrum: consider potential in view of importance
that Raman spectrometry has gained in other fields.

\V\\ Conclusion: chance to lead the [scientific] world!

14
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Adapted from Phys. Rev. Lett, m 516 (1963)
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Future Opportunities for Research in
fltomic, Molecular, and Optical Science

DoE WORKSHOP

BERKELEY, 7 NOVEMBER 19BB

Panel «

ATOMIC RND MOLECULRR SCIENCE WITH
SYNCHROTRON RADIATION

Tomas Baer, University of North Carolina
Bernd Crasemann, University of Oregon
J.L. Dehmer, Argonne National Laboratory
H.P. Kelly, University of Virginia
M.O. Krause, Oak Ridge National Laboratory
O.W. Lindle, Natl. Inst. of Standards & Tech
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Global Frontiers
in fl & M Science

include

* STRUCTURE of atoms and molecules and
OYNflMICS of processes —

esp. near thresholds

* HRNY-BODV EFFECTS:
Electron Correlations —

"Beyond the Independent-Particle Model"

* RELRTIVISTIC RND QED EFFECTS
BREIT
SELF ENERGY
VflCUUM POLRRIZRTION
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• Absorption spectroscopy
Absolute cross sections

- Edge structure

• X-ray scattering
Absolute scattering probabilities
Depolarization of resonance fluorescene
Angular distributions

• X-ray fluorescence
Polarization/angular distributions

- Chemical shifts
- Multi-electron effects

• Visible-UV fluorescence
Molecular fragmentation

- Molecular vibration/rotational resolution

• Pbotoelectron spectroscopy
Cross sections, angular and spin distributions

- Multielectron effects
Resonant photoemission

- Postfcbllision interaction

• Auger-electron spectrometry
- Auger yields

Energy levels of multiply charged ions
Satellites and many-electron effects

- Time-resolved studies
Threshold resonances

- Cascade effects
Post-collision interaction

- Angular distributions
Spin-resolved spectrometry
Coincidence studies

• Ion spectroscopy
Molecular fragmentation
Multiple icnization
Ion coincidence studies
Studies of trapped ions
Two-color experiments

19
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VOLUME 63, NUMBER 15 PHYSICAL REVIEW LETTERS 9 OCTOBER 1989

Resonance Energy Shifts during Nuclear Bragg Diffraction of X Rays

J. Arthur, G. S. Brown, D. E. Brown, and S. L. Ruby
Stanford Synchrotron Radiation Laboratory. P.O. Box 4349, Bin 69, Stanford, California 94309

(Received 12 June 1989)

We have observed dramatic changes in the lime distribution of synchrotron x rays resonantly scattered
from "Fe nuclei in a crystal of yttrium iron garnet, which depend on the deviation angle of the incident
radiation from the Bragg angle. These changes are caused by small shifts in the effective energies of the
hyperflne-split nuclear resonances, an effect of dynamical diffraction for the coherently excited nuclei in
the crystal. The very high brightness of the synchrotron x-ray source allows this effect to be observed in
a 15-min measurement.

PACS numbers: 76.80.+y, 07.85.+n, 42.IO.Oj, 6l.10.Dp
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FIG. 1. Time distribution of resonantly scattered x rays
from YIG (002) in symmetric Bragg geometry, with the indi-
cated deviation angles from the Bragg angle (corrected for re-
fraction due to the electron density). Each solid curve gives
the intensity of the Fourier transform of the dynamical theory
calculation for the multilevel energy-dependent reflectivity am-
plitude.



PHYS. REV. LETT.gQ, 1010 (1988)

Polarization of Molecular X-Ray Fluorescence

D. W. Lindle, P. L. Cowan, R. E. LaVilla, T. Jach, and R. D. Deslattcs
National Bureau of Standards, Gaithersburg, Maryland 20899

B. Karlin
National Synchrotron Light Source, Brookhaven National Laboratory, Upton, New York 11973

and

J. A. Shcehy, T. J. Gil, and P. W. Langhoff
Department of Chemistry. Indiana University, Bloomington. Indiana 47405

(Received 7 December 1987)

Polarization of Cl Kp x-ray fluorescence following selective excitation of gaseous CHjCl with syn-
chrotron radiation is reported. The degree of polarization of the fluorescence depends sensitively on the
chosen incident excitation energy in the Cl Af-edge region. Theoretical considerations indicate that the
fluorescence-polarization measurements can provide directly absorption and emission anisotropies,
molecular-orbital symmetries, and relative fluorescence transition strengths.

PACS numbers: 33.2O.Rm, 33.5O.Dq, 33.90.+h
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FIG. 2. Cl Kff fluorescence spectra from CH3C1 following
Cl \s— 8a 1 excitation with 2823.4-eV photon energy, centered
on feature D in the absorption spectrum of Fig. 1. The labels
parallel and perpendicular refer to orthogonal orientations of
the measured fluorescence polarization relative to the incident
E vector. The two spectra have been scaled so that the areas of
peak C are identical. The peak at 2823.4 eV is due to elastic
scattering of the incident radiation.
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Multiple Excitation at Xenon 5s Photoionization Threshold

J. Tulkki
Research Institute for Theoretical Physics. University of Helsinki. 00170 Helsinki. Finland

and Laboratory of Physics. Helsinki University of Technology. '*' 02150 Espoo. Finland
(Received 28 March I9S9)

The effect of multiple-electron excitation on the threshold behavior of Xe 5s photoionization is studied
using the multichannel multiconfiguration Dirac-Fock method with full account of relaxation. The in-
clusion of the ionization channels related to 5p4Sd Jma" f excited states is found to change the single-
excitation results drastically. Our cross section and asymmetry parameter /? arc in very good agreement
with experiment. Calculation of the related satellite cross sections predicts a new tvpe of satellite that
exists only in the near-threshold region and has a peculiar angular dependence.
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Experiment: Fahlman, Krause, Carlson, and Svensson,
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From Church et al., Physical Review A 2£, 2487 (1987).

Signals from argon ion charge states, obtained using axial detection of the ions in
a Penning ion trap. The ions were generated by a vacancy cascade following
synchrotron radiation photoionization of argon.



ATOMIC INNER SHELLS

LARGE ENERGIES e.g. E(1s) = -100keV,Z =

-> STRONG REL+ GED EFFECTS

m/mo= 1.05 at Z/n = 43, also Ar -»
A|E(1s)| = 5% at Z = 61

STRONG TRANSITIONS

MOSTLY RADIATIONLESS

MANY CHANNELS

VERY SHORT T'S

PERTURBATION APPROACH PUSHED TO LIMIT

e.g. r(M1) = 20eV, Z =

e.g. co(M1) = 1O-3, Z=70

e.g. 2784 matrix
elements to [2p3/2 l at high Z

—» TWO-STEP SEPARATION OF
EXCITATION/DEEXCITATION
BREAKS DOWN
VIRTUAL PROCESSES PLAY
IMPORTANT ROLE

ILLUSTRATE -
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FIRST ^ Y ^ A ^ « ^ CAI^R^CTICCS TO THE

flH THE ft<£C ATlVlSTl

G. Breit, Phys. Rev. 39,616 (1932)

— C
umir

i • rtf)(«,- - rt/)|

magnetic retardation

J. B. Mann & W. R. Johnson, Phys. Rev. A 4,41 (1971) (fft£QU€NCV«

- ~ [a,-a,-cos wry + (l-coswr..)]
^

retarded Gaunt retardation
correction to

fCS the charge-

Action
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Breit-Coulomb energy matrix between j - j
coupled antisymmetrized 2-hole states:

\JU2JM) =D-E

A.=0

j \ h
J2 ) \

X

and

1)-
x=o

h h
j\ h

4*1*2

" I T 0

X

- U - S i n )

where

< Uanuzx

Wij{r)=Gj(r)GJ(r)+Fi(r)Fj(r) ,

Uij(r)=Gi(r)Fj(r)+Fi(r)Gj(r),

VtJ{r)=*Gt{r)F){r)-Ft(r)Gj{r) ,

and

fl if /, +k+l2 is even
0 o t h e r w i s e

]2 72 *

-4 I o

la)

Chen et al.
Phys. Rev. A 25,
391 (1982)
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FIG. 8. The Ka\-io-Kai x-ray hypersatellite intensity
ratio, as a function of atomic number Z.

From Phys. Rev. A £5, 391 (1982).
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From Phys. Rev. A 25,391 (1982).
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Z

FIG. 4. Contribution (in percent) of the Breit energy
to the energy shifts of Kax and K0{ hypersatellites with
reference to the respective diagram lines.
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VIRTUAL PHENOMENA

IN ATOMIC INNER SHELLS:

(a) Hole-state interaction with radiationless continua

(b) Resonant Raman scattering

INTERACTION WITH CONTINUUM-

Dynamic relaxation process: core hole fluctuates to
intermediate GK level
+ creates electron-hole pair excitation

[M. Ohno & G. Wendin, J. Phys. B 12,1305 (1979)]

-» Many-body radiationless analog of the electron self energy!

f Narrowing of Ps
Causes {

[ Level Shifts I

[U. Fano, Phys. Rev. 124,1866 (1961)]
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EVEN FOR INNER SHELLS,

DYNAMICS OF ATOMIC PROCESSES ARE
INTIMATELY LINKED TO THEIR
MANY-BODY CHARACTER -

PARTICULARLY NEAR THRESHOLD

EXAMPLE:
PHOTOIONIZATION FOLLOWED BY AUGER DECAY

IN HIGH-ENERGY LIMIT.
INDEPENDENT-PARTICLE TWO-STEP MODEL
APPLIES RATHER WELL:

BUT NEAR THRESHOLD.
A £iN£LE SECOND-ORDER QUANTUM
PROCESS TAKES PLACE

("RESONANT RAMAN")
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RESONANT
RAMAN

TRANSITION

* INTERMEDIATE STATE IS VIRTUAL: NO RELAXATION

* EMITTED LINE SHAPE = INCIDENT LINE SHAPE:
CAN BE « r»

* EMITTED ENERGY DISPERSED WITH INCIDENT ENERGY

---> NOTE POTENTIAL OF EXPLORATION
WITH THIRD-GENERATION SYNCHROTRON-
RADIATION SOURCES!!
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NEW FRONTIERS IN X-RAY PHOTOIONIZATION
OF IONS AND ATOMS

Steven T. Manson
Department of Physics and Astronomy

Georgia State University
Atlanta, GA 30303

ABSTRACT

Opportunities opened up in the area of photo ioniz at ion of ions

and atoms by a high-brightness tunable x-ray source are discussed.
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I. INTRODUCTION

A high-brightness tunable x-ray source, such as a synchrotron,

would be an extremely useful device for atomic physics studies.

Since the coupling between the x-ray photons and the target is weak

(of the order of the fine-structure constant, - 1/137, compared to

coulomb coupling), the dynamics of the target can be investigated.

A high-brightness photon source is needed to produce enough counts

to do an experiment in a "finite" time (where "finite" is related

to the lifetime of the beam) where the target density is low.

Target density may be low because it is difficult to create such

a target, such as in the case of multi-charged positive ions. In

addition, target density may be kept low intentionally, so that

emerging electrons are not scattered on their way out of the

interaction region before they are detected. Thus, a high-

brightness x-ray synchrotron opens (or enhances) the possibility

of a number of experimments concerning ions and atoms. In this

paper, some of the emerging possibilities are outlined; it is meant

to be indicative, not exhaustive.

II. Photoionization of Ions

The extant experimental data concerning photoionization of

ions is quite sparse, and practically all on singly-charged ions,

and less than ten of those.1"3 Some examples are experimental cross

sections for singly charged ions are shown4"6 in figs. 1-3. Where

comparison with theory has been made, as in the case of K+,

agreement is quite good7 as seen in fig. 4. There is also some

experimental data on Ba+Z multi-charged ions of carbon8; an example
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is shown in fig. 5. It is to be emphasized that this is the

totality of published experimental data!

The conventional wisdom has been that electron dynamics get

simpler in going to more and more highly charged ions. While this

is true eventually (and the word eventually is to be stressed), it

does no happen quickly or montonically. The experimental data

shown in fig. 5 does not appear to be getting simpler with

increasing stage of ionization, for example. In addition, a

theoretical study of the excited nf states of the Cs isoelectronic

sequence9 provides a dramatic counter-example to the conventional

wisdom. The nf cross sections for Cs, fig. 6, are monotone

decreasing and simple, while Ba+, fig. 7, they are considerably

more complex. As a matter of fact, looking at the 6f cross

section, fig. 8, it does indeed take come time before the cross

section is simple again; even Tb *10 is not enough!

In addition, theory predicts a simplification for inner shell

photoionization of ions10; namely, except for a shift in the

threshold energy, inner shell cross sections do not change with the

removal of outer shell electrons. Examples for Fe 2s and 3p are

shown11 in figs. 9 and 10. It is to be emphasized that there is,

as yet, no experimental confirmation of this simplification.

Clearly benchmark measurements over a broad range of Z (nuclear

charge) and N (number of electrons) are needed. Since most of the

cross sections are in the X-ray range, and target densitites are

apt to be low, a high-brightness x-ray synchrotron is ideal for

this purpose.

Furthermore, the study of auto-ionizing or auger resonances
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in the photoionization cross section, which are so important for

neutral atoms and low-charges ions, should be quite instructive

since the importance of these resonances should decrease since the

branching ratios (fluorescence yields) favor radiation over

electron emission for highly charged ions. The situation is shown

schematically in fig. 11.

Finally, note that it has been shown12 that the x-ray and auger

channels for the decay of an inner shell hole cannot be treated

independently but interfere with each other; inner shell

photoionization of ions are ideal "laboratory" for this effect, not

yet studied experimentally.

III. PHOTOIONIZATION OF ATOMS

Atoms are relatively easier to get reasonable target

densities, but the densities must be limited to do electron

spectroscopy. An extremely interesting but poorly understood

region is in the vicinity of inner-shell thresholds. While there

is a significant amount of atomic photoabsorption data in the x-

ray range13, there is almost nothing within 5 or 10 eV of threshold;

some examples are shown in figs. 12 and 13. Studies of inner-shell

photoionization in the threshold region of open-shell atoms reveal

details of correlation and particularly exchange. Calculations

predict strong effects14, even for systems as simple B 2s shown in

fig. 14. Such investigations are important to the study of open-

shell atoms which, after all, make up most of the periodic table!

In addition, inner shell photoionization of all atoms is of

importance since these studies can shed light on the three-body
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continuum coulomb problem, one of the oldest unsolved problems in

physics. Ideally, studies of energy and angular correlation of the

photoelectron and an auger electron are needed. This, of course,

requires a bright x-ray source. This process is shown

schematically in fig. 15.

Studies of phoi:oelectron angular distributions in the x-ray

region is also of great interest since this process gives

information of high order multipoles, not just dipole.

Furthermore, although higher multipoles contribute to the total

cross sections as well, they are much more important in angular

distributions owing to the interference terms in the angular

distribution which are not there in the total cross section.

Further, the importance of higher multipoles is clearly revealed

in a non-dipole "signature" of the angular distribution.
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From Phys. Rev. Lett. 3Z, 428 (1976)
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1. Experimental photoabsorption cross section for (a) Na and (b)
Na from Ref. 4.
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From Phys. Rev. Lett. 4Z, 1124 (1981)
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3. Experimental photoionization cross section for Ba* (Lyonetal.)

Adapted from J. Phys. B IS, 4137 (1986)
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From Physica Scripta 4±, 458 (1990)
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From Physical Review A 21,1047 (1988)
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From Physical Review A 32,1047 (1988)
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7. Calculated photionization cross sections for excited nf states
in Ba* from Ref. 9.
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From Physical Review A 37, 1047 (1988)
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8. Calculated photoionization cross sections for excited 6f

states in the Cs isoelectronic series from Ref. 9.
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From Physical Review A i & 2124 (1978)
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9. Calculated 2s photoionization cross sections (per election)
for ions in the Fe isonuclear series from Ref. 11. The
vertical lines are the thresholds for the given stage of
ionization.
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From Physical Review A13, 2124 (1978)
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10. Calculated 3p photoionization cross sections (per election)
for ions in the Fe isonuclear series from Ref. 11. The
vertical lines are the thresholds for the given stage of
ionization.
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From At. Data Nuc. Data Tab. 3fi, 1 (1987)
© Academic Press

NUMBER 29

ENERGY (EV)

12. Experimental photoabsorption cross section for Cu, z=29, in
the 1-10 kev range from Ref* 13.



From At. Data Nuc. Data Tab.
© Academic Press
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Experimental photoabsorption cross section for Ag, Z=4 7, in
the 10 - 100 kev range from Ref 13



Adapted from Aust. J. Phys. 22, 799 (1986)

1 2 3 4 5

H^(RYDBERGS)

Calculated branching ratio of 3P:'p final states in 2s
photoionizaticn of B from Ref. 14. The curves labelled L and
V represent "length" and "velocity" results, while K includes
only the shift of thresholds. Note that in the absence of
dynamical effects, this ratio should be three.
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15. Schematic representation of photoelectron-auger electron
energy and angular correlation (coincidence) experiment.
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THE ADVANCED LIGHT SOURCE:
A NEW 1.5 GEV SYNCHROTRON

RADIATION FACILITY AT THE
LAWRENCE BERKELEY

LABORATORY

Fred Schlachter
University of California
Lawrence Berkeley
Laboratory
Berkeley, California
USA
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THE ADVANCED LIGHT SOURCE

The Advanced Light Source (ALS), presently under construction at the
Lawrence Berkeley Laboratory, will be the world's brightest synchrotron-
radiation source of ultraviolet and soft x-ray photons when it opens its doors to
users in April 1993. The ALS is a third-generation source that is based on a
low-emittance election storage ring, optimized for operation at 1.5 GeV, with
long straight sections for insertion devices. Its naturally short pulses are ideal
for time-resolved measurements. Undulators will produce high-brightness
beams from below 10 eV to above 2 keV; wigglers will produce high fluxes of
harder x-rays to energies above 10 keV.

The ALS will support an extensive research program in a broad spectrum
of scientific and technological areas. The high brightness will open new areas
of research in the materials sciences, such as spatially resolved spectroscopy
(spectromicroscopy). Biological applications will include x-ray microscopy
with element-specific sensitivity in the water window of the spectrum where
water is much more transparent than protein. The ALS will be an excellent
research tool for atomic physics and chemistry because the high flux will
allow measurements to be made with tenuous gas-phase targets. Undulator
radiation can excite the K shell of elements up to silicon and the L shell of
elements up to krypton, and wiggler radiation can excite the L shell of nearly
every element.

The ALS will operate as a national user facility; interested scientists are
encouraged to contact the ALS Scientific Program Coordinator to explore
their scientific and technological research interests.

Fred Schlachter
Scientific Program Coordinator
Advanced Light Source
MS 46-161
Lawrence Berkeley Laboratory
Berkeley, CA 94720
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THE ADVANCED
LIGHT SOURCE:
SOME ESSENTIALS

ir Designed for the VUV and soft
x-ray region; optimized for 1.5-GeV
electron beam energy

Based on an electron storage ring
with 12 straight sections, 197 meters in
circumference

Includes provisions for about 60
beamlines, including 11 from insertion
devices

Stored beam to have extraordinarily
low emittance, short pulses

Construction now under way at the
Lawrence Berkeley Laboratory; to be
operational in April 1993
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The ALS and APS complement each
other
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A Brief History of
Synchrotron Radiation

it The instantaneous total power radiated by a non
relativistic electron was first expressed by Larmor
in 1897, using classical electrodynamics:

P =_ 2 e:

3 c:
dv
dt

it Synchrotron radiation was first observed at the GE
Research Laboratory in Schenectady, NY in April
1947, on a 70 MeV electron synchrotron built partly
to test McMillan's synchrotron principle.

it A 7-pole wiggler was used as a synchrotron
radiation source at SPEAR in 1979.

it Halbach's idea of using strong permanent magnets
made from rare-earth elements and cobalt instead
of electromagnets made undulators practical VUV
and x-ray sources.

it A permanent magnet undulator developed jointly by
LBL and SSRL was installed at SPEAR in 1980. Its
output was four orders of magnitude higher than
that from a SPEAR bend magnet.
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MODERN SR RESEARCH
FACILITIES

r "First Generation" facilities were initially parasitic
operations at existing high-energy physics facilities:

ADONE Frascati, Italy
SSRL/SPEAR at SLAC Stanford, CA
DORIS at DESY Hamburg, W. Germany
CHESS/CESR at Cornell Ithaca, NY
VEPP 2M and VEPP 3 Novosibirsk, USSR

r "Second Generation" facilities are dedicated but
have limited magnetic insertion device capability:

NSLS at BNL Long Island, NY
Aladdin at Wisconsin Madison, Wl
BESSY West Berlin
Photon Factory Tskuba, Japan
SuperACO Orsay, France

' "Third Generation" storage rings are specifically
optimized (long straight sections and low beam
emittance) for magnetic insertion devices:
ALS at LBL Berkeley, California
TSL (SRRC) Hsinchu, Taiwan
Siberia II (Kurchatov) Moscow, USSR
BESSY II West Berlin
Sincotrone Trieste Trieste, Italy
PLS Pohang, Korea

APS Argonne, Illinois
ESRF Grenoble, France
Kansai 6 GeV ring Osaka, Japan
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Svnchrotron-radiation facilities are
proliferating

LOCATION

BRAZIL
Campinas

CHINA (PRC)
Beijing
Hefei

RING (LAB)

LNLS

BEPC (IHEP)
HESYRL(USTC)

CHINA (ROC-TAIWAN)
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GERMANY
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USA
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Design/Dedicated*

Partly Dedicated
Dedicated*

Dedicated
Design/Dedicated
Dedicated
Dedicated
Dedicated
Partly Dedicated
Planned Use

Dedicated

Design/Dedicated
Dedicated*
Dedicated
Partly Dedicated
Partly Dedicated
Partly Dedicated
Dedicated
Dedicated
Dedicated
Design/Dedicated*

Dedicated
Dedicated
Dedicated*
Partly Dedicated
Partly Dedicated
Partly Dedicated

In construction or approved for construction as of 12/88
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AN EXPLOSIVE GROWTH IN
BRIGHTNESS IS DRIVING THE

PROLIFERATION OF THIRD-
GENERATION SYNCHROTRON

SOURCES
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Brightness
• intensity
• narrowness of spectral distribution
• ease of focussing

Brightness: an important
measure of quality
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BRIGHTNESS OF X RAYS has increased by many orders of magnitude since the advent
of synchrotron-radiation sources. Undulators in storage rings are the brightest source.
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Evolution of Synchrotron Radiation IS

Todays
Synchrotrons:

Circular
electron
motion

'Bending
magnet
radiation"

PhotonsContinuous e
trajectory
"bending"

"X-ray
A light bulb"

Tomorrows
Synchrotrons:

Photons

Many straight
sections
(periodic magnets)

Tightly controlled
electron beam

"Undulator'
and

"wiggler"
radiation

• "Laser-like"
• Tunable

hv
XBL 888893?



Technological advances have made
possible third-generation synchrotron-
radiation sources

• Accelerator physics low-emittance lattices

• Accelerator construction..* CAD/CAM

• Insertion devices permanent-magnet
design

• x-ray optics nanofabrication
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ALS CONSTRUCTION AT THE
LAWRENCE BERKELEY

LABORATORY

The following photos show:

1) ALS construction site with model of finished
facility, which will be ready for users in the spring
of 1993.

2) LBL site is on the hillside above the University of
California at Berkeley campus. Dome atop the old
184-Inch Cyclotron building will crown the new
ALS building, as well.

3) The ALS site stands out in this aerial view of LBL.

4) The 184-Inch Cyclotron, built by E.O. Lawrence
during WWII, was the first major facility on the
current LBL site.

5) The ALS building will consist of an annular
addition surrounding the renovated cyclotron
building. Here the contractor is putting in the
foundation for the addition.

6) Structural steel for the addition was in place by
the end of 1989.

7) Diagram shows the main components of the ALS
facility.
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ALS
7?M Advanced Light Source

Source of
synchrotron radiation

Focusing
mirrors
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CHARACTERISTICS OF THE STORAGE RING

ALS

• Store 1012 relativistic electrons for six hours
while controlling their positions to -50 microns
(in six hours they travel four billion miles)

• This requires

- Precisely-engineered magnetic lenses, dipoles, and higher
order correction magnets

- A sophisticated understanding of the dynamics of high
charge density electron bunches in non-linear magnetic
fields

Precise beam sensors and feedback systems

- A vacuum channel for the beam of 10" Torr, even with the
x-rays present to desorb gas from walls. Otherwise,
scattering on gas disrupts beam.

A powerful radiofrequency accelerating system (~300 kW of
power @ 500 MHz) to resupply the energy emitted as x-rays

- A very sophisticated control system to monitor and control
all of this
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ALS electron beams are small

• typical dimensions: 120jim x 660jim

- this is 0.005 x 0.025 inches

- diameter of human hair: 80fim

* beam size and position must be carefully
controlled
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ALS electron bunch structure

20% Of
buckets
unfilled
for
ion
clearing

C = 196.8 m
I = 400 mA

(1.6 mA per bunch)

328 buckets available,
nominally operate
with 250 filled

? \

Gaussian

/

y
F W H M -

500
i I

v

pulse

U l rr: (rms)
1 \

~j~-\rFWHM - 3 5

I \

2.35 a_ t j m e

MHz RF

/~~\. time

— 2 ns -1

35 ps 35 ps

Schematic illustration of the electron bunch structure in the ALS
storage ring during multibunch operation. As shown at the upper right, each
bunch has a full width at half maximum of about 35 ps. The spacing between,
bunches, dictated by the rf frequency, is 2 ns. (The electron pulse length is thus
1.75% of the bunch-to-bunch interval. If rendered to scale, the illustration at
the left would show 250 narrow spikes, distributed around 80% of the ring's cir-
cumference.)
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,C MOO-fXEQUENCV
CAVITY

mean

STORAGE RING dedicated to the production of synchroti-on radiation is structured
around a ring-shaped vacuum chamber through which a beam of electrons circulates.
An oscillating electromagnetic field established in a radio-frequency cavity provides
energy to maintain the particles at relativistic speeds (nearly as fast as light) after they
are injected into the ring from an external accelerator (not shown). Quadrupole and
sextupole focusing magnets confine the electrons in a tight beam by means of fields set
up by four and six poles, i-espectively, arranged radially around the vacuum chamber.
Bending magnets force the electron beam to curve, causing the particles to emit
synchrotron radiation (black areas). The ring may also include other magnetic devices
known as wigglers and undulators that substantially increase the "brightness" of the
radiation—a measure of its concentration. Pipes called beamlines channel the
radiation from the various magnetic devices to experimental stations.
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A L S layout: injector, booster,
storage ring 1.5 GeV
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Main Parameters of ALS Storage Ring
Beam energy [GeVj

Nominal
Minimum
Maximum

Circumference [m]

Beam current [mA]

Multibunch
Single bunch

Beam emittance, rms [nnvrad]

Horizontal
Vertical

Relative rms momentum spread

Multibunch
Single bunch

Nominal bunch duration, FWHM [ps]

Radiation loss per turn [keV]

Length available for insertion devices fmj

1.5
1.0
1.9

196.8

400
7.6

10
1

8.0 X 10~4

13.0 X 10"4

30-50

92

5

ALS triple-bend achromat lattice

SFQFA SD B
QD QF

3
n

Scale (meters)

One superperiod of the ALS triple-bend achromat lattice contains
three combined-function (bending and focusing) magnets (B), six quadrupole
focusing magnets (QF and QD), and four sextupole magnets (SF and SD).
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ALS design: 3-d CAD

example:
storage-ring sextupole magnet

CAD: computer-aided design
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CAD DESIGNED ALS HARDWARE

The following photos show:

1) CAD drawing of ALS storage-ring sextupole
magnet and vacuum chamber.

2) Engineering model of sextupole magnet.

3) One-half of storage-ring sector vacuum chamber.
Each half of chamber is machined from an
aluminum billet, then the top and bottom are
welded. There are 12 sectors in the storage ring.

4) First article (prototype) of completed sector
vacuum chamber. Recessed cut-outs make room
for storage-ring magnets. Titanium sublimation
and sputter ion pumps are mounted below the
chamber. Devices on top are actuators for photon
stops that prevent synchrotron radiation from
reaching the walls of the chamber.
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SYNCHROTRON RADIATION
SOURCES

The following illustrations show:

1) Sequence of diagrams shows the three main types
of synchrotron sources (bend magnets, wigglers,
and undulators) and their spectral characteristics.

2) Diagram shows the features of a permanent-
magnet insertion device and points out the
distinction between a wiggler and an undulator.

3) As the peak magnetic field increases, an undulator
rather quickly becomes a wiggler.

4) Drawing shows the mechanical structure that will
be generic for all ALS insertion devices.

5) The wiggler on Beamline 10 at the Stanford
Synchrotron Radiation Laboratory was built by
LBL and has many of the features that will be part
of the ALS insertion devices. It has 16 periods of
length 12.85 cm and produces a peak field greater
than 2 T.

6) Lombard Street in San Francisco may be the
world's first and/or largest undulator.
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Pole tips

Permanent magnets

Electron
beam

s

\
ris n>n>

wiggler
• non-sinusoidal orbit—> harmonics
• incoherent sum of intensities

undulator
• sinusoidal orbit
• interference —> spatial and frequence bunching
• coherent superposition
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Magnetic
Structure

Backing Beam

Support Structure

s— Vacuum
Chamber

Drive System

E n d V i ew S i d e V i e w

XBL 901-278 A
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TECHNICAL CHALLENGE OF ALS
BEAMLINES

A L S

• Need to maintain photon source characteristics
in transport in high vacuum to experiments

• Photon delivery systems require

- mirrors

- focusing devices

wavelength selection

• At these wavelengths

- refraction is negligible; lenses are useless

- efficient reflection only at small glancing angles

• Therefore ALS optics based on glancing-incidence
optical systems

• Also/ development of microfabrkation techniques
permits

- diffractive structures, including "zone plates"

- multilayer for normal-incidence optics

• Power density can be severe

- several kilowatts/cm2

• Optical elements must be cooled in high vacuum

- to dissipate power

preserve surface quality to 5 microradians
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ALS BEAMLINES

The following illustrations show:

1) Mirror designed and built at LBL to tolerate high
fluxes of x-rays without thermal distortion.

2) The VUV branch of Beamline 6 at SSRL, designed
and built by LBL for high fluxes of wiggler
radiation, contains many of the features planned
for ALS insertion-device beamlines, including a
water-cooled spherical-grating monochromator.

3) Proposed ALS beamline for x-ray imaging
includes the possibility of a vertically deflected
beam that would illuminate an x-ray microscope
with a horizontal stage of the type biologists are
used to.
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Water cooled
spherical gratings (3)

travel travel

Insulal 3d, water
filled tegs

XBL B92 6152



PROPOSED ALS BEAMLINE FOR X-RAY IMAGING
Holography and
diffraction system

u

M - Spherical mirror
ZP - Zone plate
x F - 50 X 50 nm2 focal spot
SA - Sample

Laboratory on
mezzanine level

Scanning X-ray,
microscopes

SA.
ZP2

Bench

ELEVATION j

U

Spherical
grating

monochromator

\

ZP1
White beam

port
Main

floor level

XBL 884-8035



ALS INSERTION DEVICES

Designation U means undulator; W means wiggler.
The number is the length of the insertion-device
period in centimeters. Undulators are about 4.5
meters long; wigglers are about 2.2 meters long. The
following figure shows the spectral coverage of the
ALS insertion devices and bend magnets.
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The ALS will produce bright beams
with undulators and wigglers, covering
a large spectral range.
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The Advanced Light Source:
New Capabilities, New Research

ALS

Next-Generation VUV Synchrotron Radiation Facility
Optimized for Insertion Devices

• INTENSITY,
"BRIGHTNESS'

LASERLIKE COHERENCE

•SHORT PULSES {30
trillionths of a second)

TUNABIUTY

Biological imaging

• Measurements on small or

dilute samples

Studies of ultrafast processes

Studies of dynamic processes

in biological systems

Bond-selective chemistry

High-spatial-resolution

studies

Lithography for chip

fabrication
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Some scientific and
technological areas that

will benefit:

• MATERIAL SCIENCES:
THIN FILMS, SURFACES
and INTERFACES

ELEMENT SENSITIVE BIOLOGY

• CHEMICAL KINETICS and
PHOTOCHEMISTRY

ATOMIC and MOLECULAR
SCIENCE

X-RAY LITHOGRAPHY and
NANOSTRUCTURE
TECHNOLOGY
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Molecular, Atomic, and Electronic Processes
Photon

wavelength

Spectral
band

1mm 100 Mm 10/am 1 Mm 1,000 A 100 A 10 A 1A 0.1 A

Microwave Far infrared IR

Superconductor
h*-

N-Motecutor-H
i b t i

•Molecular
vibration

rotation
| < Plaimons •

-Phonons -*H

f<4r-Semiconductoi HN
gaps '

ALS

uv vuv xuv X-ray y ray

• Nudear resonance-

H -X-ray-

M
ion desorption » l

K-adges

scattering
ft diffraction

•L-edges- • H

• M-edges -H
Fermi levels )«<

H—Photoemission—»>f

pctromc-
isitions

I range

Photon
energy 10~3eV 1Q-2eV 10~1eV 1eV 10 eV 100 eV 1 keV 10 keV 100 keV

• XBL 833-1320-B



SCIENTIFIC PROGRAM: ANTICIPATED EXPERIMENTS

ALS

U8.0 8-(1000) eV

U5.0 50-(1700) eV

U3.9 170-(2100) eV

- chemistry and atomic physics

- high-resolution spectroscopy

- structure of actinides

- materials and surface science

- high-resolution spectroscopy

- core-level spectroscopy

- surface EXAFS

- XANES

- microscopy for life and physical
sciences

W13.6

- holography

- imaging

- structural biology

1,000-20,000 eV - materials and life sciences

- small-crystal protein

crystallography

- surf ace EXAFS

- microbeam EXAFS

- atomic physics

Bend Magnets <l-10,000 eV - ultra-high-resolution
spectroscopy

- variable polarization
experiments (e.g., circular
dichroism in biological systems)
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High-resolution measurements
High-resolution experiments are possible with

spherical-grating monochromators

• recent result from BL-VI at SSRL

* resolution of 60 meV

o.o t
400 401 402

Photon energy (eV)

x-ray absorption spectrum of gaseous molecular
nitrogen, showing vibrational structure of
electronic transition
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Element-specific imaging

• absorption coefficient shows "edges"
corresponding to photoelectron emission from
atomic shells

total

Jn

• contrast can be enhanced by measurements
above and below the absorption edge for a
particular element

• "water window" allows possibility of imaging
biological materials in aqueous medium
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Spatially Resolved Spectroscopies .»
for Dilute Impurity and Defect Systems -

Radiation focused
to «s 1000 A spot

Mapping of impurity distributions
by fluorescence detection

Mapping of- bonding defects
by photoemission

XBL 876-9059B



Time Resolved Two-Color Photochemistry
and Chemical Kinetics

• High resolution intermediate state spectroscopy

• Bond selective photodissociation

• Selective two-step ionization

Tunable UV
(~30 psec)

Undulator

Laser

I

Photoexcited
or

Reacting Molecules

Tunable
IR or visible
(psec to fsec)

XBL 882-8837



The ALS is well suited to chemistry
and atomic physics

• undulator range:

- 6-10 eV lower limit

- 2,1 keV upper limit

• wiggler range

- to 20 keV

• bend magnet range

- infra-red to 10 keV

• short pulses for timing applications
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INSERTION-DEVICE TEAMS

Participating Research Teams will work with the ALS
staff to design, construct, commission, and operate
experimental facilities (insertion devices, beamlines,
and end stations). In return for their effort, PRTs will
gain privileged access to the facilities they help
develop. The following table lists the insertion-device
PRTs that have been approved after an initial Call for
Proposals in March 1989.
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A L S I n s e r t i o n - D e v i c e T e a m s

Undulator
Type
U10

U8

U8

U5

U5

U5

U3.9

Wiggler
13.6

Wiggler
13.6

Spokespersons
and Alternates

Tomas Baer (U. of N. Carolina)
Yuan Lee (UC/LBL)
Andy Kung (UC/LBL)
Denise Caldwell (U. of Central

Florida)
Manfred Krause (Oak Ridge Nat.
Laboratory)

Norm Edelstein (LBL)
Vic Rehn (Naval Weapons Center-

China Lake
R. Stanley Williams (UCLA)
Marshall Onellion (U. of Wisconsin)
Richard Rosenberg (U. of Wisconsin)
Jory Yarmoff (UCR)
Steve Kevan (U. of Oregon)

Toachim Stohr (IBM Almaden
Research Center)

Thomas Callcott (U. of Tenessee)
Franz Himpsel (IBM Watson

Research Center)
David Ederer (NIST)
Brian Tonner (U. of Wisconsin)
Steve Kevan (U. of Oregon)
Giorgio Margaritondo (U. of

Wisconsin)
Marjorie Olmstead (UCB)
Steve Rothman (UCSF/LBL)
Dave Attwood (LBL)
Malcolm Howells (LBL)
Richard Freeman (AT&T)
Janos Kirz (Stony Brook)
Bernd Crasemann (U. of Oregon)
Phil Ross (LBL)
Dennis Lindle (NIST)
Chuck Fadley (U. of Hawaii)
Alex Quintanilha (LBL)
S.-H. Kim (UCB/LBL)
Mel Klein (LBL)
Linda Powers (Utah State Univ.)
Steve Cramer (BNL)

Science Focus
Chemical Dynamics (associated with
the Combustion Dynamics Facility
initiative)
Atoms, Molecules, and Ions

Dynamical Studies of Materials

Materials Sciences (NSF Science and
Technology Center)
Surface and Interface Sciences

Surface and Interface Sciences;
Spectro-Microscopy

X-Ray Imaging and X-Ray Optics for
the Life and Physical Sciences

Atomic, Molecular, and Optical
Physics with X-Rays; Materials
Science

Life Sciences
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Photoprocesses in Atoms, Molecules,
and Ions

• Denise Caldwell and Manfred Krause: U8

• gas phase atomic physics with vuv photons

• proposed research areas:

- atomic structure through photoelectron
spectroscopy, threshold photoelectron
spectroscopy, fluorescence detection of
excited-state ions

- electronic structure of the actinides

- structure of ions

• key participants:

Caldwell, Krause, Shirley, Samson, Baer,
Lindle, Edelstein, Schlachter, Morgan,
Schneider, Prior
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Atomic, Molecular, and Optical Physics
with X-Rays

• Bernd Crasemann and Dennis Lindle: W13.6

• interaction of x-rays with matter using 1-6 keV x-
rays

• proposed research areas:

- x-ray emission, x-ray scattering
- photoelectron spectroscopy
- Auger-electron spectroscopy
- ion spectroscopy
- absorption spectroscopy
- visible/ultraviolet spectroscopy
- theory

• key participants

Crasemann, Lindle, Jones, Johnson,
Schlachter, Morgan, Prior, Schneider, Del
Grande, Tirsall, Cowan, Deslattes, Perera,
Krause, Carr, Brown, Kelley, Manson, Brion,
Shirley, Bruch
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Combustion Dynamics Research
Laboratory

• chemical dynamics: UIO

• Tomas Baer and Yuan Lee

• proposed facility: UIO andulator, IRFEL, visible

lasers

• research areas...

- photoionization, absorption, fluorescence
- primary dissociation
- molecular and metal clusters
- double and triple ionization
- dynamics of excited states (pump-probe)
- radicals and transient species

• key participants:

Baer, Lee, Kung, White, Berkowitz, Houston,
Ruscic, Snyder, Hepburn, Moore
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FURTHER INFORMATION ABOUT
RESEARCH AT THE ALS

• ALS mailing list

• join or form research team (see me)

• ALS Handbook

• ALS Users' Meeting: August 23-24, 1990 at LBL
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FRINGE BENEFIT

The scenic beauty and temperate climate of the San
Francisco Bay Area come free of charge to those
working at the ALS. This January 1989 photo, taken
from a hill behind the ALS, shows the brightly lit
construction site against the backdrop of a winter
sunset.
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RIKEN-JAERI 8-GeV Synchrotron Radiation Project - SPring-8 -

Yohko AWAYA

The Institute of Physical and Chemical Research (RIKEN)

Wako, Saitama 351-01 Japan

Introduction

The plan of an 8-GeV synchrotron radiation facility, which is called

SPring-8(^uper £hoton Ring-8GeV), had been proposed by Science and

Technology Agency (STA) in Japan and it was decided that its construction

would be started from April 1990. An atomic physics group in Japan had the

first meeting in December 1988 to discuss the future studies of atomic

physics and related problems at SPring-8 and plans of research and

development(R&D) for them. Their report was published in May 1990.

In this report, an outline of SPring-8 is described. Results of the

discussions of Japanese working group of atomic physics and the present

status of R&D of this group will be presented by M. Kimura in this

workshop.

Requirements on SPring-8

Synchrotron radiation sources now available in Japan are shown in

Table I. In this Table KEK-AR is not a dedicated machine to synchrotron

radiation but the accumulation ring of the TRISTAN at National Institute

for High Energy Physics (KEK). A next generation synchrotron radiation

source has been desired in Japan.

A joint team of JAERI(Japan Atomic Energy Research Institute) and

RIKEN(RJ_kagaku Kenikyusho=The Institute of Physical and Chemical Research),

both of which are supervised by STA, are now going to design and construct

a high brilliant, widely tunable radiation source, SPring-8, in soft and

hard X-ray energy region at Harima Science Garden City in Hyougo prefec-

ture.

Brief history of this project is as follows:

1986: Design study of 6-GeV storage ring started at RIKEN

1987: R&0 on accelerators started at RIKEN
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1988: R&D on accelerators started at JAERI

JAERI-RIKEN Joint Team was formed

R&D on optical elements started

1989: Advisory committee recommended to modify the project so that

1) the energy should be 8 GeV,

2) "long straight sections" should be prepared,

3) positron acceleration should be adopted.

Requirements on SPring-8 are

1) X-rays in the energy region of about 1 to 25 keV as the fundamental

radiation from undulators and also high intensity X-rays with higher

energies,

2) brilliance around 1019 photons/s/mm2/mrad2/Q,1%b.W.,

3) installation of as many insertion devices as possible,

4) wide tunability and high stability,

5) several "long straight sections".

In Fig. 1, the spectral brilliance of this facility is given. SPring-

8 is forcused onthe shaded photon-energy-brilliance region. In Fig. 2,

examples of estimation as to how wide range of photon energies is available

by changing the gap of undulators. It is shown that at higher beam

energies, the range of photon energy becomes wider.

Advantages of "long straight sections", which is the most unique point

of SPring-8, are as follows:

1) longer insertion devices will be available so that higher brilliant

photon beams will be obtained,

2) several insertion devices will be installed at one section. Then at

the target position, wider tunability will be attained and also photons of

different energies will be simultaneously available if required,

3) it is useful to develop a free electron laser in soft X-ray region by

operating the storage ring at lower beam energy.

Overview of SPrinq-8

According to the requirements on SPring-8, specification of the

storage ring as a light source was designed so that

1) the energy of electrons/positrons is 8 GeV,

2) the storaged beam current is up to 100 mA,
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3) the emittance of the electron/positron beam is less than 10 nmrad,

4) the ring has four "long straight sections" as long as 30 m in addition

to standard 6.5-m ones. In the latter, the insertion devices of about 4-m

length can be installed whereas in the former those of more than 20-m

length can be done.

The storage ring consists of 48 cells and its circumference is 1436 m.

A unit cell is consisted of two bending(dipole) magnets of 0.67 T, ten

quadrupole magnets and seven sectupole magnets including a 6.5-m straight

section, as is shown in Fig,3, A lattice of Chasmann-Green type is

adopted. In every neighboring pair of cells, a high beta straight section

and a low beta one are obtained. As a whole, the storage ring is operated

as the 24-symmetric hybrid-type lattice.

The long straight section was designed by replacing the one unit cell

with a straight cell, which is attained by removing two magnets from the

unit eel 1 (Fig. 4). At first, the storage ring will be operated under this

condition. After enough basic data are obtained, the quadrupole and

sectupole magnets in the straight cell are rearranged so as to get the

30.4-m straight section. The natural emittance of the electron beams is

7.2x10 mrad when four straight cells are kept and that of preliminary

estimation is 8,5 x 10 mrad when four straight sections are achieved.

Principal parameters of storage ring are shown in Table II.

A 1-GeV electron linear accelerator and an 8-GeV electron synchrotron

are constructed as an injector. Since the positrons will be storaged

finally, another electron linear accelerator for production of positrons is

prepared. Principal parameters of injectors are shown in Table III and the

concept of the facility is shown in Fig. 5.

The characteristics of the electron beam and typical values of

brilliance and flux are shown in Tables IV and V.

The cite and buildings

SPring-8 is constructed in the "Harima Science Park City" in the

Nishi-Harima (shown in Fig. 6) district which is being developed by the

government of Hyougo prefecture. The area of the cite for the SPrir.g-8 is

141 ha. Since there are hills in this area, they will prepare plain areas

of 290-m and 280-m above sea level. In the former, the storage ring is

constructed and in the latter, the electron linac and the synchrotron. The
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ground is firm (rock), so the facility will be affected little by earth-

quakes.

The layout of the buildings is shown in Fig. 7. The storage ring will

be constructed around the hill whose top is 345-m high above sea level.

Three IQQOm-long beam lines and two groups of four 30Qm-long beam lines are

planed. The building for the storage ring and the experimental area are

being designed so that it is free from subsidence and vibration of the

ground, not affected by the change of the atmosphere temperature and so

forth. In Fig. 8, plan of the storage ring building is shown. Outside of

the experimental hall, there are a passage and rooms for experimental

preparation. Cross section of the storage ring building is shown in Fig. 9.

Beam Lines and Scientific Programs

There are forty 6.5-m "standard" straight sections and four 30-m

"long" ones in the storage ring. Among the standard straight sections,

five low-beta sections are used for the installation of the cavities and a

high-beta section is used for the injection of electron beams. Then

fifteen standard low beta straight sections and nineteen standard high-beta

ones are available for insertion devices. Two of the long straight

sections will be for machine study and another two will be used by users.

Seventeen beam lines from the bending magnet are planed to be prepared at

present. Summary of the beam lines is shown in Table VI. Ten beam lines,

six from insertion devices and four from bending magnet, are planned to be

constructed when the first beam is obtained. Atomic physics group wants to

get one of these insertion device beam lines. The rest will be constructed

in the following several years.

The length of the beam lines is 80 m from the exit of the light

source. Since there is a possibility that the long beam lines are

required, the space for constructing the eight 300-m beam lines (four from

insertion devices and four from bending magnets) and three 1000-m beam

lines (two from insertion devices and one from bending magnet) is prepared.

One of each 300-m and 1000-m beam lines comes from the long straight

section. In Fig. 7, the beam lines marked by open circles come from the

insertion devices and others from the bending magnets.

The long beam lines will be used for the studies which require a wide

irradiation area or very low emittance photon beams. They will be also
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useful when special large experimental equipments or special experimental

conditions are required and an independent building is prepared. At the

present, however, the construction of long beam lines are not included in

the first stage plan.

List of users' groups, which have been organized and are now making

their plans, is shown in Table VII. Ten users' groups(l-10 in Table VII)

are organized for special study-fields, five groups(ll-15) concerns with

new applications of X-ray scattering and absorption(ll-15) and six groups

(16-21) is classified by methods of measurements. Three groups(22-24) are

discussing the feasibility of photons in low energy region.

In addition to R&D studies on optical elements and beam lines, R&D

studies will be done by seven users' groups of special study-fields

including atomic physics in FY 1990. The atomic physics group will study

control-techniques of multiply charged ions, mainly transportation and

trapping of ions.

Time Schedule and Total Budget

The construction of SPring-8 starts in FY1990 and commissioning is

expected in 1997. Facilities will be open for experiments in 1998. Budget

estimated in 1989 is 108.9 billion yen for machine, buildings, utilities

and ten beam 1ines.
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Table I.

Synchrotron Radiation Sources in Japan

1. For Research
KEK-AR 6.0 (GeV)
KEK-PF 2.5
IMS UVSOR 0.8
ETLTERAS 0.6
INS-ISSP SOR-RING 0.35

2. For Lithography (compact SR)
SORTEC 1.0 (GeV)
!Hi LUNA 0.8
SHI AURORA 0.62
ETLNIJI 0.62
NTT 0.55



S P E C T R A L B R I L L I A N C E

CM

-a

(N

£
E
V)

C
o
o
SI

a.

1 10 100

photon energy (keV)

Fig. 1.

1000

Und2cm

Und3cm

Und4cm

Und6cm

UndScm

BM(0.61T)

MPV;i0cm2m

PFBM

PFVW

PF#19

PF# 19 7.2cm

PF«1910cm

PF#19 16.4cm



Undulator 3cm

CJ

c
o
c
o
"o

o

a
a

o
o

120

100

40

20

20

gap length(mm)

Undulator 4cm

gap length(mm)

Fig, 2.

-a- 6GeV(1)
-t~ 7GeV(1)
-a- 8GeV(1)
-o- 6GeV(3)
-*• 7GeV(3)
-O- 8GeV(3)
-*- 6GeV(5)
-* - 7GaV(5)
-»- 8GeV(5)

-Q- 6GeV(1)
•4- 7GeV(1)
-a- 8GeV(1)
-»- 6GeV(3)
-»- 7GeV(3)
-a- 8GeV(3)
-*- 6GeV(5)
-A- 7GeV(5)
-»- 8GeV(5)

130



p QQt-C
i2<XC
QUDLJ

Ld
LD

•
CO

cu
LD
CO
II

LJ

*̂-
h- II
t o o

O_J
II U

s:
00
ON
o

„

o

II
(=»
<c
m
LD
—5^

I—I

LJ
PQ

3

u

5
a

U

I
t

oCD

m

03 ^

UJ ^

•
•
_J
_i
u
o
LJ
z:
•

en
•1—i



0 i aJXSXHPlZ MAGNET
S i SEXTUPLE MAOCT
c i co«Hrccrn»* BIPDIX
H • JEAH HONITOR

ID QI0S7 Q9 S6 Q8 ID
<CH> (CV>

7709.4-

BfiBBBBfi
Q7S5 Q& S4 Q5S3 Q4

<CVO (CH)

- £063.0 -

ID

- 3 7 - f O O -

Q3 S2 Q2 SI Ql

-S500B-

ID

DNE CELL DF THE 8GeV STORAGE RING
(STRAIGHT CELL)

E=8GeV

CELL ND=4

Fig. 1909-10-36

ICPR KOMACDME JAPAN



8GeV
Synchrotron

JGeVe-/e+
LJnac

Converter
0.25GGV
Unac

Storage Ring

j_SPnng«8i

Fig, 5.

133



Table 11, Principal Parameters of Storage Ring

Energy
Current (multirbunch)
Current (single bunch)
Circumference
Lattice & Periodicity Chasman-Green
Number of Cells
Bending Field
Bending Radius',
Straight Section Length

normal
2 long

Natural Emittance
Critical Photon Energy
Tunes (vx/Vz)

Momentum Compaction
Natural Chromaticities (Cx / Cz)

Damping Time (TX / iz I %s)
Harmonic Number
RF Voltage
RF Frequency

8
100

5
1435.95

24 . (4)
48. (44-Ht)
0.665

40.098

6.5
30.4

7.18xlO"9

28.32
50.78 / 17.84

1.49xlO"4

-113,168 7-43,319

8.47 / 8.48 /4.24
2436

17
508.58

(GeV)
(mA)
(mA)
(m)

(T)
(m)

(m)
(m)
(rcm-rad)
(keV)

(MV)
(MHz)



Table I I I . Principal Parameters of Injectors

Injector Linac
Energy
Repetition Rale
Frequency
Operation Mode

Multi-bunch (e")

Single Bunch (e")

Multi-bunch (e+)

Single Bunch (e+)

Synchrotron

Peak Current
Pulse Length
Peak Current
Pulse Length
Peak Current
Pulse Length
Peak Current
Pulse Length

Energy (Injection / Extraction)
Current
Circumference
Lattice & Periodicity
Number of Cells
Bending Field
Bending Radius
Emittance
Nominal Tunes (vx / vy)

Natural Chromaticities (C,
Momentum Compaction
Damping Time (tx / %z fx,

FODO

x'Cy)
J

1.83/1.83/0.92
RF Frequency

1.0
60

2856

100
1000
300

1
10
10
10
1

1/8
10

396.0
2

40
0.106/0.85

31.385
1.92x10-7

11.73/8.78

-15.3/-12.7
9.53x10-3

937./938/469
(ms)
508.58

(GcV)
(Hz)
(MHz)

(mA)
(ns)
(mA)
(ns)
(mA)
(ns)
(mA)
(ns)

(GeV)
(mA)
(m)

(T)
(m)
(m-rad)

(ms)
8GeV
(MHz)

IGcV



Table IV, Characteristics of the Electron Beam

Beam Emittanse Horizontal
Vertical

Beam Size (Horizontal / Vertical)
Undulator
Wiggler

Beam Divergence (Horizontal / Vertical)
Undulator
Wiggler

6.53
0.65

0.402/0.081
0.085 / 0.061

0.016 / 0.008
0.077/0.011

(nm-rad)
(nm-rad)

(mm)
(mm)

(mrad)
(mrad)



Table V.

Typical Values of Brilliance and Flux

Devices

Undulator 1

Undulator 2

Wiggler

Bending M.

Brilliance
(photons/sec

2.0x1019

1.5x10

1.6x10

2.3x10

20

18

15

Flux
(photons/sec

/mracr/0.1%bw) /0.1%bw)

1.4x1014

7.3x1014

2.8x1014/mrad

1.3x1013/mrad

Undulator 1:
Undulator 2:
Wiggler:
Flux:

Xu=3.3 cm, L=5 m, K=1, E0= 12.3 keV

a.u=3.3 cm, L=30 m, K=1, E0=12.3 keV

Xu=18cm, L=2 m, K=25, E0=63.9 keV

Flux through a pin hole
= -ye =1.0; <j), 9=6.4 i irad)
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EXPERIMENTAL HALL

Mt. MlHARAKURiYAMA (345m)

Fig, 7, Layout of the Buildings



o

Fif, 8. Plan of the storage ring building



Fie. 9. Cross section of the storage ring building



Table VI.

Beam Lines of SPring-8

Total Number >53

Insertion Device Beam Line 36(+2)
Standard ID section(high 3) 19
Standard ID section(Low 3) 15
Long straight section 2(+2)

Bending Magnet Beam Line >17



Table VII, List of Specialist Groups for SPring-8

1. Surface and Interface
2. Extreme Environment
3. Phase Transition
4. Electronic Property of Solids
5. Chemical Reaction (Chemical Crystallography)
6. Atomic Physics
7. Protein Crystallography
8. Macromolecular Solution and Muscle
9. Medical Application and Diagnosis
10. Actinoids
11. Nuclear Excitation
12. Nuclear Resonance Scattering
13 - Magnetic Scattering
14. Inelastic Scattering
15. Photoacoustic Spectroscopy
16. XAFS
17. Topography
18. Diffuse Scattering
19. Extremely Small Scattering
20. Trace Microanaly sis
21. Soft X-rays (Microscopy)
22. Soft X-rays (Photochemistry)
23. Soft X-rays (Solid State Physics)
24. Infrared Spectroscopy
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Photoionisation of Ions and the General Program in Atomic and
Physics at Daresburv

J B West, Daresbury Laboratory, Warrington WA4 4AD, UK

To date the only cross section measurements made on atomic ions originate
from the joint programme between Newcastle University and Daresbury
Laboratory a few years ago. Yet from the theoretical viewpoint, and for an
understanding of loss and confinement processes in, for example, fusion
reactors, they are in great demand. The problem lies in obtaining a well
quantified atomic ion beam, of sufficient density that the photon flux will
allow reliable measurements to be made. For calcium, strontium, barium,
zinc, gallium and potassium ions this was achieved at the Daresbury SRS
using a merged beam technique, where a well collimated light beam was
merged over a length of about 10cms with the ion beam as shown on figure 1.

Figure 1 (For an explanation of the symbols, see Lyon et al[1])

_n. I r»j

f

I!

i'f

V \
! j

l i

Figure 2, taken from Lyon et al[1] where
the experimental procedure is also
described, shows the precision obtainable
for Ba+ in the region of the 5p - 5d
resonance. Absolute cross sections with an
accuracy of ~±12% were obtained, where
all the absorbed photon energy resulted in
the production of the doubly charged ion.
The technique could measure cross
sections down to ~1O'17 cm2, assuming an
incident photon flux of 1012 photons/sec,
and this limitation prevented useful
quantitative measurements being made on
other singly charged ions.
With only minor adaptation, this equipment
could be used to detect higher charge

Figure 2 Total cross section of Ba+ in the region of the 5p - 5d resonance
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states resulting from the ionisation of singly charged ions, with the interest
now moving to ionisation of deeper inner shells and core levels. A
particularly interesting case is magnesium, an important element in stellar
atmospheres and tractable theoretically. However, this means partitioning of
the cross section since higher multiply charged states are accessible, with
consequent lower count rates in any one channel. For this reason a photon
fiux in the region of 1OU photons/sec is required in the grazing incidence
region of the spectrum; the monochromator output must be substantially free
from higher orders and stray tight, and this implies low efficiency. This is
beyond the capability of today's conventional storage rings and will have to
await the very high intensities available from a sourca such as the APS.

The current programme in Atomic and Molecular Science is focussed on
photaionisation of atoms and small molecules. On the atomic side,
experiments on the double ionisation of helium were completed recently{2],
verifying the Wannier threshold law for double photoionisation. Also, the
angular distribution of the electrons has just been measured, and thesa
results show a marked divergence from theoretical expectations. Other
experiments include fluorescence polarisation measurements for the atomic
ions calcium and strontium, which, when combined with photoelectron
angular distribution measurements, form the complete photoionisation
experiment. A sizeable part of our programme is devoted to studying
molecular fragmentation. The triple cotncidence technique, in which the two
fragment ions are detected in coincidence with the photoelectron after the
parent molecule has been doubly ionised, was developed at DaresburyjB], and
experiments in this area continue with the addition of fluorescence
measurements.

Photoelectron spectroscopy continues to be used as a basic technique;
prominent among experiments in this area is the joint NIST/ANL/DL project,
using a high resolution angle rssoiving system shown on figure 3.

This system, designed
and built in the USA, has
been fitted to the high
resolution 5-metre
normal incidence
monochromator at the
DaresburySRSand
produced precision,
bench-mark
measurements on a
number of small
molecules.

Figure 3
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Figure 4 shows the angular distribution parameter for the v=1 vibrational
member of the N,+ X state, in the region of complex autoionising structure.
The assignments shown are derived from earlier experimental work and may
have to be changed as a result of these measurements and recent theoretical
calculations; full details are contained in West et al[4].

Z.0-

ta-

1.6-

14

U

1 to
eL

0.3

0.6

OA

0.2

0.0 4—
1S.9 16.0 16.1 16.2

Photqn
16.3 16 A
energy (eVl

16.S 16.6 16,7

Precision
measurements have
also been made on the
molecules CO2 and H2-
The data for CO2 are
being analysed
assuming three
vibrational modes are
present: symmetric
stretch,

antisymmetric stretch
and bending, and the
data set for this
molecule covers the
ionisation region from

Figure 4 The angular distribution parameter for the v=1 member of the
ground state of N2+.

\ - \

the X-state threshold to beyond the
B-state ionisation potential on a
photon energy mesh of 2meV. Figure
5 shows a comparison between
resonant and non resonant
behaviour, where the photoelectron
spectra indicate the presence of
higher vibrational modes for the
resonant case.
In the case of the H2 experiment,
angular distribution measurements
were made in regions where
vibrational autoionisation takes
place, close to the thresholds of
the rotationally split Hj"1"
vibrational continua. By this means
rotational information can be
obtained, without the requirement

Figure 5 "On" and "off" resonance CO2 photoelectron spectra.

for rotational resolution in the electron spectrometer. There have long been
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theoretical predictions for this effect, and confirmation has had to wait
until now for an experiment with sufficient precision.

Looking to the future, the atomic and molecular science programme at
Daresbury will move closer to applied science areas, with metal clusters and
transient species becoming more prominent. Much of this work wiil require a
source with two to three orders of magnitude advantage in photon intensity
over the SRS, and a design study is presently under way for a VUV/Soft X-ray
source to meet these requirements.
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Research with Stored Multi-Charged Ions at the APS and the NSLS

D. A. Church^1", S. D. Kravis, B. M. Johnson , M^ Meron , K.^W. Jones , ^
I. A. Sellin 5[.J. Levin , R. T. Short , Y. Asuma , N. Mansour , H. G. Berry ,
and M. Druetta

"Invited speaker
1. Physics* Department, Texas ASM University
2. Brookhaven National Laboratory
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4. Argonne National Laboratory
5. University of St. Etienne, St. Etienne, France

ABSTRACT

Potential ion beam and stored ion targets for research using synchrotron

radiation from the Advance Photon Source are discussed. The difficulties of

cross section measurements for the photoionization of ions with high charge q

and atomic number Z are mentioned, but preliminary observations of photoionization

of stored Ar and Xeq- (4 ± q £.10) are described, and a brief discussion of

the measurement technique is presented, with reference to improvements possible

using undulator and wiggler radiation frcm the APS.

Earlier presentations at this workshop have provided extensive motivations

for research on multi-charged ions, among other targets, using synchrotron

radiation from the Advanced Photon Source. We note only that charge state

distributions resulting from vacancy cascades following inner shell photoionization

of atoms have been studied only for a few targets, while similar

vacancy cascades in ionic targets have net been experimentally addressed at all.

However, some calculations for the ions cf iron have been carried out. To study

such systems, and to measure cross sections for the photoionization of ions, dense

ionic targets with a range of charge states c and atomic number Z are desirable.

Anong the most likely candidates are a continuous ion beam from an Electron

Cyclotron Resonance (ECR) ion source, and ions confined in an ion trap. ECR sources

have produced beans with charge states as high as Ar and with beam currents

exceeding 100 microAmperes for Ar' . Thus, ion densities near 10 /cm are feasible

with typical source parameters such as a 10 mm diameter aperture, 100 mm-mrad

emittance, and 10 kV extraction. Significant imDrovements in ion densities

would be possible, if tighter beam focussing were to become feasible. (It is

assumed here that a beam waist comparable to the diameter of the source aperture

can be easily employed.)
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Alternatively j a Penning trap can be used to hold ion targets produced by

electron impact, photoionization of neutrals, or other means. Preliminary

analvsis of results from measurements at the NSLS, intended to demonstrate the

photoionization of ions by this method, are now presented. Photons from

unmonochromatized bending magnet radiation from the NSLS were focussed near the

trap center by a cylindrical mirror with 4 mrad horizontal acceptance. The

photon beam was blocked by a fast shutter, as needed.. The "white" radiation

was filtered only by a Be windon before the trap. The transmitted beam flux

was monitored with an ion chamber.

Ions stored in the trap were detected on a charge/mss rat io basis by

resonance absorption of rf energy by the axial oscil lat ion frequencies of the

stared ions. For measurements with an Ar~ target, electron impact lomzation

of a "puff" of argon gas into the trap volume from a fast valve was used..

The ions were stored for two seconds, to permit the target gas to be largely

pumped away, and then a pulse of synchrotron radiation irradiated the stored ion

target . The resulting ion signals were detected, and the ion sample dumped

preparatory to background measurements. Background ions arose from two sources:
2+

one was stored ions other than Ar produced by the electrons, and the other was

photoionis produced by ionization of the residual target gas. These backgrounds

were removed by two cycles similar to the "signal" cycle just described.. In the

second cycle, no electron pulse was used, yielding the background photon signal,

since no target ions were present. In the third cycle, no photon pulse was

employed, yielding the background from the electron pulse, since no photoionis were

produced. The multi-charged argon ions remaining after subtraction of these two

backgrounds were interpreted as the net signal from the Ay ~ photoionization.. The

average of a number of these triple cycles yielded a net multi-charged ion signal,

with a peak height distribution significantly different from the distribution

typically observed when photoionizing atoms.

The successive photoionization of stored Xê - ions was studied in a similar

manner, but in this case synchrotron radiation was used to produce the sotred ion

target, as well as to ionize it. In these measurements the photoionization of

residual Xe atoms during the part of the cycle cycle following the gas puff

produced most of the background, in a distribution of charge states.. A net signal

of highly charged Xe ions was found. In these measurements, target densities near

10 /cm for Ar^ , and 5 x 10. /cm for the Xenon ion target, were estimated.
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In conclusion, net ion signals from measurements designed to observe

the photoionization of ions stored in a Penning trap have been observed, With the

increased flux of synchrotron photons potentially available from an APS

wiggler or undulator, both ion target densities and photoionization rates for

the stored ions should be increased by an order of rnangitude or more. A band-

width of 10% is provided by the unfilted undulator radiation, which can be

reduced to about 2 % b y a pinhole paerture, is also attractive. Since ion

densities similar to those in the trap are available from ECR beams, and since

particle counting is available without the trap magnetic field (which will

increase the sensitivity over the analog detection by a factor of 10 or so), the

future of photoionisation studies on ions cannot be dismissed.
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Multi-Charged Ion Research Using the
Advanced Photon Source

1. Potential Research Areas

2. APS beam properties and ionic targets

3. Photoionization of ions at the NSLS
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Kr
Fig. 1. Typical example of ihc vacancy cascade for

filling the initial K-shell vacancy of Kr
atom. The solid circle indicates the electron
and_the open circle represents the vacancy.
Arrows show the direction of the vacancy
cascade.

Table I. Relative abundance of ions resulting from an inner-shell
vacancy of Ar atom with and without electron shakeoff.

Charge

1
2
3
4
5
6
7
S

A :
B :

K
A

0.7
8.6

10.3
43.2
26.1
9.3
1.6
0.2

B

0.9
11.2
10.3
53.1
18.6
5.9

0
0

With shakeoff.
Without 1shakeoff.

A

0
3.7

82.5
13.6
0.2

0
0
0

B

0
4.4

95.6
0
0
0
0
0

A

0
85.0
14.8
0.2

0
0
0
0

L ,
B

0
100.0

0
0
0
0
0
0

A

85.
14.
0.

0
1
8
1
0
0
0
0

L,
B

0
1O0.O

0
0
0
0
0
0

(376)

Bulletin of the Institute for Chemical Research,
Kyoto University £2, 373 (1985)
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From Phys. Rev . A 34, 216 (1986)

I I I I I I

8 12 16

INITIAL CHARGE Zj

20 24

FIG. 2. The mean final charges (Zf) resulting from the cas-
cade decay of single inner-shell vacancies which can be created
in the various nl subshells of iron ions with initial charge Z,.
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MULTI-CHARGED ION TARGETS

(1) Ion beam from ECR ion source

Example: PIIECR @ ANL

Ar8+beam at 10kV x q

Assume crossed beam geometry,
focus to 1 cm diameter spot

Then n « 10^ ions/cm^

(2) Ion trap

Stored densities of cool, singly-charged
ions ~ T ^

.-. expect n ~ 10^/q ions/cm^ at best
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ECR Source

Assumed emittance = 100 mm mrad
Source diameter = 10 mm

ION
BEAM

BEAM WAIST
10mm

20mm

= 106/cm3 for of Ar9

Undulator A beam spot @ 60 m from ring « 2 mm x 0.75 mm

Wiggler A beam spot @ 60 m ~ 120 mm x 0.75 mm
(2 mrad horizontal)

Wiggler A, unfocussed, with 0.25 mrad horizontal fan of
radiation, in = 4 keV bandwidth -> = 3 x 101 6 photons/s

Undulator A, 10% bandwidth -> * 2 x 10 1 6 photons/s

Undulator A, 2% bandwidth with pinhole -> = 2 x 101 5 photons/s
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Photoionization cross sections at K edge

(10'20cm2/atom)

Argon Z=18 EK=3.2 keV oK=7.2

Cu Z=29 EK=9 keV G K = 1 . 6

Ze Z=40 EK=18keV aK=0.43

Sn Z=50 EK=29.2keV aK=0.17

W Z=74 EK=70keV aK=0.05

From Storm & Israel, Nuclear Data Tables AZ, 565 (1970)
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Ion confinement, photoionization of ions, and low energy
multi-charged ion collisions at X-26C, NSLS

Scott Knavis, D. Church

I. Sellin, J. Levin, R. Short

Michel Drvetta

Texas A&M

B. Johnson, M. Meron, K. Jones BNL

ORNLVU. Tenn.

Y. Azuma, N. Mansour, G. Berry ANL

Lyon and St. Etienne,
France
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ON-TRAP
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BETOTAL.DAT Spectrum fillered by 250 microns of Be
Vertane. 0.2000 Radius (m) 6.8735 Horiz. ang (mr) 1
Scale 1.000 Current (mA) 1 Bandwidth (eV) 1
Energy (GeV) 2.52 n poles 1

0 2.5 7.5 10 12.5 15 17.5

X-ray Energy (KeV)

20 22.5 25



a.
ION TRAP

MIRROR

b.
TRAP RING ELECTRODES

SWEPT V+
EXCITATION

V+ DETECTION
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Detection of axial frequencies is accomplished by hooking an inductor
across the end caps creating a tuned circuit which is driven at it's
resonance frequency by a function generator. The DC potential is
ramped, and as the ion axial frequency matches the tuned circuit
frequency, energy is absorbed by the ions (m/q) and an amplitude
modulated signal is produced.

AXIAL DETECTION CIRCUIT

TUNED CIRCUIT

MODULATED SIGNAL.

PRE-AMP

1=1
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Ion Production

00
G = / " k <r(E)F(E)dE

a(E) = photoionization cross section (K shell)

F(E)dE = number of photons /s through the trap in energy-
interval dE

For NSLS, with 70 mA in the ring, G = 10"5 cm2/s for
"white" bending magnet radiation on Ar.
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CHARGE DISTRIBUTION

ELECTRON IMPACT
PRDDUCED IONS

SYNCHROTRON RADIATION
PRODUCED IONS

Ions created by electron impact are distributed in a pencil
shape in the axial direction of the trap, while ions created
by synchrotron radiation have a distribution in the shape of
a pancake near the bottom of the potential welt of the trap.
Therefore having a lower average energy (near room temp.)
then those ions created by electron impact.
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INNER SHELL PHOTOIONIZATION OF Ar2*
PRELIMINARY ANALYSIS

TOTAL SIGNAL -
BACKGROUND 1

SIGNAL - BACKGROUND 1

SIGNAL - BACKGROUND 2

Ar.4+

/N
H2++ H2

* t—^ 1 - ^ -

12 10 8 6
I — M / Q

4 2
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'Adapted from Mukoyama, J. Phys. Soc. Japan 55,3054 (1986)
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SEQUENTIAL PHOTOIONIZATION OF STORED Xe * IONS
PRELIMINARY ANALYSIS

SIGNAL - BACKGROUND 1

BACKGROUND 2

.* \

SIGNAL - BACKGROUND 2

12 10 8 6
Q
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radial frequency detection is done using a RF bridge
circuit with two quadrants of the ring as one side of
the bridge. The function generator is swept and as the
ion frequency goes into resonance the bridge is unbalanced
resulting in an amplitude modulated signal.

RADIAL DETECTION CIRCUIT
RF BRIDGE

MODULATED SIGNAL

PRE-AMP

1-4 pf
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Synchrotron radiation
produced ions

Electron impact
produced ions

0.55 0.65 075 0.85 0.95 1.05 1.15
FREQUENCY (MHZ) - RADIAL DETECTION

Counts (relative) VS. bridge detection frequency (MHZ). The resonance
frequency of the m/q ratios are different for the 2 spectrunis because
they were taken at 2 different magnetic field strengths.
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a(E) = photoionization cross
section per atom

G = / " or(E)F(E)dE

F(E)dE = number of photons/s
incident in energy
interval dE

With 200mA in the NSLS x-ray ring, "white" radiation G^ r - 3 x 10~5 cm2/s for an
Argon atom target, no mirror

With mirror focussing, G . - 1.6 x 10~4 cm^/s

For a xenon target, G v - 3 x 10"** cm^/s, due to the larger cross section for

L-shell photoionization

With 63mA as average current in the APS (assume 100 mA fill, 40 mA dump)

For undulator A radiation, ~10% BW

G Xe~ 3 X 1 0 " 3 c m 2 / s w i t h t h e I o w e r P n o t o n

For APS wiggler A radiation, unfocussed, G-̂  ~ 4 x 10"^



Storing an Ion Gas -- Why?

m T „ _1_ + precision
K J Storage ~ Ar spectroscopy

Also, T P, + Study metastable levels.
' Storage

(2) Same ions may be targets for different beams, or repetitive
interactions with same beam + prepare particular states of
ions (optical pumping).

(3) Low ion energy + study collisions difficult to do with
beams; also small cross-sections, e.g. dissociative
recombination ion-atom reactions.

(4) Weak, well-defined interactions with neutral (or charged)
beams, e.g. photodetachment of stored negative ions.
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Thoughts on Future ESSR Studies of Inner Core Levels

M. O. Krause
Oak Ridge National Laboratory

Oak Ridge, Tennessee 37831-6201

Much of the research I see to be done at a tunable high-brightness, high-energy photon source

can take as a starting point work done in the past, some in the distant past, some in the recent past,

but almost always rudimentary or exploratory in nature. It began in the mid-twenties when Pierre

Auger observed various tracks in a Wilson Cloud Chamber fiiicd with a rare gas and irradiated by

energetic x rays.1 As seen in Fig. 1 there were long tracks, whose lengths changed with the hardness

of the x rays and shorter tracks that always had the same length for a given gas and originated from

the same spot as the long tracks. Now-a-days we show this photographic plate as evidence for the

experimental discovery of the radiationless process of atomic de-excitation, the Auger Effect - no doubt

true; but these plates also served the important purpose of determining the angular distributions of the

pholoelectrons, actually the primary goal at the outset of Auger's thesis. Today, I show this plate as

an illustration of electron spectroscopy which at its very beginning used x rays of high energies lying

in the regime to be covered by the APS, and sources such as PEP, ESRF and SPring 8.

Let's first look at the Auger electrons in this discussion of future ESSR studies (Electron

Spectrometry with Synchrotron Radiation).2 By now we have a rather good record of Auger spectra

associated with K shell ionization. This knowledge comes primarily from studies with atoms undergoing

nuclear conversion, if Z is high, and electron- or photo-excitation, if Z is low. We also have a good

general, and often detailed, knowledge of Auger spectra arising from shallow core levels, again from

electron- and photo-excitation.3'1 However, as sketched in Fig. 2, there is an intermediate region of core

levels and Z where data are very scarce because of the lac'- of x-ray lines of suitable energies. This is

an area where a strong tunable photon source in the 10 to 100 kcV range could fill the gap. Then a

number of basic questions that still await close experimental scrutiny can also be addressed. Among

them arc (i) a test of the Breit and Lamb shift terms over a wider Z range by way of the KL,L,

energies in heavy elements and (ii) an accurate delineation and extensive survey of the correlation

effects dominating Coster-Kronig transitions originating in not only the L, subshcll but also in the M,

and N, suhshclls of the higher Z elements and, if energetically allowed, the L,, M2, N;, etc. levels.

Determinations of Auger and photoelectron energies, line or level widths and transition probabilities

are required to probe the correlations and lest predictions of advanced theory.1

Let's now look at the Coster-Kronig (CK) transitions. Consider Yb(Z=70), with E(L,) = 10.5 kcV,

E(L,) = 10 keV, and E(L,) = 8.9 keV. An L, Auger spectrum (or x-ray spectrum) would be produced

"The submitted manuscript has been
183 authorad by a contractor of tho U.S.

Government under contract No. DE-
AC0B-B4OR21400. Accordingly, the U.S.
Government ratlins a nonexclusive.
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P. Auger (1925)

Wilson Cioud Chamber

Figure 1. Photoeiectron and Auger Electron Tracks

of Argon excited by M X-rays.
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with photons of 8.9 < hu < 10 keV; an L, spectrum and a L3 spectrum containing Coster-Kronig

satellites plus the L,L,X Coster Kronig spectrum would arise from excitation between 10.0 < hu < 10.5

keV. Suitable comparisons of these spectra will then give the Coster-Kronig yield for the L; level.

Similar considerations apply to the determination of the L, CK yield and it should be noted that these

measurements could be carried out with photons as they emerge from an undulator without the need

of further narrowing the photon distribution. However, if we were to determine the CK rales by way

of the L, and L3 level widths, monochromatic x rays would be required, and the resolution should be

better than 10% of the natural line width (T(L}) = 4.60 eV) to achieve accurate results. Narrow-band

x rays are also needed if the photoclectrons are utilized for the deduction of line widths and yields.

In the most sophisticated and cleanest approach, coincidences between photoelectrons and Auger

electrons (or x rays) are used to measure these parameters and, most significantly, obtain information

on Auger processes in atoms doubly ionized in inner shells. Fig. 3 shows an example for photoioniza-

tion in the Cu L, subshell.5 While in a normal (noncoincident) Auger spectrum the L, and Lj groups

and their respective satellites overlap strongly, coincidence with the L, phoioelectron selects two groups:

the normal L, M.,/ and the satellite group L,M4i5 arising from a vacancy transfer L, -* L, in a CK

transition. This pilot experiment on Cu clearly demonstrates the benefits that will accrue when it will

become feasible to differentiate in coincidence experiments the decay processes in the L subshells as

well as in the M and N subshells throughout the periodic table. In addition to the CK satellites of Fig.

3, other groups of satellites appear in Auger spectra as a result of shakcup and shakcoff in the iniiial

ionization process (with the term "shake" used genericly).

The shake process has a counterpart in the photoelectron spectrum as shown in Fig. 4 for Argon.

Evidently, one would like to resolve the shakeup lines and separate them from the shakcoff continuum.

What one would hope to achieve is an improvement in the spectral quality as has occurred already with

the use of an undulator source at very low photon energy, see Fig. 5. For the K shell, this requires a

photon beam with an energy spread of better than the 0.68 cV of the Ar K level width and a sufficient

flux to compensate for the tenuity of the atomic target. Similar experiments that are limited only by

the natural width barrier" will become feasible for higher Z elements and a variety of subshclls with the

more powerful photon sources and will allow us to better understand the double photoeffect and its

dependence on the photon energy.

Remaining with K shell ionization in argon I like to show with the aid of Fig. 6, how the shake

process reveals itself in distinct satellite groups in the K Auger spectrum. These satellites have been

exploited7 to delineate the energy dependence of shakeup and shakeoff, respectively (sec Fig. 7).
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Clearly, a higher resolution than available in this initial experiment and an extension to other elements

and deeper core levels are desirable to rigorously test existing theoretical models. The high resolution

K. Auger spectrum of Ar (Fig. 6) separates rather well the normal Auger lines arising from a single K

hole from the various satellite lines arising from shakeup or shakeoff in the M and L shells. The

separation is, however, not complete. In other Auger spectra there may be even greater overlap.

Tuning the photons properly affords a first approach to highlight certain groups as shown in Fig. 8 for

the N, KLL spectrum: (a) the gross spectrum, (b) the spectator/actor spectrum associated with Is -*

27rg excitation (part of it sometimes referred to as resonance Auger spectrum), and (c) the isolated

normal spectrum, which is devoid of satellites. Could the Ar K Auger spectrum be partitioned similarly?

As the K absorption spectrum (Fig. 9) suggests, the normal KLL spectrum could indeed be isolated by

selecting a photon energy around 3215 eV. However, line shapes and Auger energies would have to

be carefully interpreted because of the strong post-collision interaction of the slow photoelcctron with

the Auger electron. As the number of shells and electrons increases with Z, even the option of exciting

near threshold becomes questionable as illustrated in Fig. Hi for the L, photoabsorplion spectrum of

Kr. The final approach to cleanly separate the components of an Auger spectrum remains then a

coincidence measurement between the photoelcctron and the Auger electrons. A corresponding

approach applies to x-ray emission spectra as I will show later.

Once more I like to return to Fig. 1. The plate shows two sets of constant-length tracks, one of

which is of very short length. Auger attributed these two sets to Auger groups that are emitted as a

result of a vacancy cascade triggered by the initial innershell ionization. Such a cascade is illustrated

in Fig. 11 for Xe and the idea of a stepwise progression of vacancies has served well to explain the ion

charge spectra observed.8 However, one might ask whether such a neat stepwisc progression will always

occur in a multi-electron atom or whether after the second or third step a giant, multichannel

"autoionization explosion" could not account for the observed charge distribution. The recording of the

Auger electrons which in one model should fall into several distinct energy groups could give an answer.

Such experiments can be done in the future, even in coincidence setups. Until now only one or two

studies, apart from the original observation (Fig. 1), have given an indication for two but not for more

distinct groups to be associated with transitions to successive main shells.

Another question which awaits definitive experimental scrutiny concerns the trends of certain

properties along an isoelcctronic series. Such experiments involve ions of increasing charge and, hence,

more and more tenuous targets and higher and higher energies. I will give two examples. Many

elements, for example Be and C, display strong groundstate correlations due to the admixture of excited

states. The Be Auger satellites" give evidence of this correlation as seen in Fig. 12, and it would be of

interest to explore how this type of correlation will change when the nuclear charge increases along the
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ORNL-DWG. 64-8705

A VACANCY CASCADE IN Xe
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K

Figure 11
Vacancy cascade in K-shell ionized xenon, showing the
most probable route in the case of a stepwise progression
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isoelectronic series. Would this effect be as pronounced for Ar"+ as for Be? In the second example,10

the 3p photoelectron spectrum of Mn (Fig. 13) reveals strong intershell correlation of the type 3p2 •*

3s3d and it would be instructive to compare the 3p spectra of Zn5+ and Kr"+ with the Mn spectrum.

Finally, emission experiments of this nature could also address wave function collapse when approaching

d and f transition series; however, in these latter cases the crucial answers are likely to come from

experiments done at lower photon energies.

Let me now make an excursion into x-ray spectrometry. Nearly 20 years ago we posed the question

whether so-called x-ray diagram lines, Ka, Let, etc., are pure lines according to definition, namely Ka,

= K -* L3, or whether these lines are contaminated by parasitic satellites of the type KM -» L,M,

KN -* L3N, etc. This problem is akin to that discussed earlier for the Auger spectra, but it is

exacerbated for x rays because of the smaller shifts occurring between the lines of different origins. For

L x rays of a number of elements, the illusory nature of diagram lines observed under normally

prevailing excitation conditions has been demonstrated in a few studies, but more extensive work, aided

by a strong tunable excitation source, is needed to be able to determine such basic quantities as natural

line widths and absolute transition rates pertaining to a single hole state with an accuracy of better than

20%. Figure 14 presents a schematic illustration of the situation at hand as well as an experimental

method to disentangle the components.11 A conventional measurement of the Pb La, x ray yields a line

of 8.5 eV width (FWHM). If the La, line is placed into coincidence with the Ka, (K - L,) line

following K ionization then a line of 6.5 eV width results. This is, indeed, the pure diagram line La,

(L3 - M5). The answer to the origin of the pseudo diagram line comes from the coincidence with the

Ka, (K - L2) line. The resulting line is offset from the true La, line because it is a satellite L,N - NM5

following the CK transition 1^ - L3N. Under normal excitation modes, ionization takes place in all L

subshells ultimately creating a complex "La," line. The contamination of the La line by parasitic lines

has been investigated in detail for 7s.n As seen from Fig. 15, the purity of the La line is generally less

than 75% and may drop below 50%. Both Coster-Kronig transitions and shakeoff processes contribute

to this effect.

Among other applications of hard photons in atomic processes (at these energies processes are

essentially atomic regardless of the state of matter), I shall select a last one: that of the pholoelcctron

angular distribution and the effects of retardation. This is one of the more intriguing research, although

its beginning goes back, once again, to the Wilson cloud chamber plates taken by P. Auger - and shown

in Fig. 1. In fact, the long tracks seen in Fig. 1 were the initial object of that study with the aim to

distinguish between the old and the new quantum theory by way of the angular distribution of the

photoelectrons. The work of the time relied on hard x rays in the range for which the APS is designed.

Due to momentum transfer, or retardation as we now prefer to say, the angular distribution is skewed
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Figure 16. Skewing of the angular distribution
of K photoelectrons in Argon
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forward as clearly evidenced in Figs. 16 and 17. Early calculations of the Sommerfeld school were in

good but not perfect accord with experiment for the K shell, and because of their approximate nature

in only fair accord for the L shell." More sophisticated calculations14 of the recent past gave improved

agreement with the body of experimental data existing at higher photon energies and, significantly, with

the few data available at low energies. This is shown in Figs. 18 and 19. An isolated study" exists for

the M shell, that of Kr. In that work, the three subshells, s, p, and d, could be distinguished and were

shown to exhibit quite different angular distributions for the respective photoelectrons, but in satisfactory

agreement with theory. In particular, it was found that the 3d electron distribution was skewed forward

while that for the 3s electrons which have similar energies is almost symmetric, about 90°, indicating

that no higher multipoles beyond the dipole operator are active. Although there is a rudimentary

understanding of the higher multipole effects in angular distributions, we should remember that there

is only one experiment for shells higher than the K and L shells and very few cases in which the L

subshells were distinguished. At the same time, recent more elaborate calculations make some

unexpected predictions, especially near innershell thresholds.16 This is an area where much work remains

to be done over a wide range of energies, elements and subshells.

In the past, all experiments were carried out with unpolarized radiation and this is reflected in the

plots of Figs. 15-19. With the polarized radiation emerging from a synchrotron radiation source,

detection of the higher multipoles arising from the e " term requires a measurement in the XZ

coordinates17 as sketched in Fig. 20, where the complete expression for the angular distribution is given

for the case that both the dipole and quadrupole operators contribute.18 Three coefficients of the

corresponding Lcgendre polynomials enter the expression which is derived for a polarization of 100%.

A more wieldy expression would apply to partial polarization of the photon beam. Fortunately, the

insertion devices which are an integral part of the new, third-generation synchrotron radiation sources

yield a virtually complete polarization, of the photon beam, 99.6% as measured in one case, so that data

analysis is simplified and a high accuracy is obtained as demonstrated in Fig. 21 for the B2 dipole-

related /? parameter in the case of He at low energy of photons emerging from an undulator.

With this glimpse into the future and the promise expressed in several results (e.g., Figs. 5 and

21) that were obtained on the way to the new advanced photon sources I like to conclude this

presentation, but not without cautioning that the increased power and energies of the advanced light

sources must be matched by improved users' apparatus to optimize the opportunities.
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Beam-Line Considerations for Experiments with Highly-Charged Ions'*

Brant M. Johnson*
Department of Applied Science

Brookhaven National Laboratory, Upton, NY 11973

The APS offers exciting possibilities for a bright future in x-ray research. For example,
measurements on the inner-shell photoionization of ions will be feasible using stored ions
in ion traps or ion beams from an electron-cyclotron-resonance ion source, or perhaps
even a heavy-ion storage ring. Such experiments with ionic targets are the focus for the
discussion given here on the optimization of photon flux on a generic beamiine at the
APS. The performance of beam lines X26C, X26A, and X17 on the x-ray ring of the
National Synchrotron Light Source will be discussed as specific examples of beam-line
design considerations.

Vith K.W. Jones, M. Meron, M.L. Rivers and P. Spanne (Department of Applied Sci-
ence, Brookhaven National Laboratory) W.C. Thomlinson, D. Chapman and J. Hastings
(National Synchrotron Light Source Department, Brookhaven National Laboratory).

'Research supported by the Chemical Sciences Division, Office of Basic Energy Sciences,
US Department of Energy, under Contract No. DE-AC02-76CH00016.

200



In September of 1980 the "Workshop on Atomic Physics at the NSLS" was held at
Brookhaven National Laboratory. Considerable interest and excitement was expressed for
the potential impact on atomic, molecular and optical (AMO) physics research promised
by the new National Synchrotron Light Source (NSLS), which was then under construc-
tion. Many of the conclusions and areas of interest evidenced in the proceedings of that
workshop are still true today. For example, (1) the AMO physics community is much
more interested in soft-x and VUV photons, than in hard x rays; (2) there have been very
few measurements on the photoionization of ions, particularly for inner-shells; and (3)
the next generation facility will undoubtedly enhance experimental capabilities in current
research programs and foster the development of new research endeavors.

Experimental progress in the decade since the NSLS workshop is well documented in
other contributions to this APS workshop. Some of the specific experiments performed
on beam lines X26C at the NSLS are discussed or mentioned in the contributions by
Dave Church, Bernd Crasemann, and Jon Levin. Some of this work was performed in
collaboration with researchers from Texas A&M, the University of Tennessee and Oak
Ridge National Laboratory, Argonne National Laboratory, and St. Etienne, FRANCE.
Additional studies of synchrotron-radiation (SR) induced fluorescence spectroscopy and
the direct inner-shell photoionization of ions from a conventional ion source are carried
out by the local BNL group, but they will not be discussed here.

The relatively small number of practitioners in AMO physics with hard x rays is both
a blessing and a curse. The good news is that the field is wide open with more exciting
ideas and possibilities than current researchers can possibly investigate. The down side is
just, that - it has proved difficult to interest other experimenters (and funding agencies) to
turn their attention toward hard x-ray research in AMO physics. Perhaps this workshop
will serve as a catalyst to stimulate interest in the illuminating possibilities that the APS,
the ESRF, and the SPring-8 will offer.

Unquestionably, the new third generation hard x-ray photon sources will provide sub-
stantially more x rays than second generation machines (such as the NSLS x-ray ring).
However, experimental beam lines must be carefully designed to realize the full potential
of a third generation photon source. Figs. 1-2 give an overview of generic beam line
considerations.

The specific characteristics of beam lines X26C and X26A, with particular emphasis
on the performance of a 1:1 cylindrical focussing mirror, are discussed in Figs. 3-9. The
relative performance of APS undulator A and bending magnet beamlines at the NSLS
and APS are compared in Fig. 10 and discussed in Fig. 11 through the example of
measurements of the radiation produced by the NSLS superconducting wiggler on port
X17.

The PHOBIS concept for producing highly-charged ions through successive photoion-
ization of trapped ions is reviewed in Figs. 12-13. Finally, an overview of a proposed
heavy-ion storage ring for use at a hard x-ray light source is given in Figs. 14-24.
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GENERAL CONRGURATION FOR SR EXPERIMENTS
after R.L Johnson (pp. 173-260) in

Handbook on Synchrotron Radiation, Vol. 1A

PHOTON
SOURCE

PHOTON
BEAMUNE

M0N0-
CHROMATOR

EXPERI-
MENT

N(hî ) Source Photon Flux
e0% Horizontal Source Emittance
coy Vertical Source Emittance

Beamline Transmission Coefficient
Horizontal Beamline Emittance
Vertical Beamline Emittance

Moa Transmission Coefficient
Mon. Horizontal Acceptance
Mon. Vertical Acceptance

Photon Flux for Experiment

= NC\) d* TB TB T M

Fig. L illustrates the relevant parameters that determine the photon flux Nout(A) available for
an experiment. In the equation given at the bottom of the figure; 8X is the horizontal
divergence angle of emitted radiation from the bending magnet or insertion device of
interest.
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= N(X) 6X TB TM

TO MAXIMIZE PHOTON FLUX FOR A
SYNCHROTRON RADIATION EXPERIMENT:

1. Design Light Source for
MAXIMUM PHOTON FLUX
and MINIMUM EMITTANCES
(Horizontal and Vertical).

2. Design both beamline and
monochromator to accept
LARGEST POSSIBLE SOLID ANGLES.

3. MATCH ACCEPTANCES of mono-
chromator and beamline to
the emittance of the source.

4 MAXIMIZE TRANSMISSION of
beamline and monochromator.

Fig. 2 describes the design criteria for optimum photon flux on a generic synchrotron radi-
ation (SR) beam line. As the equation from Fig. 1 implies, the source photon flux,
6X, transmission of beam line and monochromator, and monochromator acceptance
solid angles should be maximized, while the emittance of the source and beam line
are minimized. A fuller description of this and other considerations are given in the
general references listed in the bibliography.
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Fig. 3 is a schematic representation of the storage rings and beam lines of the NSLS x-ray
and VUV beam lines. The location of beam port X26 is indicated.
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Beam Lines X-26A and X-26C at the NSLS
(plan view)

|t-5m I*-*" *~

12m |e- 11m (e- 10m Je- 6m 3m

N- 21m (e- 20m |e- 19m K- 18m |t- 17m N- 16m K- 15m H- !4m |e- 13m |e- 12m

Fig. 4 gives the layouts of beam lines X26C and X26A on the X26 beam port of the NSLS
x-ray ring at the NSLS. Note that neither beamline presently has a monochromator,
but that each has an x-ray focussing mirror. On X26C a 1:1 cylindrical mirror is
located at about. 10 m from the photon source point to produce an image in the
experimental hutch at about 20 m. On X26A an 8:1 ellipsoidal mirror is positioned
at 8 m to produce a focal spot at about 9 m.
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X-RAY FOCUSSING MIRRORS

1:1 CYLINDRICAL

8:1 ELLIPSOIDAL

Fig. 5 shows the two focussing mirrors. The 1*1 mirror is made of Zerodur; is coated with
platinum; is 60 cm long; and accepts 4 mr of horizontal radiation. The 8:1 mirror
is made of electroless nickel; is coated with platinum; is 20 cm long; and accepts 2
mr of horizontal radiation. Both mirrors are used at an angle of incidence of about
4 mr giving a high-energy cut-off at about 15 keV. For a bending magnet or wiggler
at the APS it might, be desirable to try to focus the harder radiation above 15 keV.
The cutoff can be moved to about 40 keV by lowering the angle of incidence to 2 mr.
The APS experiments will more typically be located at 40 m from the ring with a
mirror at 20 m. The hand-drawn sketch indicates schematically (in a two dimensional
representation) how the mirrors operate. Imagine the ellipse rotated a few degrees
each way about its long axis to produce sections of cylindrical and ellipsoidal surfaces.
Reducing the incidence angle and increasing the distance between the foci amounts to
stretching the whole ellipsoid and shrinking its minor radius. A 1:1 mirror of about
the same length at 20 m from the ring with a 2 mr angle of incidence would accept
only about 1 mr of horizontal radiation, instead of the 4 mr accepted on X26C
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NSLS X-26C (1:1 Focussing Mirror)

Fig. 6 shows an anamorphic drawing (transverse dimension greatly expanded) of the X26C
beam line. The horizontal focussing action of the 1:1 mirror is indicated in the plan
view (upper) and the vertical deflection is illustrated in the elevation view (lower).

Figs. 7-9 illustrate the measured performance of (he 1:1 cylindrical x-ray mirror on X26C A
Si(Li) x-ray detector was positioned at a forward scattering angle of 45° to measure
photons scattered through air after passage through a 20 x 20 ftm pinhole.
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0 2 4 6 8 10 12 14 16 18 20

X-ray Energy (keV)

Ratio of focussed to unfocussed beam
«o.o

wo.o -

80.0 •

.2

I
60.0 -

•40.0 •

20.0

4 6 8 V 12 14

X-ray Energy {keV}

16 18 20

Fig. 7 (upper) shows the measured x-ray energy spectra for both unfocussed and focussed
radiation with the pinhole positioned for maximum intensity. Fig. 7 (lower) displays
the ratio of these two spectra. Note that an enhancement of two-orders of magnitude
is realized over a wide range of photon energies and for the characteristic Ar K x-ray
production produced from argon in the air. The dip at about 5 keV is artificial. Due
to the low x-ray scattering cross sections near this photon energy there are very few
counts in the scattered-radiation spectra.
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Fig. 8 is a two-dimensional line plot of the photon flux distribution produced at the foca!
point with the 1:1 mirror. Note that the focal spot, is nearly round. The unfociissed
horizontal image would have been about 8 cm wide. The full-widtb-at-half-maximum
or 2cr of the focussed image was about 0.7 mm. Although the mirror specification
called for no vertical focussing the vertical beam profile had a 2c of 0.6 mm, while the
unfocussed. was 1.8 nun. This factor of three reduction in vertical height is believed
to result from slight concave curvature down the long axis of the mirror.
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*£ 10.0
Focussed beam profile (horizontal)

l r
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Focussed beam profile (vertical)
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Vertical position (mm)

Fig. 9 shows the horizontal and vertical beam profiles at maximum intensity. The vertical
profile is asymmetric only because it was clipped on one side by by an aperture in the
beam line.
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Fig. 10 shows the calculated photon-energy spectra for the undulator A of the APS compared
to those for a typical bending magnet beam line (X26) and a super-conducting wiggler
at maximum field strength of 5 Tesla (X17). The X17 spectrum (at 4.9 Tesla) is also
typical of a generic bending magnet at the APS, although flux at the APS may be
somewhat higher due to the lower source emittance. At a field strength of 1.1 Tesla,
XI" produces essentially the same spectrum as an NSLS bending magnet port (e.g.
x26). Clearly, an undulator provides much higher photon flux at soft x-ray energies
than bending magnets or even super-conducting wigglers at the NSLS.

212



Scattered spectra from SiOi glass at X-17
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Fig 11 is similar to Fig. 7, but here a measurement is made of unfocussed x-ray scattering
from a glass target on X17 at 1.1 and 4.9 Tesla with only 2 ma of stored electron
beam The upper spectrum shows the two radiation patterns and the lower compares
the measured and predicted ratios. The energy dependence of the ratios agree well.
The discrepancy in magnitude is attributed to either the loss of some beam when the
magnet was ramped down from 4.9 to 1.1 Tesla or a normalization problem with the
beam monitors at such low stored beam currents. Note that this direct comparison of
the two radiation patterns under otherwise similar conditions indicates that an APS
bending magnet beam line is clearly superior to a comparable NSLS line only at hard
x-ray energies above a few keV.
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Fig. 12 shows the photon flux distnoutions for a typical NSLS bending magnet (X26(
and wiggler (X25 , and the filtering effect of a Be window which absorbs low-enen
Photons Note that the flux is plotted for photons in a 1 eV energy bandwid
rather than the more customary 0.1% wavelength bandwidth. Also indicated are I
photoabsorption cross sections for the M-, L-, and K-shells of argon. Note that broa
band radiation from either the bending magnet or wiggler span the entire range
binding energies for all electrons in argon. The same would be true at the APS
even the heaviest atoms.
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PH0B1S: PHOton Beam Ion Source
electrons

ions extracted
from trap 4

MONO
CHROMATOR

SPECTROMETER
views radiation from trap

ION TRAP

photon

MIRROR

Adapted from K. W. Jones, B. M. Johnson, and M. Meron
Phys. Lett. 97A5 377 (1983).

Pig. 13 illustrates the PHOBIS concept, which was proposed many years ago. The basic
idea is to use art ion trap to hold ions in the path of broad-band synchrotron radi-
ation to successively photoionize ions to higher and higher charge states. The first
experimental demonstration of successive inner-shell photoionization in a Penning ion
trap was recently achieved in a collaborative effort on NSLS beam tine X26C, See the
contribution to these proceedings by David A. Church.
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NAPF
National Atomic Physics Faciity

N A P F

T
A
D
L

A Cooled Heavy Ion Storage Ring

proposed to be built at the

National Synchrotron Light Source

to be injected with ions from the

Tandem Accel-Decel Laboratory

at Brookhaven National Laboratory

N
S

S

C H I S R

Fig. 14 introduces the basic elements of NAPF. the proposed National Atomic Physics
Facility. Such a facility would be ideal for studies of the inner-shell photoionization of
ions with hard x-rays, as well as a host of other ion-photon, ion-electron, and ion-atom
investigations.
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ATOMIC PHYSICS FOR THE 90's AND BEYOND

FUNDAMENTAL INTERACTIONS

. THREE-BODY CONTINUUM COULOMB PROBLEM

• QED EFFECTS AT MGH-Z

• STRONGLY PERTURBING INTERACTIONS

• MANY-BODY INTERACTIONS/CORRELATION

• ATOMS IN VERY HIGH FIELDS

• TIME REVERSAL & PARITY NON-CONSERVATION IN ATOMS

. FUNDAMENTAL CONSTANTS

POORLY UNDERSTOOD PROCESSES

• COLLISIONS OF IONIZED SYSTEMS

• CHARGE TRANSFER

• ELECTRON COLLISIONS WITH HIGHLY-CHARGED IONS

• PHOTON INTERACTIONS WITH IONS

• ELECTRON-ION RECOMBINATION

LASER-ASSISTED PROCESSES: LASER + SYNCHROTRON, ETC

DECAY OF MULTIPLY-EXCITED IONS

MANIFESTATIONS OF QUANTUM CHAOS

IMPORTANT APPLICATIONS

FUSION PLASMAS

ASTROPHYSICAL PHENOMENA

DEFENSE

E\RTH AND PLANETARY ATMOSPHERES

Fig. 15 summarizes the scientific justification for NAPF. See also the the documents listed
in the bibliography and the contribution to these proceedings by Steve Manson.
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AGS Transfer Line

I Proposed
Heavy Ion

Storage Ring

Fig. 16 indicates the proposed location of a heavy-ion transfer line from the BNL tandem
facility to the NSLS. The existing transfer line to the BNL Alternating Gradient
Synchrotron AGS is also shown.
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CHISR: COOLED HEAVY ION STORAGE RNG

RF.

Fig. 17 gives a schematic diagram of the photon beam from the NSLS x-ray ring interacting
with stored heavy ions.
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Beam Line X-13 at the NSLS
COOLED

HEAVY ION
STORAGE RING

MAIN
BEAM

STATION

SIDE APERTURES
PORT AND

STATION SHUTTERS

'•3 Hutch 82 Hutch B1 Hutch C Hutch Aux. Hutch Tunnel

Intermediate Removable
Beam Slop Spool Pieces

Primary
3oam
Stop

Pumping
Station
(typJ

Isolation Valve

Beam Line Apertures

Monochromator

Photon Shutter

Tail Piece Extension

Fig. 18 shows some details of the design of a specific superconducting-wiggler beam line
proposed for port X13 at the NSLS. Note the provision for independent experiments
on the photon beam line during time periods when the heavy-ion storage ring would
not be available for SR experiments.
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Fig. 19 illustrates the wide range of measurements that would be possible in studying ion-
photon, ion-electron, and ion-ion interactions at NAPF.
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PHOTON-ION LUMINOSITY
PHOTON BEAM JNTERACHWO WTTH STORED HEAVY IONS:

PHOTONS -
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N
ffl Ml
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Fig. 20 describes the figure of merit for a crossed photon - heavy ion beam experiment. -
namely, the photon - ion luminosity. The parameter fenc is the frequency of encounter,
which is typically 1 M Hz or 10 passes per second of the stored heavy ions.
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Consider K-shell Photoionization of Cu 11+

Assume photon energy resolution AE/E of 0.1%
(better than 8 eV) and photon flux of 1014 Hz.

SIGNAL {K-shell photoionization events)

Cross Section
(near K-edge)

Luminosity
(Ion-photon interactions)

SIGNAL Rate

3.0 x 10-20 cm2

4.3 x 1020 cm'2 s'1

13 Hz

BACKGROUND: (Interactions with ambient gas, 10*" Torr)

Cross Section 2 x 10'22 cm2

(K-shell vacancy production)

Luminosity
(29 MeV/u beam energy)

BACKGROUND Rate

2 x 1025 cm'2 s'1

4000 Hz

SIGNAL/BACKGROUND ratio 13/4000 = 0.3%

Fig. 21 begins a calculation of expected signal to noise ratios for a specific photoionization
measurement in CHISR at NAPF (to be continued in the next figure).
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K-shell Photoionization of Cu 11+ (Continued)

Synchrotron Radiation is PULSED.
NSLS x-ray ring normally operated with 25 bunches.

Bunch Width (4o) 0.6 - 1 ns

Revolution Frequency 5677 ns

Duty Factor 0.026 - 0.044

Typical Duty Factor 0.03

SIGNAL/BACKGROUND ratio 13/(4000 x 0.03) = 11%

Similar calculations for outer-shell ionization of Cu ions
yield SIGNAL/BACKGROUND ratios of 3 to 9%.

CONCLUSION
CHISR experiments on the photoionization of ions
(both inner- and outer-shell) are feasible.

Fig. 22 the continuation of the calculation begun in the preceding figure. Note that the
conclusion would be even more valid for a similar proposal at the APS. Instead of
a long and costly transfer line from ATLAS, an ECR ion source and linac near the
CHISR could be used for injection.
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10

Fig. 23 compares effective beam currents for a Cooled Heavy-Ion Storage Ring versus an
Electron-Cyclotron Resonance Ion Source. The overall magnitudes are very dependent
on specific assumptions about the performance of each type of ion source, but the trend
versus increasing charge state is generic. ECR sources are competitive at low charge
states and for light to medium Z elements, but CHISR clearly wins as the charge state
and mass of the ion is increased.
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Fig. 24 gives plots of photoionization cross sections versus Z for K-, L-, and M-shells of all
elements. Note that the elements and shells covered by different ranges of soft and
hard x rays are indicated with dashed lines. While inner-shell studies over a wide
range of low to medium Z ions can be performed with soft x rays, such experiments
on heavier atoms require the much harder x rays available in abundance at the APS
or on a superconducting wiggler at the NSLS.
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Spectral Characteristics of Insertion Device Sources
at the Advanced Photon Source

P. James Viccaro
Advanced Photon Source

Argonne National Laboratory
9700 S. Cass Avenue

Argonne, Illinois 60 "?9

INTRODUCTION

The 7-GeV Advanced Photon Source (APS) synchrotron facility at
Argonne National Laboratory will be a powerful source of hard x-rays with
energies above 1 keV. In addition to the availability of bending magnet
radiation, the storage ring will have 35 straight sections for insertion device
(ID) x-ray sources. The unique spectral properties and flexibility of these
devices open new possibilities for scientific research in essentially every
area of science and technology. Existing and new techniques utilizing the
full potential of these sources, such as the enhanced coherence, unique
polarization properties, and high spectral brilliance, will permit
experiments not possible with existing sources.

In the following presentation, the spectral properties of ID sources are
briefly reviewed. A summary of the specific properties of sources planned
for the APS storage ring is then presented. Recent results for APS
prototype ID sources are discussed, and finally some special x-ray sources
under consideration for the APS facility are described.

GENERAL PROPERTIES OF ID SOURCES

Both undulator and wiggler IDs at the APS will be composed of magnet
arrays in a planer geometry which set up a spatially oscillating magnetic
field along the length of the device [1]. These arrays can either be made up
of permanent magnets, with or without high-permeability magnetic poles,
or electromagnets. Whatever the structure, the spectral properties of the
devices is related to the peak magnetic field, BQ generated. In particular,
the field results in an oscillating trajectory of the particle beam through the
device. The amplitude and maximum slope angle depend linearly on both
the field, BQ, and the period of the device through the deflection parameter,
K, defined by:
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where XQ is the ID magnetic period in cm, and BQ is in tesla. For a K less
than approximately 10, the maximum slope angle is given by,

9 = K/y,
where y = 1957 E r is the relativistic factor, and E r is the ring energy in GeV.
This is to be compared with the natural opening angle of synchrotron
radiation,

Y~l/Y,
which is approximately 73 urad for the 7-GeV APS storage ring.

The spectral properties of a given device will depend on the relative
values of the maximum slope angle, 0, and the opening angle, y. In the
undulator regime, where K ~ 1, the radiation from each part of the
trajectory is within the radiation opening angle, and interference effects
can occur. This interference causes spatial and frequency bunching which
gives rise to the typical undulator spectrum consisting of narrow bands of
radiation called harmonics. The energy at which these harmonics occur
depends on the ring energy and the peak magnetic field in the device. For a
single radiating particle, the radiative source size and divergence depend
on the wavelength of the x-ray and the length of the undulator. Typically,
the radiative divergence at the harmonic energy is a fraction of the natural
radiation opening angle, y, and the photon flux at this energy is enhanced.

In the wiggler, where K t 5, the output from the device is a sum of
intensities from each magnetic pole and the spectral output is similar to a
bending magnet, but contained within a horizontal angular range of ± K/y.
The spectral output on-axis is approximately N times the output from an
equivalent bending magnet source, where N is the number of magnetic
poles.

The spatial and angular distribution of the particle beam will affect the
undulator spectrum most severely. Since the particles in the beam are
independent, the effective source angular distribution and size are a
convolution of the radiative and particle beam distribution parameters. The
particle beam distributions are approximately Gaussian as is the case for
the central radiation cone at the principal harmonics. For the low-
emittance APS storage ring, the particle beam vertical divergence is on the
order of the Gaussian width (9 urad) of the first harmonic central cone. In
the horizontal direction, it is a factor of approximately two larger. As a first
approximation, information concerning the number of photons in a given
bandwidth contained within a given angular aperture can be estimated for
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the principal harmonics using the convoluted effective source spatial and
angular properties.

The on-axis brilliance BLQ (sometimes referred to as brightness) is
defined as:

BLQ = number of photons/(O.l%BW mm2mrad2)

and is equivalent to the total flux at a given photon energy in a fixed
bandwidth (BW) divided by the effective radiative source size and effective
source divergence in the vertical and horizontal directions.

The on-axis brilliance at the principal harmonics of an undulator
contains information concerning the approximate angular distribution of
the source. In fact, the peak angular flux density of the central radiation
cone is given approximately by the product of BLQ and the effective source
area. As mentioned, the angular width is the convoluted width of the
particle beam divergence and radiative width.

APS RADIATION SOURCES

Several IDs have been identified as standard x-ray sources for the APS.
These include two planar undulator and two planar wiggler sources.
Undulator A, which has the Nd-Fe-B and vanadium permendur hybrid
geometry, is capable of spanning the photon energy interval from
approximately 5 to 30 keV using first-harmonic radiation. Undulator B,
which also has the hybrid structure, is tunable for approximately 13 to 20
keV. The wigglers A, with the hybrid structure, and B, which has
magnetic structure based on electromagnets, have critical energies of 32.6
and 9.8 keV, respectively. These critical energies are above and below that
for the bending magnet radiation of 19 keV.

In addition, several other devices are described. One of these is an
undulator-wiggler source. This ID for K-values near 1 behaves like an
undulator with a first harmonic in the range of 1 to 2 keV. At closed gap,
and with K ~ 9, the device is a wiggler with critical energy near 30 keV.
Undulator C is an x-ray source with first harmonic spanning the interval
of 0.5 to 1.5 keV. Both devices are very effective sources spanning the
interval between soft and hard x-ray sources.

The flux through a pin-hole with an angular opening equal to the
angular width of the central radiation cone for the first harmonic of
Undulator A is approximately 10^ photons/sec in 0.1% bandwidth at the
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energy of 8 keV. This value is typical for most undulator sources at the
APS. The total flux within the central radiation cone is approximately 1014

photons/sec per 0.01% bandwidth at 8 keV.

APS UNDULATOR PROTOTYPE RESULTS

As part of the R&D effort, the APS has developed two prototype undulator
sources in order to evaluate construction techniques, critical construction
tolerances, and performance. The first of these is a prototype of undulator
A with a period of 3.3 cm and a length of approximately 2 m. It was the
first short period undulator to be used as a synchrotron x-ray source. The
device was installed on the CESR/Cornell storage ring for a one month
dedicated run[2]. The storage ring was modified to have approximately the
same vertical emittance as the APS. The performance of the device was
excellent and satisfied all the requirements for an undulator of this type
installed on the APS. As part of the performance evaluation of the device,
the effect of introducing a taper in the undulator gap was tested. In this
mode, the first harmonic bandwidth increased by a factor of two. At the
same time, the spatial distribution remained essentially unchanged. This
result can be explained by the fact that the band width is determined
essentially by the difference in entrance and exit peak fields caused by the
taper in the gap. The spatial distribution at the harmonic, on the other
hand, is determined by the energy of the emitted photon.

A second prototype is the undualtor for the U-5 straight section at the
VUV storage ring at the National Synchrotron Light Source (NSLS). The
device will be used by a multi-institutional materials research group in a
diverse program. The undulator, which was delivered to the NSLS in
March 1990, will be tested and its performance evaluated in early summer
of 1990. The device has a period of 7.5 cm and a length of 2.3 m. It has the
lowest random field error of any built to date. Some of the essential design
parameters can be obtained from [3].

SPECIAL PURPOSE IDs

Part of the R&D effort in this area will be placed on the development of
techniques which utilize x-rays with a variable degree of elliptical
polarization of ID sources in the region of 2 to 100 keV. In the low-energy
part of this spectral region, techniques used for the investigation of elastic
magnetic scattering and polarization processes will be prominent. In the
high-energy portion of the spectrum, magnetic Compton scattering will be
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important.
At present, there is a significant amount of activity concerning the

development of ID sources capable of producing circularly or elliptically
polarized x-rays. These include:

• Asymmetric Wiggler [4]
• Elliptical Motion Multipole Wiggler[5]
• Helical Motion Crossed UndulatorF6]
• Planar Helical Field Undulator [7,8]
• Crossed Planar Undulators[9]

Of the possible ID configurations, two have been chosen as candidate
sources of variable polarized x-rays on the APS. The first is the crossed
planar undulator first proposed by K. J. Kim [9] which is an efficient source
on the APS for producing circularly polarized x-rays from 1 to 5 keV.
Third harmonic radiation would extend the range up to 8 or 10 keV. The
major advantage of this source is its time modulation capability since the
degree of polarization depends on an electromagnetic phase shifter. The
conceptual design consists of two hybrid sections with Nd-Fe-B magnets
and vanadium permendur poles. The sections are in tandem with an
electromagnetic phase shifter between them. The total length of the device
is approximately 2.5-m.

The second device is a version of the elliptical motion multipole wiggler
which has been recently been tested at the Photon Factory-KEK[5]. The
device proposed for the APS has a period of approximately 20 cm and is 1 m
in length. The critical energy will be approximately 30 keV and the device
will span the range from above 8 keV to approximately 100 keV.

Other programs include permanent magnet IDs with enhanced
magnetic designs capable of producing high magnetic field. As
undulators, these devices will exhibit larger photon energy tunability than
current devices. As wigglers, these devices will be capable of achieving
high critical fields above 50 keV.

These special devices are an important a part of the R&D activity in ID
source development at the APS. It is expected that APS users and scientific
needs will spur activity in other areas of source development after the
storage ring becomes operational.
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ADVANCED PHOTON SOURCE

OUTLINE OF PRESENTATION

Insertion Device (ID) Synchrotron
Radiation

(General Features)

• Expected Spectral Properties Of APS
Sources

• Relevant R&D ID Prototype Results

• Special Purpose ID Sources For The APS
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ADVANCED PHOTON SOURCE
BEND MAGNET

Vertical Opening
Angle

= l/y

= 1957

At 7 Gev, l/y~ 0.07 mrad
Beam Height ~ 8 mm at 50 m

INSERTION DEVICE (Hybrid Permanent Magnet)

N S N S N S N S N
Poles

1 I I I I 1 1
S N S N S N S N S

Particle Radiates at Each Lobe of Trajectory
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ADVANCED PHOTON SOURCE

TYPICAL STRUCTURE OF HYBRID
PERMANENT MAGNET INSERTION DEVICES

Vanadium NcJ-Pe-B
permendur permanent
pole pieces magnets

B = BQ COS(2KZ/XQ)

B0(T) Peak Field at Poles

PARTICLE TRAJECTORY DETERMINES
DEVICE CHARACTERISTICS
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ADVANCED PHOTON SOURCE

PARTICLE BEAM TRAJECTORY

^ — X o — ^

DEFLECTION PARAMETER K
K = 0.934 ^0(cm) B0(T)

CENTRAL RADIATION CONE

ANGULAR WIDTH ~ 1/y
y=1957ER(GeV)

WIGGLER REGIME

SUM INTENSITY FROM EACH POLE

UNDULATOR REGIME

K - 1
INTERFERENCE EFFECTS
WITHIN RADIATION CONE
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ADVANCED PHOTON SOURCE

UNDULATOR SOURCES

INTERFERENCE EFFECTS IN UNDULATOR REGIME
CAUSE FREQUENCY AND SPATIAL 'BUNCHING'

EXAMPLE: APS@ 7GeV 100mA

ON-AXIS FREQUENCY DISTRIBUTION
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ADVANCED PHOTON SOURCE

UNDULATOR RADIATION
SPATIAL DISTRIBUTION AT ODD HARMONICS

17900E-15-}''
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0
00010

(f-00010
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ANGULAR WIDTH OF CENTRAL RADIATION
CONE FOR ODD HARMONICS n =1,3,5,...

Gaussian Central Cone Approximation.

CJ'R =

SOURCE SIZE

K2/2)/(2nN)

4 Trap = V?in Xn - Harmonic Energy

L = ID Length
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ADVANCED PHOTON SOURCE

Angular Power
Density Wig A

Angular Power
Density Und A
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ADVANCED PHOTON SOURCE

GENERAL SOURCE PROPERTIES

Particle Beam Emittance Effects

• Radiative-Single Particle

Source Size: a r

Source Divergence: a'r

• Particle Beam Distribution

Beam Size: ap

Beam Divergence; o'p

• Effective Source Size and Divergence

Size:
S it 9 O\

= ^(°r + °p2)
Divergence:
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ADVANCED PHOTON SOURCE

UNDULATOR RADIATION
Particle Beam Emittance Effects

• Typical APS Particle Beam Parameters
Beam Size And Divergence

ax ay a x
(lim) (jim) (inrad)

Bend 115 110 63

ID 310 85 24

Typical Undulator Single Particle (Zero-
Emittance) Radiative Source Size And
Divergence

1st Harmonic at 10 kev
Length, 2.5 m.

a r = 25 iim a'r = -10 jirad
(Brill ia nee) (Brigh tness)
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ADVANCED PHOTON SOURCE

SOURCE BRILLIANCE

U t

Extended
Source

Pinhole Detector

Flux Through Pinhole Depends on BOTH
Angular Divergence and

Spatial Distribution

Brilliance (Brightness): On Axis (Peak)

B F=Total Flux

Angular Flux Density:

A -
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ADVANCED PHOTON SOURCE

.GENERAL PURPOSE IDs

Period (cm)
Length (m)

Fundamental:
Min (keV)
Max (keV)

Ec(keV)

Kmax

Undulators
A

3.1
2.5

4.5
14

2.5

UND A & B, WIG A:

B

2.1
2.5

13
20

1.1

Wigglers
A

15
1.5

32.6

14

B

25
2.5

9.8

7

Permanent Magnet (Nd-Fe-B) HYBRID DEVICES
WIG B:

Electromagnet

Bending Magnet Radiation: Ec = 19.5 keV
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ADVANCED PHOTON SOURCE

APS BEND MAGNET

E c = 19.5 keV
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ADVANCED PHOTON SOURCE

K>
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APSWIGGLERS A AND B
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ADVANCED PHOTON SOURCE

UNDULATOR RADIATION

ENERGY TUNABILITY (nth Harmonic)

En(keV) = n 0.949ER
2

K = 0.934B0X0

BQ = Peak Magnetic Field (T)
= Undulator Period (cm)
= Storage Ring Energy (GeV)

ENERGY WIDTH OF HARMONIC n
(Zero Emittance)

AE/E = 1/(nN) N = Number of Periods
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ADVANCED PHOTON SOURCE

APS Undulator A (3.1 cm Period)
1st Harmonic Tunablity

CM

£

2 1017

cr-

"55

o

1

0.00 5.00 10.0
ENERGY (keV)

15.0 20.0

On-Axis Brilliance of the Firat-Harmonic Radiation from APS
Undulator A at 7 GeV and 100 mA (The firat-hartnoaic peaks at various energies
are obtained at magnet gap settings of (a) 11.2 a*n, Cb) 13.9 am, (c) 16.5 nna,
(d) 19.7 mm, (e) 24.7 am, and (f) 30.1 mm. These calculations include the
phase-space dimensions of the positron beam.)
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ADVANCED PHOTON SOURCE

APS UNDULATORS A AND B -TUNABILITY
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ADVANCED PHOTON SOURCE

Undulator C: Hybrid Device With Period=20 cm
APS: 7 GeV, 100mA
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ADVANCED PHOTON SOURCE

Undulator-Wiggler ID
Period=8 cm
Deflection Parameter K = 0.934 B0X{

1 <K<9
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ADVANCED PHOTON SOURCE

APS Undulator A, Flux Through a Pinhole
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ADVANCED PHOTON SOURCE

Undulator A:
Hybrid Device With Period=3.1 cm
APS:
7 GeV, 100mA
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ADVANCED PHOTON SOURCE

APS STORAGE RING TIME STRUCTURE

Ring Circumference: 1104 m
Orbit Period: 3683 ns
Number of Bunches 1-6 0
Bunch Duration 50-100 ps

• Flux (Number Of Photons) Per Bunch
7 GeV, 100 mA
20 Bunches Circulating

Source Flux (x-rays/0.1 %BW)

Bend

Wig A

Und A

Bend and Wig

1.
4.

2.

at

.7

.0

.1

Ec

X

X

X

t
t

106 /mrade

107 /mrade

108

Und A At 1st Harmonic
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ADVANCED PHOTON SOURCE

INSERTION DEVICE TECHNICAL DESIGN

Based on R&D Effort

APS/CHESS Prototype Undulator A
- 3.3 cm Period
- 2 m Length ( 123 Poles)
- Specification of Device: APS/CHESS
- Constructed by Spectra Technology,

Inc.
- Installed and Tested on CESR/Cornell in

Low Emittance Mode, May-June 1988

APS Prototype Undulator for the U-5 Port
/VUV Ring at the National Synchrotron Light
Source

- 7.5 cm Period
- 2.3 m Length ( 55 Poles)
- Specification/Preliminary Design

of Device: APS
- Constructed By Spectra Technology, Inc.
- Completion: February 1990
- Installation: April 1990

SHIPPED TO NSLS
MONDAY, MARCH 5,1990!
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ADVANCED PHOTON SOURCE

APS/CHESS PROTOTYPE
UNDULATOR A

MAGNETIC FIELD ANALYSIS

Period (cm)
Minimum
Gap(cm)

Maximum
Field B(T)

(AB/B)rms(%)
Transverse
Rolloff(%)

Steering
Error(G-cm)

Specified Measured

3.3

1.35

0.45
< 1

<0.5

<100

0.53
0.3

0.2

<100

No Measurable Effects on CESR Storage Ring
Operating in Low Emittance Configuration

(AB/B) rms Satisfies APS Requirement
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ADVANCED PHOTON SOURCE

APS/CHESS PROTOTYPE UNDULATOR
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ADVANCED PHOTON SOURCE

APS PROTOTYPE UNDULATOR
GAP TAPER
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ADVANCED PHOTON SOURCE

1.00

AG»0
AG - 1.27 mm
AG » 2.54 mm

0.00
6.0 6.5 7.0

Photon Energy (KeV)

Broadening of fundamental peak vs. taper in gap.
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Photon Energy (KeV)

Manganese transmission spectrum obtained with radiation from
the undulator at a fixed gap tapered by 2.54 mm about a 2.1 cm average.
The sudden decrease in transmission represents the KQ absorption edge
and the ripples immediately above it are from EXAFS.)
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ADVANCED PHOTON SOURCE

U-5 UNDULATOR CHARACTERISTICS

Mechanical Structure:
- C-Frame Structure
- Non-Magnetic Material
- Spring Compensation of Magnetic/

Weight Loading
- Magnetic Beam Total Deflection:

< 0.0002 in.
- C-Frame Total Deflection:

< 0.0005 in.

Magnetic Structure:
- Nd-Fe-B Magnets, Nickel Plated
- Vanadium Permendur Pole Pieces
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ADVANCED PHOTON SOURCE

APS PROTOTYPE UNDULATOR

(NSLS-U-5 Port on the VUV Ring)

Period
Number of Periods
Minimum Gap (mm)
Peak Field (kG)
(AB/B) rms (%)
Transverse Rolloff (%) in
±1cm
Total Steering Error (G-cm)
integrated Quadrupole (G)
Integrated Sextupoie G/cm)

Specified

7.5
27.5
34.0

>4.25
<1.0

0.5
<100

<10
<100

Measured

7.5
27.5
34.0
4.60
0.22

0.1
13
7 *

60*

APS

-
m

10
-

0.3

0.1
<100
<10

<100

* At Closed Gap

Spectral Characteristics Will Be Measured April/May 1990



ADVANCED PHOTON SOURCE
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ADVANCED PHOTON SOURCE

TECHNICAL DESIGN OF SPECIAL PURPOSE
INSERTION DEVICES

Major Thrusts in R&D Effort Related to
ID Technical Design

• Devices with Higher Peak Magnetic Fields at
Small (10-12 mm) Gaps. Increased
Undulator Tunability at a Larger
Machine Aperture.

- Wedge-Pole Design
- Designs with Enhanced Flux Returns.

• Devices for Producing Variable Polarization
X-Rays.

- Hard X-Ray Energies above 8 keV:
Elliptical Motion Multipole Wiggler.
Slow Modulation of Polarization
Possible

- X-Ray Energies below 8 keV:
Crossed Field Undulator. Rapid (10 Hz)
Modulation Possible.

Conceptual Designs and Performance Evaluation
of Devices are Under Way.
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ADVANCED PHOTON SOURCE

POLARIZATION CHARACTERISTICS OF
SYNCHROTRON X-RAY SOURCES

Bending Magnet

On-Axis: Plane Polarized (a) in
Horizontal On-Axis Plane

Off-Axis: Both a and n

Planar Wiggler
Positive and Negative Lobes of Trajectory
Cancel n Component.

Plane Polarized

Planar Undulator

On-Axis: Plane Polarized (a) in
Horizontal On-Axis Plane

Off-Axis: Both a and n
(Complex)
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ADVANCED PHOTON SOURCE

BENDING MAGNET POLARIZATION

PLANERWIGGLER ORUNDULATOR
Y

X

ELLIPTICAL

LINEAR

ELLIPTICAL

CURVATURE

LINEAR

a

LINEAR
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ADVANCED PHOTON SOURCE

Elliptical Motion Multipole Wiggler

B x - 0.1 T
B y ~ 1.0 T

Crossed Undulator
(K.-J. Kim-LBL)
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ADVANCED PHOTON SOURCE

ELLIPTICAL WIGGLER

Elliptical
Trajectory

Depends on Phase of
Bx and By

Trajectory

Elliptical Polarization
On-Axis
n-Bending Magnets

Change Phase by Shifting Bx wrt By
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ADVANCED PHOTON SOURCE

ELLIPTICAL MULTIPOLE WIGGLER

Cu Attenuator

i Jj*——I

Wiggler

Degree of
Circular o
Polarization

Relative
intensity to1

2 x!(frod.

Vertical Angle
(x10"4 rad)

Adapted from S. YAMAMOTO et al.
Phys. Rev. Lett. 62, 2672 (1989)
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ADVANCED PHOTON SOURCE

Undulator Polarization Properties
(Zero-Emittance Case)

1st
Harmonic

2nd
Harmonic
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ADVANCED PHOTON SOURCE

Undulator Polarization Properties
(APS-Emittance Case) 1st Harmonic
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"Can a Powerful Source (APS) Cast Useful Light on Atomic Hole State
Processes?" P. L. Cowan, Mar. 30, 1990.

Although the workshop is officially on the subject of Atomic Physics, it has

become customary to link Atomic, Molecular and Optical Physics into one

package. Since the issue under discussion is, "What can be done with the

APS?" one can argue further that all experiments will use x-rays in one way or

another and therefore could be categorized as X-Ray Optical Physics.

A superficial case for unity can be made from Figure 1. The top spectrum is a

Fano shaped multivacancy resonance in the x-ray absorption spectrum of Ar gas.

The lower figure shows a measurement of the x-ray absorption spectrum of Cl

adsorbed on a Cu(001) surface. In both cases similarly shaped spectra are

observed, but in the second case the resonance is due to the collective

scattering of the incident x-rays by the substrate crystal (i.e., a

Cu<lll> Bragg reflection). The latter effect, known as the x-ray standing

wave effect, is useful for surface structure determination. It is important

to remember that atomic effects like in the upper figure may influence the

optical effects such as in the lower figure.

Continuing the argument for Optical Physics as a unifying endeavor, I have

listed in Figure 2 a number of properties of x-rays (or photons) along with

types of experiments where these properties play a central role. One can

argue that the first four properties are aspects of the same thing, but the

fifth, polarization, provides a totally independent parameter which is

beginning to play an important role in our studies.
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In our studies of atomic hole processes at the NIST x-ray beamline, X-24A at

the NSLS, we control and measure x-ray energy and polarization. A schematic

of the instrument used to do this is shown in Figure 3. X-rays from a bending

magnet at the NSLS X-ray Ring are filtered in energy and their polarization is

refined by a tunable two-crystal monochromator. The target, which can be

either a solid or a gas cell, is then observed by a curved single-crystal

spectrometer which also can perform polarization analysis. In some

experiments the observation angle, B, of the spectrometer with respect to the

incident polarization can also be varied.

This arrangement of an primary monochromator and a secondary spectrometer

enables "double spectroscopy." The significance of the two photon energies,

ho}lt and fiw2, is spelled out in a Kramers-Heisenberg expansion of the photon

scattering cross section as listed in Figure 4.

In the case of resonant x-ray Eaman scattering it is the middle term in the

Kramers-Heisenberg expansion (enclosed in the box) that dominates. The matrix

elements are related to the x-ray absorption and emission transitions

probabilities. If one assumes the matrix elements associated with emission

are insensitive to the excitation energy, the resonant Raman process can be

modeled by first fitting an empirical model to the x-ray absorption spectrum,

then using the derived parameters to match the Raman spectra recorded at

various excitation energies. The next several figures (Fig. 5-9) show the

obtained fit to the absorption spectrum and several Raman spectra. Perhaps

the key feature of these spectra is the narrowing of the emission features on
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resonance. This indicates that "lifetime broadening" can be avoided so that

even at the higher energies to be obtained at the APS high resolution spectra

may be obtained.

The Kramers-Heisenberg formula can also apply to resonant elastic x-ray

scattering. In this case both of the first two terms are significant. We

became interested in the polarization dependance of the elastic scattering

since this has implications for the optical properties of materials at

resonances. Our measurements of the polarization of the elastic scattered

x-ray observed at 90° scattering angle for polarized incidence are shown in

Figure 10 as a function of energy near the Cl K-edge for CFC13.

While the elastic scattered x-rays, which are normally polarized for 90°

scattering, become depolarized, the x-ray fluorescence, which is typically

unpolarized, can become polarized. As shown in the overlay, this polarization

of fluorescence (or Raman scattered) x-rays, is different for emission

invol/ing molecular states with different symmetry. A schematic explanation

of this effect is given in Figure 11. For resonant excitation with polarized

x-rays, the excitation probability can be a strong function of the orientation

of individual molecules. The subsequent fluorescence from the resulting

assembly of aligned-excited molecules will then be polarized as indicated in

the figure.

The aligned-excited molecules created as above will also radiate

anisotropically. This effect is demonstrated in Figure 12. The relative

intensities of the spectral components is altered by observing the spectrum

either along the polarization vector of the excitation beam (B-0) or at 90°.
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The above results indicate that to date some success has been obtained in

studying and understanding inner shell hole processes. In each case we have

extended the traditional techniques of x-ray spectroscopy by utilizing the

energy tunability and polarization characteristics of a synchrotron radiation

source. The final figure (Fig. 13) lists a number of ways that x-ray

spectroscopy might be extended further given an increased photon flux from an

advanced x-ray source in conjunction with further improvements beyond our

current state-of-the-art experimental apparatus.
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Wavelength - interferometry, diffraction, microscopy

Momentum - scattering

Energy - spectroscopy (penetration)

Frequency - (time, phase)

Polarization - dichroism, others

V5 •"*-



Secondary

Spect rometer

00

PSPC

Curved c r y s t a l

DoubIe—crystaI
Monochromator

Target

ft



CROSS SECTION FOR PHOTON SCATTERING

Kramers-Heisenberg (+ dipole approximation)

CO.

dfl < B A > +. h-

ft.y



1.0 ~

00
O

0.0
3. 198

Argon X-ray Absorption

3.202 3.206
ENERGY(keV)



10.00

5.00

T—i—i—I—|—i
tPgon X-ray Emission

0.00

E0=3208.0eV

2.945 2.950 2.955 2.960 2.965 2.970
Energy (keV)



5.000

00

0.000

Argon X-ray Emission
J I ! I I J . 1 I I J I I . I

(D) On Rcsonanc

En=3203.3eV

2.945 2.950 2.955 2.960 2.965 2.970
Energy (keV)



10.00
Argon x-ray Emission

8 5.00

0.00

T—I—i—J—i—i—i—i—i—i—i—i—i—j—r

(B)

En=3205.0eV

_L ^ ^ ̂ ^ A I ^

2.945 2.950 2.955 2.960 2.965 2.970
Energy (keV)



Argon X-ray Emission

1.000

T I I I I I I I i i i i i i i i i i i i i i i r r i

to
03

0.000

(E)

F0»3201.4eV

2.945 2.950 2.955 2.960 2.955 2.970
Energy (keV)



100

C
o

00

D
N

* —

o
Q.

o
C

T 1 1 1

0
2817

Elastic Scattering from CFCI
-1 i 1 . . 1 . r-

3

T r

• |

2822 2827

Energy (eV)



00

Chlorine Fluorescence from CH,C1
i i i i — i

0.500

1.000

T

Perpendicular

Parallel
nc
ID

M
CO

0.500

T

E0=2823.4eV

E0=2823.4eV

a,ato 8,8so
PHOTON ENERGY (keV)

2.830



GAS PHASE X-RAY POLARIZATION

Absorption
C

C : Oh©

E

' )

E

Emission (parallel polarization)

c

E

c• «
: C

Emission (perpendicular polarization

C : 0
C

: C
E t )

287
A a



(3 = 9O°emi ss i on

elastically
scattered

540.0 6-SO.O

Energy (channel number)
7*0.0

C o l

£8.

o d
c

'.80.0

/3=oc
emission

elastically
scattered
x-rays

S80.0 660.0
Energy (chonnel number)

760.0

Anisotropic angular distributions of Cl K-V x-ray emission

from resonantly excited CF^CI molecules

288 f «V / 3



FUTURE EXPERIMENTS

Oriented molecules:

Surface adsorbate

Chiral molecules (circular pol.)

Molecules in solution

Clusters

Interfaces

Coincidence

Pump/Probe

Quadripole effects

Vapors (open shell atoms)



Studies of Free and Deposited Clusters using Synchrotron

Radiation

W. Eberhardt

Exxon Research and Engineering Co., Route 22E, Annandale NJ 08801, USA

Abstract

Clusters deposited onto substrates or into rare gas matrices are beeing

studied at present synchrotron radiation sources using absorption or

secondary emission type spectroscopies. Thus the electronic and geometric

structure of these systems can be determined as a function of particle size.

Using the next generation synchrotron radiation sources, it will be possible

to extend these studies to free beams of these particles where the results

are not perturbed by substrate or matrix effects.
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Introduction

Clusters of atoms form a new class of materials to the extend that their

geometries and properties, like for example the electronic structure,

chemical reactivity, or magnetic moment, are distinctively different from

both the isolated atom and also the corresponding bulk materials.

Synchrotron radiation related techniques like absorption (yield)

spectroscopy, EXAFS, and photoemission are ideal techniques to probe these

properties. This has been accomplished in the past for clusters deposited in

a matrix or on various surfaces [1-4], whereas for studies on free cluster

beams are mostly performed using lasers or other laboratory light sources.

To date only very few experiments have been reported on free clusters using

synchrotron radiation [5-7].

Most of the laboratory experiments performed on clusters to date are

based on laser ionization and mass spectrometry. In general, these studies

yield insight into chemical reactivities and the formation and stability upon

ionization of the clusters. The ionization potentials for the clusters as a

functior of size can be approximated by using different laser wavelengths

for the ionization in these mass spectroscopic studies. However, more

fundamental characteristics like the electronic structure and density of

states or geometry of these new materials have not yet been determined for

a wide range of cluster species and sizes. Only for some diatomic and

triatomic species resonant two photon laser ionization could be used to

determine the electronic states and also the geometry via an analysis of the

vibrational modes [8].

Compared to these laboratory sources, synchrotron radiation offers some

unique capabilities to study clusters and answer some of the fundamental

questions about their properties, provided the cluster source and the
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characteristics of the photon beam can be matched to give enough intensity

for these studies. While bending magnet radiation can be used in some very

favorable cases [3-6], the enhanced flux from an insertion device will be

needed to perform these experiments for a wide range of materials [7].

Experimental Techniques

Yield spectroscopy has been used in the synchrotron radiation community

for about two decades to study the wavelength dependent absorption of

materials. For deposited mass selected samples the electron or

fluorescence yield can be measured to determine the absorption as a

function of photon energy. Whereas for a beam of free clusters mass

resolved ion yield measurements can be performed, using a time-of-flight

mass spectrometer, offering the additional advantage of a parallel detection

scheme. These studies, performed around and above various absorption

edges, will give insight into the unoccupied electronic states (NEXAFS) of

the clusters. Moreover, as equivalent studies on molecules have shown, not

only electronic structure information can be obtained in this way, but also

some of the features in the spectra, like shape resonances, are indicative of

and related to the geometry of the particles. At least for some of the

smaller cluster species the geometric structure may thus be deduced also.

In addition, high resolution near edge spectra for molecules exhibit

pronounced vibrational substructure. Taking these high resolution spectra

for clusters will allow us to determine the fundamental, optical active,

vibrational frequencies. In addition, through an analysis of the

Franck-Condon factors of the vibrational progressions the electronic

bonding of the clusters can be investigated.

Extending these measurements several hundred electron \ alts above the
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absorption edges the EXAFS signal may be obtained, which is directly

related to the cluster geometry since its origin is in backscattered wave

contributions to the wavefunction of the photoelectron from the nuclei

surrounding the atom where the absorption occured. Parameters like the

backscattering amplitude and the phaseshift may be readily obtained from

EXAFS studies of the corrsponding bulk materials. Thus the analysis of the

cluster EXAFS signal should yield the nearest and possibly next nearest

neighbor distances as well as the average coordination number for an atom

within the cluster.

The occupied electronic states of the clusters can measured in a

photoemission experiment, where the energy of the emitted electrons for a

fixed photon energy is analyzed by an electron spectrometer. On deposited

mass selected clusters studies of this kind are currently underway. For

beams of free clusters this data can be obtained in a coincidence

experiment, where the photoelectron kinetic energy and the mass of the ion

produced are determined simultaneously. Another, less efficient, approach

is to study the photoemission of a beam of mass selected ionic or

reneutralized particles. Spectra of the valence electronic states will

answer fundamental questions about the development of the electronic

structure of a solid as the particle size is varied. Core level spectra give

insight into dynamic processes like charge transfer, hybridization, and

screening in these particles. Possibly we can also use these studies of the

microscopic electronic structure to enhance the understanding of the

development of macroscopic properties like electrical conductivity,

magnetism, specific heat, or chemical reactivity of the clusters.
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Cluster Source and Intensity Considerations

The cluster sources currently in operation can be devided into three major

categories. Clusters are produced either by laser vaporization, sputtering or

by aggregation of atoms in a vapor. Laser vaporization is probably the most

commonly used source for clusters [8]. Vaporizing a material by a focussed

laser beam into a high pressure carrier gas and subsequent expansion

through a nozzle and cooling is a very convenient way to make clusters of

almost any material. The major disadvantage of this kind of source, with

respect to experiments at a synchrotron, is the rather low repetition rate of

the most commonly used vaporization lasers (about 10 Hz). Even though

higher frequency lasers could be used, it will be difficult to raise the

repetition rate above a few kHz and thus this source will always be ill

matched to the high repetition rate (MHz) of the synchrotron radiation

pulses.

Oven (aggregation) sources can be built to produce a continuous beam of

cluster particles [2,6,7,9]. The material is heated until its vapor pressure is

at least a few Torr but more often the stagnation pressure is held near one

atmosphere. The clusters are formed within this atmosphere through

collisions and aggregation of atoms. Most commonly an inert carrier gas is

introduced into the oven also. Adiabatic expansion through a nozzle produces

a continuous cluster beam, whereby the distribution of particle sizes can be

controlled by changing the aggregation and expansion conditions of the

source.

In the third kind of source the clusters are produced from a solid target

by sputtering it with an ion beam of 10 to 30 keV kinetic energy [1,3]. This

source, coupled with a quadrupole mass spectrometer or a Wien-filter

produces a very intense beam of mostly smaller clusters. If a quadrupole
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spectrometer is used to filter the clusters this source is ideally suited to

deposit mass selected clusters on substrates. The intensity of the clusters

is very high and the kinetic energy can be controlled sufficiently well to

achieve a "soft landing" [3]. Compared to the other sources, the clusters

produced by sputtering are "hot", i.e. they are not at thermal equilibrium and

carry a large amount of internal energy.

As already mentioned above, studies on deposited clusters, even combined

with mass selection prior to deposition, are being performed on present day

bending magnet synchrotron radiation sources [3-5]. Experiments on free

clusters have been carried out using bending magnet radiation, but these

experiments were performed on a more or less narrow ensemble of particle

sizes [6]. To my knowledge, the only experiment on a free cluster beam with

monoatomic mass resolution was carried out for Hg clusters produced in an

oven source using a VUV undulator source for the probe beam [7]. This

establishes a proof of principle, that VUV absorption studies (ion yield

spectroscopy) can be performed when the appropriate cluster and light

source are coupled.

On the next generation synchrotron radiation source these experiments

can be extended to other clusters, which are less copiously produced than Hg

or alkali clusters [7,9] and photoemission as well as ion yield studies can be

performed. Rather than crossing the cluster and photon beam, the signal

rates may be substantially enhanced in a colinear beam geometry, similar to

the experimental arrangement used for the studies of single atomic ion

species reported in the literature [10]. Performing EXAFS, NEXAFS, and

photoemission studies not only on neutral clusters but also on cluster ions

will, among other information, confirm or disprove geometry changes, which

are predicted by theory to occur for quite a variety of cluster species upon
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ionization.

Comparing the quadrupole monosize cluster ion source [1,3] with the

source used to study atomic ions earlier [10], we find that both ion beams

have quite comparable ion densities and beam dimensions in the interaction

region. The cluster source delivers a cluster ion current of several nA at 10

eV mean energy, whereas the atomic ion source delivers up to 100 nA

current at a much larger beam energy of 1 to 4 keV [10]. Thus overall the

experiments should have comparable intensities. The atomic ion experiment

was carried out with a typical photon flux between 10* and 6x10 °

photons/sec, which resulted in count rates of about 100 sec " . With an

undulator or wiggler source installed on one of the third generation

synchrotron radiation sources, where the photon flux after

monochromatization can be as high as 1012/sec, these experiments can be

carried out even at higher photon energies, where the cross sections tend to

be smaller than in the VUV region.

With some further development effort on the cluster sources these kind

of experiments on clusters will be quite feasible in the future and they

offer some exciting prospects for synchrotron radiation based research in

the "transition region" between atomic and molecular physics and solid

state materials science.
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Atomic Physics with New Synchrotron Radiation:
Report from the Japanese Working Group

Masahiro Kimura
Department of Physics, Osaka University, Japan

The construction of a new photon facility, SPring-8, is being
started this year in Harima, Japan, and the first photon beam is to be
supplied to I'sers in 1998. As a next generation photon source, this
facility will rely mainly upon insertion devices like the APS.

The source has two characteristic features. One is that the photon
flux is very powerful. In atomic physics target density is often very
dilute, and, in many cases, coincidence measurement is desirable to get
more definite conclusions. Only with the advent of an intense photon
source such studies become tractable and will compensate a thin target
density. Another feature is that it can yield photons as high as one
hundred or two hundred keV as seen in Fig. 1. The lower part of the
figure shows the absorption edges of all elements. Since the K-edge of
uranium is about 120 keV, the new source can be used to ionize even the
innermost shell of the heaviest element.

Recently the committee of the new facility has decided to install
long-distance undulators in addition to 6.5-m undulators. These 30-m
undulators can yield photons of much higher brilliance, or soft x-rays, of
higher coherency. They may also be used to develop FEL (free electron
laser) in soft x-ray region in the future. Therefore our proposals include
the studies which require not only hard x-rays but also soft x-rays.

In order to discuss the possible projects in the field of atomic
physics with these new photon sources, a group was organized in
December 1988. Members of the group are listed in Table 1. The group
consists of about 30 Japanese atomic physicists who have interests in the
researches with this new facility. Two third of them have experience
using existing SR sources.

The following themes have been discussed (multiply charged ion is
abbreviated to MCI).

1) Spectroscopy of atoms and molecules.
2) Photoionization of ions (inclusive of MCI)
3) MCI-trap (spectroscopy of MCI, cold MCI plasma)
4) Collisions of very slow MCI
5) Electronic and atomic structures of microclusters
6) Plasm
The report of the working group was printed last May in Japanese,

and my talk is about its contents.
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Table 1. List of group members

Y. Achiba, N. Kobayashi, and K. Okuno (Tokyo Metropolitan Univ.)
H. Anbe, Y. Awaya, and M. Takami (RIKEN)
I. Arakawa, and T. Hirayama (Gakusyuin Univ.)
N. Hishinuma (Tokyo Univ.)
Y. Itikawa (Inst. of Space and Astronautical Science)
Y. Isozumi, and T. Mukoyama (Kyoto Univ.)
Y. Itoh (Johsai Univ.)
S. Kawatsura (Kyoto Inst. of Technology )
M. Kimura (Osaka Univ.)
T. Koizumi (Rikkyo Univ.)
H. Maezawa, A. Ogata, and A. Yagishita (KEK)
T. Mizokawa (Nagaoka College of Technology)
S. Ohtani, M. Sakurai, K. Sato, and H. Tawara (National Inst. for

Fusion Science)
N. Saito (Electrotechnical Lab., MITI)
Y. Saito (Nagoya Univ.)
Y. Sato (Tohoku Univ.)
M. Terasawa, and T. Sekioka (Himeji Inst. of Technology)
J. Yoda (National Res. Lab. of Metrology)
M. Yoshino (Shibaura Inst. of Technology)

1. Spectroscopic study of atoms and molecules

When atoms or molecules absorb high energy photons, inner shell
electrons are excited or ionized. Inner hole states are generally unstable,
and several kinds of ions are finally produced through successive Auger
decays. Such a process is one of the fundamental processes of interaction
between high energy photons and matter. In such a study the following
information is essential:

1) energies of hole states.
2) ionization potentials to produce multiply charged ions.

Though binding energies of electrons in atoms and molecules are
elementary quantities, it is not always easy to determine the accurate
values. Particularly those of multiply charged ions which are determined
overwhelmingly from theoretical calculations or empirical laws at the
present stage. Such examples are shown in Figs. 2 and 3.
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Regarding inner-hole states, the following topics are considered:

a) absorption spectroscopy -- absolute measurements of photoabsorption
b) photoelectron and Auger-electron spectroscopy — energy and angular
distributions of photo- and Auger electrons
c) charge analysis of product photoions and their yield
d) coincidence between ejected particles (electrons, photons, and ions)
e) partial cross sections for ionization of inner orbitals as a function of
photon energies.
f) partial cross sections for producing multiply charged ions as a function
of photon energies.
g) dissociation after photoexcitation of a specific atomic site in a molecule,
h) phoioetching and photodesorption from solid surfaces and analysis of
surface electronic structure.

To give an example, Breinig et al. (1980) measured the spectra
near the L-absorption edge of Xe with high resolution and determined the
hole states of 2s-lnl, 2p-lnl, and binding energies of 2s and 2p electrons
as limiting values of these hole states. Such methods can be applied to
other atoms or ions.

Another method of study the processes is photoion measurement.
Such an example is shown in Fig. 4 which was copied from the work of
Nagata et al. (1989).

Not only atoms but ions including multiply charged ions will be the
target of investigation with the future SR. There exist about 4000 species
of MCI as shown in Fig. 5. In other words, atomic physics can be extended
to two-dimensional from one-dimensional field, and investigation through
isoelectronic sequences can be performed. Such systematic study becomes
possible only when multiply charged ions are made targets.

2. Photoionization of ions

Experimental data of photoionization of ions are very scarce since
a sufficiently high density of target ions is not readily available. In
particular, no measurements for MCI have been reported so far. Even
employing both intense SR and ion sources of high density such as ECRIS
will not be enough to measure the processes by using a crossed beam
method. An approach involving collinear interaction of photon- and ion-
beams will have to be applied. This method was employed already by
Dolder's group to measure ionization cross sections of some singly-
charged ions. In Fig.6 the conceptual experimental setup is shown.

300



The development of high density ion sources and the technique of
beam transport including merging beam method are essential for this
project. This year we will start research and development of this
technique.

3. Multiply charged ion trap

Ion traps can confine ions of very low-energy in small space, and
they are useful tools for making precise spectroscopy of ions. By trapping
singly charged ions a lot of works have already been reported.

In this project MCI are trapped, and sectroscopic investigation of
the MCI and a study on cold plasma composed of MCI are to be
undertaken (Fig. 7). Transition wavelengths among fine or hyperfine
structures of certain MCI get into the accessible region for the
conventional lasers. These transitions can also be used for laser cooling of
the trapped ions.

Production of cold MCI is one of the very important factors for
efficient trapping. For such a purpose, the use of inner-shell
photoionization by X-ray is known to be the best method. The recoil
energies of ions produced by x-ray absorption are compared in Fig. 8
with those produced by heavy ion impact.

For MCI, cross sections of charge transfer with residual gas is
certainly large. We have estimated the lifetimes of MCI when they are in
the residual gas pressure of 10-llTorr (Fig. 9).

Before storing MCI in an actual trap, we measured, as a test, the
charge distribution of Xe produced through hard x-ray absorption. A
beam of white x-ray from a 5.8 GeV electrons in an accumulator ring in
the National Laboratory for High Energy Physics in Tsukuba was
interacted with Xe gas target. The spectral feature of the photon beam is
shown in Fig. 10. The lower energy side was cut by Be window.

Fig. 11 shows the TOF spectrum observed. The mean charge is
estimated as 8.8. This mean charge is compared with the previous
measurements (Fig. 12).

Development of a one-dimensional ion trap
A highly-charged-ion source, EBIS (electron beam ion source) has

been successfully used so far. Constructing a highly charged ion source by
replacing an electron beam with an SR beam and by trapping product
ions radially by multipole rf field is proposed. This ion source may be
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called a one-dimensional ion trap or photon-beam-ion source. It can also
be used as a tool foi studying photon-ion interactions inside the trap.

4. Collisions of very slow MCI

An MCI has a high internal energy in itself. It is known that such
high potential of MCI manifests its specific character when they are
interacted with a target at as low a velocity as possible.

In our proposal, we prepare low energy MCI-beams of very
narrow energy distribution by crossing supersonic atomic beams with SR
(Fig. 13).

In some cases angular distributions are also investigated.

5. Structure and Electronic States of Microclusters

Though size selection is by far easier for ionic species than for
neutral species, neutral clusters are, in almost all cases, much more
abundantly produced. By using the magnetic interaction between the
field of hexapole magnet and the magnetic moment of clusters, we can
make size selection even for neutral clusters. Methods of XPS or XAFS are
then applied to analyze those isolated, size-selected clusters (Figs. 14-15).

In our proposal, microclusters are produced by making a pulsed
laser of high power illuminate solid surfaces. By running through the
inhomogeneous magnetic field, only clusters of certain size can converge
to a given point to be analyzed by XPS or XAFS.

So far is the outline of our report. Our investigation is focussed
mainly on the processes involving MCI. As R&D, developing the beam
transport and ion trapping techniques of MCI are in progress.
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Ionization Energy of Iron Ions

Spec trum

Fe
Fe
Fe
Fe
Fe
Fc
Fe
Fc
Fe
Fe
Fc
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe

I
11
III
IV
V

VI
VII
VIII
IX
X
XI
XII
XIII
XIV
XV
XVI
XVII

XVIII
XIX
XX
XXI
XXII
XXIII
XXIV
XXV
XXVI

Ground State

Configuration

Is22s22p63s23p63(l64s2

lS22s22pG3s23pG3(l64s

Ionization Energy

(eV)

457.0
489.264
1262.2

Is

Is

from C.Corliss & J.Sugar, J.Phys.Chcm . Ref.Data 11,135(1982)

Lotz's empirical

Fig. 3
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Multiple photoionization of Cs due to creation of 4d hole state

partial ion-yield spectra (ion-yield cross sections)

From J. Phys. B 22,3865 (1989)

90 110 130 150

Photon energy

(a)

HO 190 76 90

Photon energy (eVl

(6)

Fij.4
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Experiments with MCI Trap

1) High resolution spectroscopy

Doppler-free LIF

-> QED-term of higher order, nuclear structure

El-allowed transition;

separation of energy levels «c 1

lifetime *: Z"4

El-forbidden line; e.g.,

Ar X " 2s22p5 2

Ar XI 2s22p4 3

Ar XIV 2s22p 2

2) Study on cold plasma

High Coulomb interaction -->

Collective motion or phase transition of ion cloud

parameter P" = (q2/a)/kT, where

4/371: a3 = P" 1
/ f>: density of ions

at H =155 liquid -?~ solid

2P
*3/2

2
P 1 / n

553

692

442

nm
nm
nm

Flg.7
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Lifetime of multicharged ions in ion trap

Assumptions for estimation:
1) lifetime is determined solely by charge

transfer reaction with residual gas;
T = (rfnv)-l

2) charge transfer <£ ;
tf q,q-i=2.48 x io-15ql.l7 [cm2]

2) ion temperature; T = 0.1 eV/n
3) residual gas pressure; p = 10~H Torr

q

5
10
20
40

d^q-lfcm2

1.6(-14)
3.7(-14)
8:3(-14)
1.7(-13)

) T(sec)

430
190

84
40

Fig.9
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SR beam
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Apparatus for studying
size — selected micr-oolusters
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Laser

Cluster source

Laser A: target(solid)
B: channel
C: target support
D: carrier gas supply
E: skimmer
F: pulse motor
H: chamber for size selection
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Argon-Ion Charge Distributions Following
Near-Threshold Ionization

Jon C. Levin

Department of Physics, University of Tennessee, Knoxville, Tennessee 37996-1200
and Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6377

When an atom is photoionized in an inner shell, there are two mechanisms by
which the remaining electron cortege relaxes to fill the vacancy: x-ray emission and
radiationless Auger and Coster-Kronig transitions. In the former, the inner-shell
hole moves to a less tightly bound orbital without increasing the number of atomic
vacancies. In Auger processes, however, the energy liberated by transfer of a less-
tightly-bound electron to the inner-shell vacancy is transferred to another electron
which is ejected into the continuum. In this case, the charge on the residual ion
increases ' one. Through a series of radiative and non-radiative processes, the
initial vaca..^y bubbles up until all vacancies arrive at the outermost shell. Due to
the many possible routes by which this may occur, there can be a broad distribution
of residual ion charge states characteristic of the decay of a single inner-shell vacancy.

There have been several measurements of ion charge distributions following inner-
shell photoionization. Jsing photons from x-ray tubes to produce K vacancies in ar-
gon well above absorption edges, Carlson and Krause measured the resultant charge
distributions with a magnetic analyzer.1 More recently, Tonuma et al have used
time-of-flight techniques to measure charge distributions of xenon ions resulting from
synchrotron-radiation photoionization of L123 electrons.2 The results showed a clear
dependence on photon energy and L-subshell ionization thresholds.

Both Carlson and Krause and Tonuma et al made comparisons of their mea-
surements with the results of Monte-Carlo simulations of charge distributions. The
former authors used published radiative and nonradiative transition probabilities and,
in addition, included estimates of shakeoff calculated in the sudden limit. The re-
cent simulations of Tonuma et al employ more accurate calculations of radiative3

and nonradiative4 transition probabilities and the sudden-approximation estimates of
Carlson and Nestor.5 Both calculations show general agreement with the data.

A number of effects have been omitted from both theoretical treatments, how-
ever. As the atom autoionizes, outer-shell electrons see a reduced nuclear screening,
resulting in increased binding energy. As a result, some channels may become closed.
Decay rates change as the supply of outer-shell electrons is depleted. Well above
the photoionization threshold, the sudden-approximation calculations of Carlson and
Nestor provide a good description of shakeoff. As the energy of the photoionizing x
ray approaches threshold from above, the low-energy photoelectron remains in the
vicinity of the atom when the inner-shell hole decays, and in this regime the two-step
excitation-decay picture is not valid. The threshold energy dependence of shakeoff
has been measured by Armen et al6 and was found to rise gradually as the high-
energy asymptotic limit is approached. These effects all contribute to a complicated
ion charge distribution which is strongly photon-energy dependent. The differences
between theory and experiment are typically small for low charge states for which
only a few processes contribute. The production of very high charge states of, e.g.,
xenon, can occur by a large variety of channels and for these charge states theory
typically overestimates their relative probability.7
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Because so many processes can contribute to each charge state, it is difficult to de-
termine the effect of each by examining the total ion charge distribution; the total-ion
charge distribution represents an average over many effects. To overcome this limita-
tion, we have recently measured argon-ion production as a function of both photon
energy and Auger deca}' channel following photoionization of K-shell electrons with
highly monochromatic synchrotron radiation. When measured differential in decay
channel, the ion charge distributions are greatly simplified. Analysis, in progress,
of these simplified distributions will permit extraction of information about relative
decay rates and shakeoff effects that is obscured in the singles spectra.

When normalized to constant photon flux, some interesting threshold effects can
be seen in the charge distributions measured coincident with K-L23L23 Auger de-
cay. Since virtually all L23 vacancies decay by L-MM Auger transitions, argon ions
should be produced predominantly in charge state 4+. Well above threshold there
is. in addition, a substantial component of Ar5+ resulting from shakeoff and L-MMM
double-Auger processes. At energies several hundred eV above the K photoioniza-
tion threshold, the Ar5+ to Ar4+ ratio has reached an asymptotic value of « 0.5. A
large component of Ar3+ is evident in the energy region centered around the argon
4p resonance about 3 eV below the K-shell photoionization threshold in the K-shell
absorption spectrum. This is due to capture of the K electron to a bound 4p orbital.
There is a suggestion in the Ar3+ data of capture of the K elertron to bound 5p and
6p states also. Similar data have been obtained at many energies for the other Auger
transitions responsible for filling the initial K vacancy and exhibit features similar
to those shown for the K-L23L23 coincident data. These pronounced shifts in charge
state are not evident in spectra not obtained in coincidence.

The experiment required about eight days of beam time, including four shifts of
timing-mode operation, and was performed in December, 1989, on NSLS beamline
X-24A. Our apparatus consisted of a time-of-flight spectrometer to detect argon ions
and a cylindrical mirror analyzer to select particular Auger electrons. Data were
collected using the X-24A PDP computer. The experiment was prepared at the Oak
Ridge National Laboratory in laboratories occupied by the University of Tennessee
accelerator-based atomic physics group and transported to NSLS. Our gas-phase ex-
periment was isolated from ring vacuum by a beryllium window.

We propose to continue experiments very similar to that discussed above using
gaseous xenon. The experimental apparatus will remain virtually unchanged. In
subsequent experiments, we hope to provide differential pumping to permit removal
of the beryllium window and access to photon energies lower that the 3 keV window
cutoff. This will permit extension of these experiments to the L edge of krypton and
the K edges of neon and helium.

1. T. A. Carlson and M. O. Krause, Phys. Rev. 137, A1655, 1965.
2. T. Tonuma, A. Yagishita, H. Shibata, T. Koizumi, T. Matsuo, K. Shima, T.
Mukoyama. and H. Tawara, J. Phys. B: At. Mol. Phys. 20, L31-L36, 1987.
3. J. II. Scofield, At. Data Nucl. Data Tables 14, 12l", 1974.
4. M. H. Chen, B. Crasemann, and II. Mark, At. Data Nucl Data Tables 24, 13,
1979.
5. T. A. Carlson and C. W. Nestor, Jr., Phys. Rev. A 8, 28S7, 1973.
6. G. B. Armen, T. Aberg, K. R. Karim, J. C. Levin, B. Crasemann. G. S. Brown,
M. H. Chen, and G. E. Ice, Phys. Rev. Lett. 54, 182, 19S5.
7. T. Mukoyama, Journal of the Physical Society of Japan, Vol. 55, No. 9, 3054,
1986.
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ARGON - ION CHARGE DISTRIBUTIONS

FOLLOWING

NEAR - THRESHOLD PHOTOIONIZATION

JON LEVIN

UT/ORNL
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MOTIVATIONS

B. CRASEMANN

S. MANSON

G. WENDIN

M. KRAUSE

M. KIMURA

INNER - SHELL THRESHOLD
PHENOMENA

EDGES WELL KNOWN GLOBALLY,
NOT LOCALLY

AUGER PROCESSES, RELAXATION,
SHAKE-UP FROM INNER HOLES

AUGER SPECTROSCOPY ON 2ND
DECAYS - RELAXATION
COINCIDENCE BETWEEN X RAYS
AND AUGER ELECTRONS

CHARGE ANALYSIS OF PHOTOIONS
COINCIDENCE BETWEEN EJECTED
PARTICLES (PHOTONS, IONS, e")
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ION CHARGE DISTRIBUTIONS

EXPERIMENT:

Carlson & Krause (1960's)

Lightnerefa/. (1971)

SR --> Hastings & Kostroun (1983)

SR - -> Tonuma etal. (1987)

THEORY:

Carlson & Krause

Mukoyama (1985)

Mirakhmedov & (1988)
Parilis

Many papers

Phys. Rev. A 4
Many papers

J.Phys.B£Q

Many papers
(Shakeoff)

Bull. Inst. Chem. Res.,
Kyoto U.

J. Phys. B
(Relaxation)

THEORY MUST INCLUDE:

Radiative, Auger, Coster - Kronig Cross Sections

Shakeoff

Relaxation

Change in Auger Rates Due to Depletion of Outer Electrons

Closing of Some Channels
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-0.5

1 2 3 4 5 6 7 8

C H A R G E OF I O N

* Carlson & Krause, Phys. Rev. 137 (1965)

* Mukoyama, Bull. Inst. Chem. Res., Kyoto U. (1985)

* K vacancies produced by x-ray tubes, filters

* Monte Carlo simulation
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CALC
/EXPT

1 2 3 4 5 6 7 8 9 10 11 12

CHARGE OF ION

* Krause & Carlson, Phys. Rev. 158 (1967)

* Mukoyama, Bull. Inst. Chem. Res., Kyoto U. (1985)

* K vacancies using tubes / filters

* Monte Carlo simulation

324



From Mirakhmedov & Parilis, J. Phys. B 21,795 (1988)

0.01
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Charge of ioo

I
i
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Krause & Carlson, Phys. Rev. 158 (1967)

Monte Carlo

Monte Carlo with relaxation
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These q distributions average over all processes

==> Not sensitive to details related to individual transitions

.\ Coincidence experiment with Auger electrons, using very
highly monochromatized light

COLLABORATORS

C. Biedmann UT/ORNL

C. S. O.

R. T. Short

N. Kellor

I. A. Sellin

L. Liajeby MSI

D. Lindle NIST
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Spectrometer can resolve isotopes of Xe
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K-Binding Energy

3202 3203 32O4 3205 3206 3207
ENERGY (cV)

Breinig, Chen, loe, Parente, Crasemann, Phys. Rev. A 22, 520 (1980)
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CHARGE FRACTION vs hv

-0.60 -0.40-0.20 0.00 0.20 0.40 0.60 0.80 1.00
PHOTON ENERGY RELflTIVE TO 4P [xIO2]

At the 4p resonance, ~ 2.5 eV below Ar K ionization threshold, q distribution
shifts abruptly to higher q.
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HOW CAN AN Ar K VACANCY DECAY?

K - L 2 3L 2 3

*K -

K - LJLJ

K - L2M

K - MM

RADIATIVELY

*MOST IMPORTANT
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NOTATION: Ex: K-L2L3

K •e- 1s 1/2

Advantage of requiring Auger coincidence:

1) All initial vacancies are guaranteed to be in K shell.

2) First decay is specified.
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EXPERIMENT
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WHAT CHARGE STATES ARE MOST LIKELY

FOLLOWING EACH K-AUGER DECAY?

mm \0

L A 4+
L - MM A r

K-L1 L23

U * L - MM Ar5+

—+ L - LM

U.L-MM

K"L23M23

L-MM
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KL23L23 OEV
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OF FLIGHT txlO J 3

Arq+ in coincidence with K-L23L23 at 2600 eV with

hv = 3203.8 eV (4p resonance)
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hv = 3203.8 eV (Up resonance)
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KL1L23 0EV

5 6
TIf€ CF FLIGHT

Arq+ in coincidence with K-L2L23 at 2575" eV with

hv = 3203.8 eV Up resonance)
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KL23L23 OEV

5 6 7
TIhE OF FLIGHT Cxi0 l 3

For fixed auger decay, K-L23L23, now vary photon energy
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KL23L23 -2EV

K'L23L23 c ° i n c i c l e n c e "2 eV relative to
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KL23L23 2EV
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TIME OF FLIGHT 1x10*]

K"L23L23 c o i n c i c |ence + 2 eV relative to

342



0.0 '

KL23L23 5EV

5 6 7
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K"L23L23 coincidence +5 eV relative to
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KL23L23 50EV
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K~L23L23 coincidence +50 eV relative to
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2000

K ionization
threshold

-5 0 " 5
PHOTON ENERGY RELATIVE TO 4p (eV)

/\r3+,4+,5+ coincident with K-L23L23 auger decay normalized

to constant photon f lux.
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-10 -5 () 5
PHOTON ENERGY RELATIVE TO 4p (eV)

Decomposition of An5"1" coincident with K-I-23I-23 auger

decay into components due to excitation of K electron

into bound np levels,

10
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WITH HARDER X-RAYS (APS?)

1) Do coincidence with less probable Auger lines
(e.g., K- L1 L|).

2) Operate Auger-electron channel at high resolution.

3) Triple coincidence with photon, Auger electron, and
photoion.

4) Do spectroscopy of secondary, tertiary, Auger
electrons to study relaxation.

349



Nuclear Bragg Diffraction
of

Synchrotron X-Rays

SSRL
John Arthur

Dennis Brown
George Brown
Bill Lavender

Stan Ruby

APS
Ercan Alp

Gopal Shenoy

Allied-Signal
Devlin Gualtieri
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Nuclear Bragg Diffraction of Synchrotron X Rays

In the last few years several groups have successfully carried
out experiments involving the excitation of nuclear resonances using
synchrotron radiation. All the experiments so far have used 57Fe as
the resonant nucleus. The extremely narrow width of the 14.4 keV
resonance in 57Fe makes these experiments very difficult at even the
highest-brightness synchrotron beam lines currently available, so
much effort is being devoted toward improvements in equipment and
techniques. The general aim of this work is to use resonant
scattering to produce high-flux beams of extremely monochromatic
radiation, which can then be used as source beams for a variety of
experiments.

This talk, however, will stress the kinds of physics questions
that can be answered using broad-band sychrotron radiation to
induce resonant nuclear diffraction in perfect crystal samples.
Experiments of this type are being carried out today, albeit with
difficulty, using present synchrotron sources. They will become
technically easy when advanced sources such as the APS become
available, and it is expected that nuclear Bragg diffraction will
become a standard technique.
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Current areas of development

I. Resonant filters for producing intense, highly-monochromatic
beams

••Using crystal and multilayer diffraction
Tischler, ORNL (NSLS, CHESS)
Kikuta, Tokyo (AR-KEK)

•"Using grazing-incidence scattering
Gerdau, Hamburg (DESY)

•* Using tranomission
Ruby, SSRL (PEP)

il. Physics of resonant diffraction from perfect crystals

Gerdau, Hamburg (DESY)
van Biirck, Munich
Smirnov, Moscow

Siddons, BNL (CHESS, NSLS)
Hastings, BNL

Brown, SSRL (PEP)
Arthur, SSRL
Ruby, SSRL
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Applications of resonant diffraction from crystals

Materials science probe

Very accurate measurements of hyperfine fields in magnetic
crystals

II. Showcase for quantum interference phenomena

Interference between resonance levels
Control of quantization axis, polarization
Interference between states with identical energy eigenvalues

Crystallography in a new dimension -- interference effects on
energy and time dependence

Speedup
Deviation-angle-dependent energy shifts
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PEP as a source for resonant nuclear diffraction
experiments

A number of factors combine to make the PEP storage ring at
SSRL the premier source for experiments requiring extreme
brightness at 14 keV. The high electron energy and large ring
diameter make the electron beam emittance small. The 26-period
permanent-magnet undulators at beam lines 1B and 5B have k
parameters close to unity when the first harmonic is adjusted to
14.4 keV. The X-ray beam produced by one ot these undulators has a
divergence which is only slightly greater than the angular
acceptance of a typical diffracting perfect crystal.
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PEP Characteristics

Ring circumference

Electron energy

Source size

Electron divergence

Insertion device

Photon emmission
divergence

(SPEAR

2200

13.5

m

GeV

2 mm x

50 x 40

0.2 mm

urad

26 period undulator

7.5

170

Source - sample distance 56 m

Typical beam spot size

Flux @ 14.4 keV

2 x 0.5 mm

1012
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57Co PEP undulator

Flux into 0.01 sr
(photons-sec-1 • 106 104

10-8 eV BW)

Brightness
(photons-sec-1- 103 106
mm-2-mrad-2-
10-8 eV BW)
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Resonant Nuclear Diffraction Geometry

Scinti1lator
Detector

YI6(002)
5i (1 1 1) monochromator
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YIG

Yttrium iron garnet has a rather complicated crystal unit cell.
The (002) reflection is forbidden for scattering from atomic
electrons. It is also forbidden for nuclear scattering from most of
the Fe nuclei. However, two groups of Fe nuclei, which have
opposing phases for scattering, can be distinguished from each other
because they see local electric field gradients which point in
different directions. By aligning the internal magnetic field parallel
to the EFG of one group and perpendicular to that of the other, the
electric quadrupole shifts of the nuclear resonance energies for the
groups will differ slightly. Thus the scattering from these Fe nuclei
does not cancel exactly. The scattered amplitudes are initially out
of phase, and cancel at t=0. However, as time passes the slight
difference in energy brings the two groups into phase and the
scattered intensity rises. The period of this "slow beat" is about
130 ns.
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YIG Crystal structure

cubic unit cell, a = 12.386 A

24 yttrium atoms

96 oxygen atoms

40 iron atoms in several inequivalent sites

(a sites) 16 Fe atoms surrounded by oxygen
octahedra

4 groups of 4, with EFG along (111)
directions

(d sites) 24 Fe atoms surrounded by oxygen
tetrahedra

3 groups of 8, with EFG along (100)
directions

= 550 K, (a) and (d) sites ferromagnetic but opposed to
each other
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2000

T - 295 K

H - 368=2 kG

quad, shift - -O.85±0.02 mm/s

50 100 150 200 250
Time (ns)

240

200 - T = 150K

H--130=1 kG

quad, shift - -0.53+0.03 mm/s

100 150 200 250
Time (ns)

Time distribution of the diffracted intensity from the YIG(0 0 10)
crystal planes. This reflection has the same symmetry as the (002)
reflection. At room temperature the internal magnetic field is not
saturated, it increases as the temperature is reduced. Highly
accurate determination of the hyperfine fields is possible. Note that
the information is distributed evenly throughout the data, and that
the background is negligible.
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Changing the direction of the magnetic field in the sample relative
to the photon polarization direction changes the polarization
selection rules for the different hyperfine levels, and therefore
changes the nature of the interference pattern. The beat pattern in
(b) is dominated by interference between two levels which in
configuration (a) have differing polarization and therefore do not
interfere.
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A prominent effect of constructive interference on the energy and
time aspects of the resonant scattering process is the speedup
phenomenon. The multitude of coherently-excited nuclei in the
crystal, scattering in phase at the Bragg angle, radiate power more
rapidly than a similar collection excited incoherently. There is a
complementary increase in the bandwidth of the resonance. The
green curve was calculated using the standard 98 ns half-life for
the 57Fe excitation. The calculation neglects the fast beats due to
the magnetic splitting of the hyperfine levels, but includes the slow
beat due to the quadrupole splitting. The data (and the dynamical
diffraction calculation) show a much faster decay.
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Deviation-angle-dependent energy shifts

The analysis of diffraction from a perfect crystal must include
dynamical, or multiple-scattering effects. One of these effects is a
slight shift in the effective resonance energy for the collection of
nuclei in the crystal, which varies with the deviation of the incident
radiation from the Bragg angle. A deviation angle introduces slight
phase errors into the scattering process. For waves which are
multiply-scattered, these errors accumulate. In resonant
diffraction, waves which are multiply-scattered tend to leave the
crystal later in time than those that are scatterd fewer times. Thus
there is a correlation between arrival time at the detector and phase
error introduced by the deviation angle. A phase shift that is
proportional to time is a frequency shift.

The angle-dependent energy shifts are very small. They are
visible in the YIG data due to the particular details of the YIG(002)
diffraction condition. When the internal magnetic field is aligned
nearly parallel to the incident radiation, some of the hyperfine
transitions are excited only by left-circular light while others are
excited only by right-circular light. The sychrotron beam is linearly
polarized, giving equal amounts of LHC and RHC light. Thus the
diffracted time distribution consists of a beat pattern due to LHC
light lying on top of a beat pattern due to RHC light. The angle-
dependent shifts affect all of the hyperfine levels, in a manner such
that a shift which causes the LHC beat period to decrease will cause
the RHC beat period to increase, and vice versa. A change in the
deviation angle causes the LHC and RHC beat patterns to shift
relative to each other. (The quadrupole interaction also shifts the
RHC and LHC patterns with respect to each other, but this effect is
independent of deviation angle.) Even though the angle-dependent
shifts are very small, it is easy to observe the shift of the RHC beat
pattern relative to the LHC beat pattern.
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The deviation-angle-dependent frequency shift

A phase error that increases with time is a frequency shift
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Revealing Inner Shell Dynamics with Inelastic X-Ray Scattering

Carl Franck, Laboratory of Atomic and Solid State Physics and Materials Science Confer.

Cornell University, Ithaca, NY, 14S53

One of the many opportunities provided by the Advanced Photon Source (APS) is

to extend the study of intra-atomic dynamics. As a means of testing dynamic response,

inelastic x-ray scattering is particularly promising since it allows us to independently vary

the period of the exciting field in both space and time. As an example of this typo of

work, we present experiments performed at the Cornell High Energy Synchrotron Source

(CHESS) laboratory, a prototype for the APS. This was inner shell inelastic scattering with

a twist: in order to explore a new distance scale an x-ray fluorescence trigger was employed.

Aside for the atomic insight gained, the experiment taught us the importance of the time

structure of the synchrotron beam for coincidence experiments which are dominated by

accidental events.

This work was performed in collaboration with Vincent Marchetti (presently at: Nu-

clear Science and Engineering Program, Cornell Univ.) Vital assistance was provided by

CHESS scientists, staff, and users: especially D. Bilderback, M. Bedzyk, L. Berman, B.

Batternian, H. Abruna, and W. Bassett. Support was provided by the National Science

Foundation through the Materials Science Center at Cornell and the Low Temperature

Physics Program grant DMR-8C11350.
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I would like to thank the organizers of the conference for the opportunity to bring

to your attention two types of experimental techniques which I think have important

possibilities at the Advanced Photon Source. The first is inelastic x-ray scattering. As

Professor Wendin pointed out earlier, this is a versatile probe for atomic dynamics in thai it

operates over a variety of length and time scales. The second technique is the measurement

of multiple decay products following an x-ray / target interaction. I will also explain why

when one is attempting to perform coincidence detection in order to study a weak process

with a high incident flux there can be important accidental coincidences which must be

overcome. The context in which I will make my presentation is to describe our synchrotron

experiment in this field: an inelastic x-ray scattering study of the excitations of the copper

K-shell which used a fluorescence trigger. By presenting this experiment I will not only

try to convince you of what I think can be done at the APS but also share some of the

lessons we learned in the hope that they might assist such endeavors in the future.

My outline is as follows: First I will give the motivation for studying inelastic x-ray

scattering, and the need for measuring this process in coincidence with x-ray fluorescence.

This requirement arises because of the possible spectroscopic overlap of the signals from

inner and outer shells. I will then give the design of the experiment performed at CHESS.

Next, I will present observations and results in comparison with work in this field using

radioactive sources. I will then describe the most im])ortant phony signals in this work.

The first type is something I have already alluded to: chance coincidences. The second

type are avoidable coincidences due to photons passing directly between detectors. Finally,

I will summarize and give some ideas for future activity at the Advanced Photon Source.

What is inelastic x-ray scattering? As Fig. la indicates we are interested in processes

which involve a single photon incident on a target with a precise energy I?;,, and momentum

pin. Subsequent to the interaction a single scattered photon emerges with encrgj- E3Cati

and momentum p3catt at a scattering angle 6. If the incident energy is sufficiently high

compared to the shift in energy before and after the collision, then one can be in the Born
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approximation and think about the scattering as the measurement of the dynamic structure

factor of the target, 5. 5 has two independent variables: the energy transfer, E, which

is the difference between incident and outgoing energy, and the momentum transfer, q,

which is the difference between incident and outgoing momentum. One can imagine (Fig.

lb) that the inelastic scattering process consists of the absorption of an electromagnetic

disturbance which has an energy-momentum relationship which is unattainable with an

ordinal}1 photon. A third way of describing the process is that we are studying the response

of the target to an electric field which oscillates in space with a wavelength proportional

to 1/q and in time with a frequenc}- proportional to E.

In order to develop our intuition as to what it means to measure the dynamic structure

for an atomic system let us first consider the problem of a target which is nothing but a

stationary free electron, the problem first understood by Compton. In Fig. 2 I show

the dynamic structure factor at a fixed momentum transfer. The variable here is the

energy transfer (E). One sees a very simple spectrum: a peak at an energy transfer

of q2/(2m), where m is the electron mass.1 The peak width is proportional to q times

the characteristic momentum spread of the target divided by m.1 Since for the case

at hand, the momentum spread is zero, we have a delta function peak. Now consider

a bound electron as our target, specifying the wavefuuetion size to be a. First let us

consider two extremes of momentum transfer. At very high momentum transfer, that is to

say q much greater than I/a (the characteristic target momentum spread), the dynamic

itructure factor still has a peak at qi/{2m). However, as shown in Fig. 3, the energy

spread has broadened because I/a is nonzero. Such an experiment is familiar to us as

the measurement of target's initial momentum distribution with Compton scattering. It

does not give us any d5rnamical information. It does not reveal new information about

transitions to excited states in the target, but instead it measures the initial state of

the target. In the opposite limit of extremely low momentum transfer, i.e. q much less

than l /«, the dynamic structure factor has a more interesting spectrum. As shown in
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Fig. 4, we have a threshold at the binding energy of our target electron which is given

by £o « (o~1)2/(2m). At higher energy transfers, we have transitions to bound states

and a broad continuum of transitions to unbound states. At this point, I would like to

remark that throughout our discussion, the incident photon energy is nowhere near an

absorption resonance. Thus, we are doing non-resonant inelastic scattering, in contrast

to the resonant process discussed by Dr. Cowan. Non-resonant inelastic scattering at

small momentum transfer gives us the same dynamic information as a photoabsorption

spectrum. This is because the transition operator for non-resonant inelastic scattering in

the Born approximation is given by exp(iq-r) « 1 •\-iq-f—q2r2/2 where r*= target electron

position. We see that for small momentum transfers, the second term is what matters (the

first term gives no contribution to the rate). It is the electric dipole operator, the same as

in photoabsorption.

The purpose of our work was to explore inner shell dynamic structure in the interme-

diate momentum transfer regime, that is to say q on the order of I/a. Here the spectrum

looks unfamiliar (Fig. 5) because it includes electric dipole forbidden transitions. We

were attracted to this regime by the report2 of Namikawa and Hosoya of new spectral fea-

tures involving K electrons at intermediate momentum transfer in copper and iron targets.

There is an inherent difficulty in making such measurements because of spectral overlap

between the scattering from the electrons of interest and the outer shell electrons. See Fig.

G. This comes about as follows: The condition of q is equal to I/a implies that peak energy

due to outer shell scattering has the same value as the threshold energy for the spectrum

of the inner shell. The question for us is how to extract the dynamic structure of the K

electron excitations from the composite spectrum. The solution was devised long ago (see

for example Ref. [3]). The trick is to watch for a K-shell fluorescence photon as a tag of

which electrons are involved in the inelastic scattering event. As shown in Fig. 7, the inci-

dent high energy photon excites a K-shell electron. Some fraction of the time a very quick

refilling of the hole occurs with the emission of a characteristic K fluorescence.4 So, the
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experiment consists of looking for inelastic scattering in coincidence with K fluorescence.

Now I will describe the experiment that we did along these lines at the Cornell High

Energy Synchrotron Source. Our interest was in the copper K shell. Here a is on the order

of 0.016 A. Therefore we needed momentum transfer around GO A"1 in order to be in the

intermediate regime. Since we wanted a convenient scattering angle of ss90° we chose an

incident energy of 70 keV. I should point out that the scattering angle does not completely

determine the momentum transfer. At a fixed scattering angle, the momentum transfer

depends to some extent on the energy transfer. Nevertheless by scanning the energy loss as

well as the scattering angle one is able to get the equivalent information to having energy

and momentum transfer as orthogonal control variables in the experiment.

The design of our experiment was as follows.0 The beam was generated hi the CHESS

six pole wiggler fed by an « 5 GeV electron beam. A double crystal monochromator was

used in second order to reach the required energy. A copper filter suppressed the 35 keV

fundamental. The layout of the rest of the experiment is shown in Fig. 8. In order not

to overload our photon detectors, the target was a thin (typically 8 micron) solid copper

foil. Most of the incident beam passed through the target and into a ionization chamber,

which served as a beam monitor. An energy sensitive detector was oriented so as to give

a vertical scattering plane. In order to minimize the amount of scattering into the second

solid state detector, which detected the fluorescence, we located it in a horizontal plane

looking into the primary direction of polarization of the incident photons. Fig. 9 gives a

rough layout of the electronics. The idea was to measure the spectrum in the scattered

photon detector when a photon appeared in the low energy fluorescence photon detector

in the correct energy range. Our timing was accomplished with a fast coincidence chain

and the spectroscopy through slow coincidence.

I will now present our observations. Fig. 10 shows4 the spectrum of scattered photon

energy in coincidence with K fluorescence at a fixed scattering angle (90°). The observa-

tions are the data points. The theory, to be discussed later, is given by the curve. The
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incident energy (70 keV) is indicated. The data has been normalized, in a manner to be

discussed below, to give the triple differential cross section with respect to scattered photon

energy and the solid angles for detection of fluorescence and scattered photons. In order

to know the energy energy transfer ones simply subtracts the incident from the scattered

energy. In order to improve the statistics, the spectra were binned into 2 keV wide chan-

nels. The primary features in the spectrum are 1) the sharp rise at an energy transfer of

9 keV, which, as expected, is around the K binding energy, and 2) the subsequent broad

continuum of excitations for higher energy transfers.

Let us first check to see if this is really inelastic scattering. To do that we shifted the

incident energy from 70 down to 62 keV and as Fig. 11 shows that we got a corresponding

shift in the scattered spectrum. No change in amplitude is seen because this is non-resonant

inelastic scattering.

Next we would like to check to see whether the excitation-decay process occurs in the

manner in which we had indicated earlier, i.e. through two separate stages. In order to find

this out we reversed the roles of our two detectors and measured a decay photon spectrum

from the low energy detector in coincidence with the detection of a scattered photon in

the energy range that we had established as corresponding to inelastic scattering. We used

the same electronic plan as before (Fig. 9), except that the signals from the scattered and

fluorescence photon detectors were exchanged. The data points in Fig. 12 are the result of

this experiment. They display the familiar KQ (« 8.0 keV) and K^ (« 8.8 keV) emission

lines. For comparison, we obtained the decay spectrum produced by photoabsorption (also

shown in Fig. 12), normalized to agree with the inelastic scattering-produced spectrum.

The two spectra do in fact agree, supporting our hypothesis that the decay process is

independent of the means of excitation.

We are now in a position to sweep momentum transfer over a wide range by changing

the scattering angle.6 Fig. 13 gives the results. We have changed momentum transfer

corresponding to elastic scattering (qo) by a factor of two in the intermediate momentum
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transfer regime. The spectrum remains pretty much the same. The data collection time

in this experiment was about 6 hours for each angle.

It is interesting to compare our synchrotron experiments at intermediate momentum

transfer with those performed with radioactive sources both before and after our work. The

isotope used was Am241. It has an emission at 59.6 keV. In the experiment of Namikawa

and Hosoya,2 which inspired our work, a 0.1 Curie source was used to obtain the scattered

photon spectrum in coincidence with K-fluorescence shown in Fig. 14 for copper and iron.

For copper, 1400 hours of data was used to get this result at a single scattering angle.

Many more spectral features are indicated than in our work. Namikawa and Hosoya2

and Manninen' pointed out that false coincidences needed to be considered. Manninen,

Hamalainen, and Graeffe8 have recently made a second set of radioactive source measure-

ments, this time with a 0.9 Curie source. Fig. 15 shows their measurements also at a

single scattering angle over 67 hours for both copper and zirconium. Their spectra are

in good qualitative agreement with ours. Notice that they have superior statistics and

scattered energy resolution compared to our work. This was facilitated by their use of

a large sodium iodide detector as a fluorescence detector. While degrading fluorescence

resolution, the increase in solid angle enhanced their counting rate. Our results were ob-

tained in considerably shorter time than cither radioactive source measurement. We also

covered several, not just one, scattering angles. But, as I will explain below, radioactive

source measurements have an important advantage over pulsed source experiments, i.e. at

CHESS or the APS, with respect to the rate of accidentals.

One of the important aspects of our work not present in the cited radioactive source

work has been to give absolute normalization to the spectra. This has been of vital

assistance in interpretation, especially for background effects. In order to normalize the

scattering spectra we measured the fluorescence rate due to photoabsorption to get the

incident flux. With knowledge of the detector efficiency and solid angle subtended we

got an absolute uncertainty of ±15% for the data of Fig. 10. In earlier work (Figs. 11
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and 13) the absolute uncertainty was ±40%. Normalization also strengthens tests of our

understanding of dynamic structure at intermediate momentum transfers. The solid lines

in Figs. 10, 11, and 13 show the result of a one-electron theory based on a local (Slater)

approximation to Hartree-Fock theory. We find good agreement. In particular, we do

not find the broad peak in the continuum cited by Namikawa and Hosoya." The work of

Manninen et al.8 supports this conclusion.

I would now like to explain how in order to obtain our results we overcame two

important experimental difficulties. They are both examples of phony coincidences.

The first kind of phony coincidences are chance coincidences. Recall that we are

detecting processes in which a pair of photons emerge from the target simultaneously,

to within our resolution in time. We arc only interested in collisions involving a single

incident x-ray striking a single atom, but we might detect a pair of photons produced at,

separate atoms struck by a pair of incident x-rays. (See Fig. 16) For example, when one

sees a pair of photons emerging with a high and a low energy, does the event indicate

inelastic scattering of a single incident photon by the K-shell with the emission of K-

fluorescence or does it indicate that two high energy photons interacted with separate

atoms, one performing inelastic scattering from the outer shell, the other being absorbed

by the K-shell and giving K-fluorescence?

Our singles rate (rate of detection without regard to coincidence) was kept low, about

4 x 103 Hz, in order to give good energy resolution. One might then ask, why is there

a problem with accidental events at such a low rate? The problem is that CHESS, as

will be the case with the APS, has an extremely low duty cycle. At CHESS, the photons

come in bursts of « 0.2 nsec. duration which are on for only 0.05% of the time ((hat is

to say approximately every 0.4 //sec). The duration of each burst was not resolvable in

time by our electronics. Rather, for the source intensity as a function of time, we have

the equivalent of a string of delta functions. Because of the compression in time, the rate

of accidental coincidences is enhanced. In practice we typically had a total coincidence
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rate over the entire spectrum of interest of 2 Hz, with only 5% of this representing true

coincidence events!

However, the rate for accidental coincidence can be easily measured. The idea is to

run a control experiment with the two detectors separated in time. We did this by using

signals from the detectors corresponding to different pulses from CHESS. In fact, we spent

equal amounts of time with the detectors on the same pulse and successive pulses. We

switched between these two modes every several seconds. Typical results are shown in Fig.

17. It is impossible to see the difference between the two types of raw spectra by eye. The

slight difference spectrum is the signal in which we are interested. Notice that the greatest

uncertainty in the difference spectrum occurs, as expected, at an energy corresponding to

a peak in the singles spectrum (also indicated by the short horizontal bars in Figs. 11 and

13).

How do accidental coincidences contribute to the design of such experiments? We can

ask the question: What is the importance of the intensity of the source, all other exper-

imental conditions (particularly the time structure) being equal ? The crucial parameter

(A) is the rate of accidentals divided by the true coincidence rate. For us, A varied between

about 3 and 30 over different parts of the spectrum. Fig. IS shows5 how we expect the

noise to signal ratio to vary as a function of intensity and A. Note that we have normalized

the plots for different A to agree at a reference intensity. We see that in our work, there

would have been a negligible improvement in the noise to signal ratio if the intensity of

the beam had been increased by a factor of 10.

A second type of phony signal that we had to overcome is due to photons moving

between detectors so as to create "crosstalk" coincidences. In order to gain an appreci-

ation of the potential for such backgrounds, Fig. 19 shows the singles spectra recorded by

the scattered photon detertor with the target in and out. It shows that there are appre-

ciable background events. As it turns out, there is considerable suppression of background

events when we turn to the coincidence events. Nevertheless, it was precisely the prob-

378



lem of background events due to detector crosstalk that was emphasized by Naxnikawa,

Hosoya,2 and Maunineu" as a source of phony spectral features in the original work. A

typical crosstalk event is indicated in Fig. 20: a single photon scatters in the target,

goes into the fluorescence detector, deposits energy via Compton scattering, and the final

scattered photon escapes to the second detector.

Our approach to this problem was to install appropriate shielding, and then perform

control experiments to test its efficacy. Fig. 20 shows the layout for a control experiment.

First, with lead (B in Fig. 20), we blocked the direct view of the target by the scattered

photon detector. We then measured the true coincidence spectrum using the subtraction

method described earlier. We got the "detector blocked" spectrum shown in Fig. 21b. We

see that there was no significant crosstalk. For comparison, the true signal is shown in the

"detector unblocked" experiment of Fig. 21a.

Finally, I would like to point out some prospects for extending this work at the Ad-

vanced Photon Source. Inelastic photon scattering is an important and natural experiment

for the APS. One measures the dynamic response of an atom over a wide range of momen-

tum and energy transfer. We have seen that for inner shell exploration the high photon

energy (50 - 100 keV) that will be available at the APS is required. The high flux of an

intense synchrotron source makes the observation of this weak process readily achievable,

and can lead to a data collection time advantage over radiation from radioactive sources.

Without fluorescence coincidence there is an immediate potential for highly improved en-

ergy resolution which might lead to threshold studies and the exploration of correlation

effects. With fluorescence coincidence the gain in flux may also be important. For example,

one can imagine replacing our solid targets, and their distracting multiatom processes,4

with gas targets. In future coincident-product experiments we should recognize the possi-

ble disadvantage of a pulsed source if we are looking for a weak coincidence signal in the

presence of intense accidental backgrounds. But the direct approach to measuring acci-

dental effects can succeed. And, the technique of using a fluorescence trigger will continue
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to provide a valuable means of dissecting the dynamic structure of atoms with inelastic

x-ray scattering.

In conclusion, I would like to express my appreciation to my collaborator, Dr. Vincent

Marchetti, who obtained all of our results.
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a)

b)

E, q T

Fig. 1: Inelastic X-Ray Scattering: a) Physical Space, 9: scattering angle and T: target;

b) Diagrammatic (see text).
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Fig. 2: Dynamic Structure Factor (5) as a Function of Energy Transfer (E) for a Free

Electron Target at Fixed Momentum Transfer.

— E

Fig. 3: Dynamic Structure Factor as a Function of Energy Transfer for a Bound Electron

Target at Fixed Large Momentum Transfer.

Fig. 4: Dynamic Structure Factor as a Function of Energy Transfer for a Bound Electron

Target at Fixed Small Momentum Transfer. EQ is the threshold energy (see text).
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Fig. 5: Hypothetical Dynamic Structure Factor as a Function of Energy Transfer for a

Bound Electron Target at Fixed Intermediate Momentum Transfer.

Fig. 6: Dynamic Structure Factor as a Function of Energy Transfer at Fixed Intermediate

Momentum Transfer (for an Inner Shell). Note the overlap between spectra from inner (I)

and outer (0) shell electrons.
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Fig. 7: Inelastic Scattering of the K-Shell followed by Fluorescence Emission. I: incident

photon, S: scattered photon, and F: K-fluorescence photon.

384



a)

b)

FPD

IM

Fig. S: Schematic Physical Layout for Inelastic X-Ray Scattering in Coincidence with

Fluorescence Detection, a) Side view, b) Top view. T: target, SPD: scattered photon

detector, FPD: fluorescence photon detector, and IM: ionization chamber beam monitor.

Shielding not shown.
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Fig. 9: Outline of Electronics for Inelastic Scattering in Coincidence with Fluorescence

Detection. SPD: scattered photon detector, FPD: fluorescence photon detector. SCA:

single channel analyzer, G: linear gate, and PHA: pulse height analyzer.

386



Adapted from Phys. Rev. A 32, 647 (1989)

Rate

Fig. 10: Measured (points (± 15 % absolute scale uncertainty)) and Calculated (line) Spec-

trum of Inelastically Scattered Photons in Coincidence with K-Fluorescence as a Function

of Scattered Photon Energy at a Fixed Scattering Angle (90°). Copper target. Scattering

rate is the triple differential scattering cross section (see text) in units of 10~4 b/(keV-sr2).

Ein is the incident energy.
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(keV)
70

Fig. 11: Inelastic Scattering Spectrum in Coincidence with K-Fluoresceuce at Different

Incident Energies. Ordinate as in Fig. 10. ± 40 % absolute scale uncertainty.
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Adapted from Phys. Rev. A 22, 647 (1989)

Rate

r VJT

7.5 8.0 8.5 9.0
Energy (keV)

9.5 10.0

Fig. 12: Detecting Photon Decay Spectra (Fluorescence) in Coincidence with Inelasti

Scattering (points) and without Coincidence (line).
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Adapted from Phys. Rev. Lett. 52,1558 (1987)

Rate
• (a)

' (b) I
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Escatt (keV)
'0

Fig. 13: Measured (± 40 % absolute scale uncertainty) and Calculated Spectrum of Inelas-

tically Scattered Photons in Coincidence with K-Fluorescence as a Function of Scattering

Angle. Ordinate as in Fig. 10. The scattering angle and corresponding momentum trans-

fer for elastic scattering (qo) times the K-shell orbital radius (a) are as follows: a) 8 =

118°, qoa = 1.11; b) 88°, 0.90; c) 70°, 0.74: and d) 49°, 0.53 .
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Adapted from Phys. Rev. Lett. 52,1606 (1984)

Rate

53 50

Escatt (keV)

Fig. 14: Inelastic Scattering Spectrum in Coincidence with K-Fluorescence measured by

Naniikawa and Hosoya (Phys. Rev. Letts. 53. 1606 (1984)) for Copper and Iron.
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Adapted from Phys. Rev. B 41,1224 (1990)
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Fig. 15: Inelastic Scattering Spectrum in Coincidence with K-Fluorescence Measured

(points) by Manninen, Hamalainen, and Graeffe (Phys. Rev. B41, 1224 (1990)) for

Copper and Zirconium. Incident energy is 59.6 keV,
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Fig. 16: True (T) and Accidental (A) Events.
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Adapted from Rev. Sci. Instrum 59,407 (1988)

Fig. 17: Coincidence Spectra Produced with Both Detectors Sensitive on the Same CHESS

Pulse (a), Successive CHESS Pulses (b), and the Difference Spectrum (c).
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Adapted from Rev. Sci. Instrum 52,407 (1988)
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Fig. IS: Expected Noise to Signal Ratio as a Function of Beam Intensity versus A =

Accidental Coincidence Rate / True Coincidence Rate. Curves scaled to agree at a reference

inteusitv.



Rate
3600-

a)

o-

600-
b)

0 20 40 60 80 100

Eacatt (keV)

Fig. 19: Spectra Detected by Scattered Photon Detector vvithout Fluorescence Coincidence

(Singles Spectra) with (a) and without (b) Target.
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SFD

FPD

Fig. 20: Physical Layout of Control Experiment to Measure Detector Crosstalk. Lines

with arrows indicate possible path for crosstalk event. B: blocker, T: target, S: shielding,

SPD: scattered photon detector, and FPD: fhtorescence photon detector. See text for

details.
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Adapted from Rev. Sci. Instrum 5S, 407 (1988)
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Fig. 21: Coincidence Spectra from Crosstalk Control Experiment. The scattered photon

detector's view of the target is unblocked for a) and blocked for b).
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Closing Remarks.
Workshop on Atomic Physics at the Advanced Photon Source.
Ivan Sellin, the University of Tennessee, Knoxville, and Physics Division,
Oak Ridge National Laboratory.
Friday, March 30, 1990.

Since it is scarcely possible to cite more than a few, perhaps
unrepresentative examples of many of the fine results and ideas presented
in the last two days in the 10 minutes I have available, I shall
concentrate instead on extracting elements of basic wisdom we have heard.
Conventional though some of this wisdom may be, we should recall that
wisdom becomes conventional because it is so often right, and therefore
worth heeding.

Brant Johnson recalled that several of the topics we have heard discussed
were already featured in a workshop held on atomic physics at synchrotron
radiation facilities held nearly 10 years ago. Photoionization of ions is
a leading example. It is well to remember that the main reason for this is
the still prevailing lack of availability of facilities for studying such
phenomena, underscoring again the persistent, acutely felt needs in our
community for facilities which can assist us in acquiring appropriate
capabilities. There is also an advantage in the delay: it has given
theorists like Steve Manson and Goran Wendin the chance to study many
detailed examples, to point the way to experimentalists to particularly
important problems that will lead to new insights, and to work out explicit
results which can then be compared with new experiments. Thus delay is not
without its utility, so long as it does not outlast the limits of our
interest.

When new, very large, and therefore nearly unique facilities like the APS,
ESRF, or SPRING come on line, what difficult new conditions for conducting
experiments might we face? Speaking as a person whose past experience lies
mainly within the area of accelerator based atomic collisions experiments
pursued at popular heavy ion accelerator facilities, one of the most
difficult tasks is procuring enough beam time for experiments. In seeking
a large enough quantity of beam time per successful applicant, program
advisory committees inevitably ask, "What is there that makes this facility
uniquely useful for your experiment? Why can't this experiment be done at
someone else's facility?"

Uniqueness arguments therefore count for a very great deal in achieving
good access to facilities and to beam time. It is thus well to ask, what
is truly unique about a facility like APS?

In a casual conversation I had a year ago with the director of a large vuv
ring, I asked him what he thought a machine like the APS could uniquely do
to advance atomic and molecular physics that other machines could not
match. Qualifying his answer by noting that it was likely to be prejudiced
by his own long term commitment to probing valence electron behavior, his
reply came down to this: unless one has to access specifically K shell
electrons of heavy elements to achieve specialized experimental goals, then
since the larger vuv machines will be able to access the L shells of most
of the elements in the periodic table, there is not much to be gained from
higher energy synchrotron radiation facilities for the majority of problems
he would consider "important".
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We can of course immmediately agree with part of this argument. We heard
from Professor Crasemann about challenges of relativity and qed that are of
course best attacked by studying the most deeply bound levels possible.
From Professors Wendin and Franck, we heard about study of x-ray inelastic
and Compton processes for which again hard photons are quintessentially
suitable.

However, thw argument fails to acknowledge a most significant point: the x-
ray intensity is greater at all energies at facilities in the APS class,
not just the hard x-rays for which such rings are optimized. How important
this feature may become is underscored by the many comments speakers have
made concerning how tenuous are the gas targets atomic physicists use, and
how near zero are ion densities in ion photoionization experiments. Of
course, not all of this intensity gain will benefit all experiments, since
the total flux rather than the brilliance will benefit. But there are
broad classes of important experiments where flux is key, and for those
facilities like APS, ESRF, and SPRING the high flux available will be key
as well. Some experiments, such as the trapping experiments discussed by
Prof. Church, simultaneously use both soft and hard photons; for such
applications a machine with APS capabilities will be very effective.

Modern progress in atomic and molecular physics has been characterized by
increasingly differential experiments, achieved by use of coincidence
techniques, high energy and angular resolution spectrometric devices, and
position sensitive detection. Several speakers here have emphasized the
need for future coincidence experiments, for example Steve Manson in
pointing out the need for studying the angle and photon energy dependence
of two electron processes above threshold; and Manfred Krause who
additionally commented on the potential value of coincidence techniques in
looking, for example, at various double hole processes. From two other
speakers, Drs. Franck and Levin, we learned about the success already
achieved in adapting coincidence techniques in two quite different
applications.

Such techniques place an enormous premium on intensity -- the more
differential or multiparameter they get, the greater are the intensity
demands. Thus flux that promises to emerge from the APS and like
facilities may make many experiments possible which lower flux facilities
can never reach.

Fortunately, as x-rays get harder, and inner shell transitions become
increasingly dominated by x-ray decay channels, the intensity demands posed
by multiparameter coincidence experiments are eased by the availability of
efficient, dispersive x-rays detectors such as SiLi and GeLi detectors.
While such detectors have the limitations of limited resolution and the
slow pulse rise times which make their use in coincidence experiments
problematic, in many cases the advantages of providing high solid angle and
simultaneous energy dispersion are likely to make them valuable tools.

The subject of timing has not been emphasized at this workshop. However,
for all of us who contemplate timing experiments, using time of flight
spectrometers, coincidence techniques, or both, it will be important to
have good timing capability. Often this is available all too rarely, for
most users prefer all buckets to be filled, not just the single buckets
characteristic of most timing runs at present synchrotron radiation
facilities. I would like to call attention to the pressing need for
development of shutters which can send one burst of light down a beam line
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while the ring itself is in standard multibunch operation, shutters which
should also provide a synchronous timing signal.

In the time available to me here, I have not been able to summarize the
extensive catalog of future experimental possibilities which various
speakers have presented. Perhaps this effort was not needed, since Dr.
Kimura's comprehensive account of the highly variegated plans of his
Japanese colleagues seemed to me to blanket the interests of many of us
very well. The Japanese study group's identification of multi-charged ion
structure and collision problems seemed to contain many entries which
perhaps interest many, if not most of us. One such topic mentioned by
Kimura but not covered elsewhere in the workshop is the use of multicharged
ions produced by SR radiation as a source of secondary beams in studying
collisions of eV energy multicharged ions with atoms and molecules. As
those of you acquainted with ion-atom collisions physics may know, very
promising, similar studies are already underway using MeV beams of highly
charged projectiles as the source of ionizing radiation, in several
laboratories, including our own. It will be very interesting to see how
much better one may be able to do using SR radiation instead.

The final duty of any workshop summary talk is to express appreciation for
the efforts and achievement of the hard-working organizers in providing a
stimulating, enjoyable visit here for us all. I would like to close the
workshop by calling for a round of applause in their behalf.
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Thursday, March 29,1990

8:30 a.m. MORNING SESSION I

Chair: Gordon Berry, Physics Division, Argonne National Laboratory,
Argonne, Illinois

Welcoming Remarks (10 min)
Alan Schriesheim, Director, Argonne National Laboratory,
Argonne, Illinois

Introduction to the Advanced Photon Source (40 min)
David Moncton, Associate Laboratory Director for the
Advanced Photon Source, Argonne National Laboratory, Argonne,
Illinois

Atomic Physics with Hard Synchrotron Radiation: Introduction and
Overview (40 min)

Bernd Crasemann, Chemical Physics Institute, University of
Oregon, Eugene, Oregon

X-ray Photoionization of Ions and Atoms: New Frontiers (40 min)
Steve Manson, Department of Physics, Georgia State University,
Atlanta, Georgia

10:40 a.m. Coffee Break

11:00 a.m. MORNING SESSION U

Chair: Uwe Becker, Technical Institute of Berlin, West Germany

Photoionization of Excited Atoms and Ions Using Synchrotron Radiation:
Present Status and Future Trends (40 min)

Francois J. Wuilleumier, Laboratoire de Spectroscopie Atomique et
Ionique, et Laboratoire pour l'Utilisation du Rayonnement
Electromagnetique, Universite Paris-Sud, Orsay, France

Atomic Physics at the Advanced Light Source (40 min)
Alfred S. Schlachter, Lawrence Berkeley Laboratory, Berkeley,
California

12:20 p.m. Lunch in the Argonne Cafeteria, Dining Room C
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Thursday, March 29,1990

1:20 p.m. AFTERNOON SESSION I

Chair: Yohko Azuma, Physics Division, Argonne National Laboratory,
Argonne, Illinois

The RIKEN-JAERI 8-GeV Synchrotron Radiation Project SPring-8 (40 min)
Yohko Azuma, The Institute of Physical and Chemical Research,
RIKEN, Japan

Photoionization of Ions and the General Program in Atomic and Molecular
Physics at Daresbury (40 min)

John B. West, Daresbury Laboratory, England

Multicharged Ion Research Using the Advanced Photon Source (40 min)
David A, Church, Physics Department, Texas A & M University,
Texas

3:20 p.m. Coffee Break

3:45 p.m. AFTERNOON SESSION II

Chair: Larry Toburen, Batelle Pacific North-West Laboratories, Richland,
Washington

Atomic Physics with Hard X-Rays: Perspectives and Opportunities (40 min)
Goran Wendin, Institute of Theoretical Physics, Chalmers
University of Technology, Goteborg, Sweden

Thoughts on Future ESSR Studies of Inner Core Levels (40 min)
Manfred O. Krause, Oak Ridge National Laboratory, Oak Ridge,
Tennessee

Beam Line Considerations for the Experiments with Highly-Charged Ions
(40 min)

Brant M. Johnson, Physics Department, Brookhaven National
Laboratory, Upton, New York

5:45 p.m. Adjourn

Buses to the Hotel, and then to the banquet (returning to the hotel
about 9 p.m.)

6:45 p.m. Cocktails and Banquet
at Carriage Greens Country Club

405



Friday, March 30,1990

8:30 a.m. MORNING SESSION I

Chair: Pedro Montana, Advanced Photon Source, Argonne National
Laboratory, Argonne, Illinois

Applications of High-Brilliance X Rays from Insertion Devices at the APS
(40 min)

James P. Viccaro, Advanced Photon Source, Argonne National
Laboratory, Argonne, Illinois

Can a Powerful Source (APS) Cast Useful Light on Atomic Hole State
Processes? (40 min)

Paul L. Cowan, National Institute of Standards and
Technology, Gaithersburg, Maryland

Studies of Clusters (30 min)
Wolfgang Eberhardt, Exxon Research and Engineering, Annandale,
New Jersey

10:20 a.m. Coffee Break

11:00 a.m. MORNING SESSION II

Chair: Indrek Martinson, Lund University, Sweden

Atomic Physics with Hard Synchrotron Radiation: Report from the Japanese
"Working Group" (40 min)

Masahiro Kimura, Department of Physics, Osaka University,
Osaka, Japan

11:45 a.m. Tour of the Advanced Photon Source model
Buses to building 360, returning to the cafeteria

12:30 a.m. Lunch, Argonne Cafeteria, Dining room C
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Friday, March 30,1990

1:30 am. AFTERNOON SESSION

Chair: Noura Mansour, Physics Division, Argonne National Laboratory,
Argonne, Illinois

Argon-Ion Charge Distributions Following Near-Thereshold Photoionization
(30 min)

Jon C. Levin, Physics Department, University of Tennessee,
Knoxville, and Physics Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee

Resonant Nuclear Scattering with Synchrotron Radiation (40 min)
John Arthur, Stanford Synchrotron Radiation Laboratory,
Stanford, California

Revealing Inner Shell Dynamics with Inelastic X-Ray Scattering (30 min)
Carl Franck, Department of Physics, Cornell University, Ithaca,
New York

3:10 p.m. Closing Remarks
Ivan Sellin, Physics Department, University of Tennessee, Knoxville,
and Physics Division, Oak Ridge National Laboratory, Oak Ridge,
Tennessee

3:20 p.m. Adjourn
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