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Preface 
This book contains the Proceedings of the workshop on “Atomic Physics 
with Hard X-rays from High Brilliance Synchrotron Light Sources”, 
held at Argonne National Laboratory (ANL) on May 20-21,1996. This was the 
fourth of a biennial series of joint Japanese-American Workshops, first begun in 
1990, designed to bring together the leading workers in the emerging new field of 
atomic physics research in the hard x-ray regime at  third-generation synchrotron 
light sources. Previous workshops in this series were held at Argonne in 1990 and 
1994 and at  Himeji, Japan in 1992. This particular meeting was held at Argonne 
this year, primarily because of scheduling conflicts of our Japanese collaborators 
who were simultaneously involved in running other large conferences this year, 
but also to coincide with the recent dedication.of the Advanced Photon Source 
(APS) here a t  ANL. While the previous workshops in this series all looked 
forward with great excitement to  the results which would be forthcoming in this 
field with the anticipated inauguration of the three third-generation hard x-ray 
sources (in addition to APS these are the Super Photon Ring - 8 Gev, or SPring- 
8, in Nishi-Harima, Japan, and the European Synchrotron Radiation Facility, 
ESRF, in Grenoble France), participants at this gathering were treated to  some 
real experimental data from the ESRF as well as commissioning results from 
the APS. Related research projects at lower-energy UV and VUV synchrotron 
facilities were also discussed. 

In order to keep to a rapid publication schedule, these proceedings have been 
assembled quite informally. Formatting was left to the discretion of t.he partic- 
ipants and the contributed manuscripts ranged from formal typeset documents 
to copies of the speakers’ transparencies. We thank all of those speakers who 
prepared their manuscripts in short order after the workshop for helping us to  
maintain this rapid schedule. These presentations provide a glimpse of the fu- 
ture in this rapidly-evolving field, as well as describing methods and techniques 
that have proved successful in the recent past. We hope these proceedings will 
serve as a useful resource to  workers in this field. 

The success of the workshop owes much to the hard work of many people. We 
thank Joan Brunsvold and her staff a t  the Argonne Conference Services group, 
who, assisted by our own Colleen Tobolic, performed the tasks of ensuring that 
arrivals, lodging, transportation, departures, and meals, were well-planned and 
scheduled to permit the participants to  devote their full attentions to  scientific 
matters. We also thank Gopal Shenoy and the APS staff for arranging the tour 
of the facility. 
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7 May 1996 

High-Energy Frontiers in Atomic X-Ray Physics* 

Bernd Crasemann 

Physics Department, University of Oregon, Eugene, Oregon 97403, U.S.A. 

A century after the discovery of x rays, the experimental capability for study- 

ing atomic structure and dynamics with hard, bright synchrotron radiation is in- 

creasing remarkably. Tempting opportunities arise for experiments on many-body 

effects, aspects of fundamental photon-atom interaction processes, and relativistic 

and quantum-electrodynamic phenomena. Some of these possibilities are surveyed 

in general terms. 

I. INTRODUCTION 

Echoes have barely died down from worldwide celebrations commemorating the 

hundredth anniversary of Willielm Konrad Rontgen's discovery of x rays [l]. A more 

propitious time could hardly be imagined to stand at the threshold of a new era 

of applications of Herr Rontgen's rays to studies of atomic structure and dynamics 

and related processes, opened by the advent of third-generation synchrotron-radiation 

sources that drastically extend experimental possibilities. 

The potential of x rays as a probe of atomic structure was foreseen rather prophet- 

ically by Arnold Sommerfeld, who already in 1919 wrote, in the preface to his famous 

treatise Atombau und Spektrallinien, that seven years of x-ray spectroscopy had con- 
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tributed almost more than sixty years of [optical] spectroanalysis because it “seizes 

the problem of the atom by its root, illuminating the [inner shells],” allowing us to 

hear a veritable “music of the spheres” [2]. 

Photon-atom interactions have in fact played a central role in generating present 

understanding of atoms and molecules. In this, photoexcitation is complemented by 

charged-particle collisions as a diagnostic tool but has the advantages for interpreta- 

tion, well-known to this audience, that the interaction is relatively weak, one photon 

interacts with only one electron in first order, and perturbative approaches are ap- 

plicable in most cases. Thus, our approach of choice to the “problem of the atom” 

rests upon the discovery of the photoelectric effect by Heinrich Hertz in 1887 [3] and 

its explanation by Albert Einstein in 1905 [4], and Rontgen’s discovery of his rays [l] 

and the elucidation of their nature by Friedrich, Ihipping, and Laue in 1912 [5]. But 

indeed it took a century to arrive at the present state of the art. 

This Workshop is planned to explore aspects of atomic physics in which significant 

new experiments will become possible with the greater brilliance and higher energy 

of radiation from the Advanced Photon Source and similar machines. New areas as 

well as extensions of present work are to be considered. It appears that progress on 

major frontiers of present understanding can be expected in at  least the following 

categories: 

0 Many-body effects that transcend independent-particle approaches 

0 Aspects of fundamental photon-atom interaction processes 

0 Relativistic and quantum electrodynamic effects 

In the following, some topics in each of these categories are touched upon in general 

terms; more specific and authoritative discussions follow throughout the remainder 

of the program. 
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11. MANY-ELECTRON PHENOMENA 

While many-body interactions are ubiquitous in physics, atomic systems provide 

a uniquely suitable proving ground for studying approaches to this important and 

difficult problem area: The Coulomb attraction by the heavy nucleus makes the 

frozen-core, central-field model a splendid first approximation from which additional 

effects can be cleanly distinguished. Deep inner shells in particular, which can be 

probed with the new sources, exhibit a complete range of electron-electron Coulomb 

correlation effects, extending from virtually zero to extreme. 

At one end of the range, a single deep vacancy in the degenerate electron sea of 

the atomic cort&ge can exhibit virtually complete independent-particle character: a 

Is hole in a many-electron atom can behave for all the world like the electron in a 

hydrogen atom (with the sign of the spin-orbit interaction reversed). Thus, simple 

screened hydrogenic wave functions lead to an analytic Auger matrix element that 

yields I<-shell radiationless widths of astonishing accuracy [6]. 

The other extreme of Coulomb correlations in deep inner shells is illustrated by 

the decay dynamics of an L-shell vacancy that is imbedded in the super-Coster Kronig 

continua (e.g, a 2s) 3s) 3 p ,  4s, or 4p hole). For these states, an important correlation 

contribution is produced by dynamic relaxation processes in which the core hole 

fluctuates to intermediate Coster-Kronig levels, in addition to creating electron-hole 

pair excitations [7]. These effects reduce the level energies; the shift can be estimated 

by finite configuration-interaction or multiconfiguration Hartree-Fock methods [SI or 

calculated by diagrammatic many-body theory [7]. The exceedingly short lifetimes 

(<1 fs) and extreme many-body aspects place the decay of these states beyond the 

reach of simple calculations by “Golden Rule No. 2’’ of time-dependent perturbation 

theory: a quasi-stationary initial state hardly exists when the hoIe does not live 

even for the duration of a Bohr period of revolution. In this regime, complex many- 
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electron phenomena, including “collectivization of vacancies” and “melting of shells,” 

call for elaborate new experiments to support extensions of sophisticated theory [SI. 

In the range between the two extremes described above lie numerous opportunities 

for exploring Coulomb correlation effects in atomic inner shells in the formation and 

decay of single and multiple vacancies. 

In the excitation of more than one electron through inner-shell photoionization, fi- 

nal states are produced that can be described approximately by configurations formed 

by removal of a core electron and excitation of additional electrons to higher bound 

-states or to the continuum. An intuitive picture of the process is provided by “shake 

theory” [lo]; a fully relativistic many-electron theory is much more successful [ll, 121. 

These multiple excitation processes can be identified through the satellites they pro- 

duce in photoelectron spectra [13] and in the Auger and x-ray spectra emitted when 

the excited states decay [14,15], as well as, in some cases, by features in absorption 

spectra [16,17]. Surprising insight into atomic inner-shell dynamics can be gained by 

such studies [18]. 

These many-.electron processes induced by photon impact epitomize the limi- 

tations of the conventional most tractable models of atomic structure. Since the 

photon-electron interaction is described by a one-electron operator, the frozen-core, 

central-field model does not predict changes of state of more than one electron. Di- 

rect multiple-excitation processes are thus a result of electron-electron correlation. 

Their study, especially near threshold [19], can therefore provide useful insight into 

electron correlation mechanisms [13,16,18,20,21]. Moreover, at higher final-state en- 

ergies, these multielectron processes become independent of the mode of exitation and 

thus directly reflect intraatomic electrun-electron interactions: measured photoelec- 

tron satellite spectra generated through 1‘-shell photoionization of Kr are virtually 

identical, within experimental error, to corresponding spectra that arise from nuclear 

4 



internal conversion in the decay of isomeric 83Kr, in accord with theory [22]. 

The role that Coulomb electron-electron correlation can play in the final state 

of atomic inner-shell transitions is particularly well illustrated by the phenomenon 

of post-collision interaction, in which a photoelectron and a subsequently emitted 

Auger electron interact in the positive-energy continuum and exchange energy [12, 

23-26], to the detriment of the photoelectron which can even’ be recaptured by the 

atom from which it originated [27]. Extensive measurements of this phenomenon 

remain to be performed, including determinations of the angle dependence of the 

post-collision-interaction-shifted Auger-line shape, which has been‘predicted [28]. 

The brightness of third-generation synchrotron-radiation sources is leading to the 

implementation of sophisticated new techniques which will greatly enhance the infor- 

mation on correlation processes that can be obtained experimentally. One impressive 

example is “cold-target recoil-ion momentum spectroscopy,” pioneered by H. Schmidt- 

Bocking and collaborators [29,30]. A first application of this technique has been to a 

measurement of double ionization of He which has attracted much attention recently 

as perhaps the simplest and most fundamental many-electron process, ridden with 

persistent puzzles [29,31,32]. 

111. FUNDAMENTAL PHOTON-ATOM INTERACTIONS 

The theory of atomic photoionization rests on firm ground, as set forth in the 

classic review by Pratt, Ron, and Tseng [33], the Hundbuch article by Starace [34], 

and the monograph by Amusia [9], among others. In his pioneering work, Pratt ar- 

rived at helpful physical insights into photoeffect at high energies [35]. For example, 

he pointed out that the momentum transfer factor eiqr, which appears in the matrix 

element evaluated in the Born approximation, provides an effective cutoff at distances 

of r N q-l from the nucleus. Consequently, within this framework, high-energy pho- 
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toionization cross sections can be expected to be proportional to the bound-state 

normalization of the electron wave function at the nucleus. This conclusion was in- 

voked by Cooper [36] to explain the observed excess (by ~ 4 5 % )  of the photoeffect 

cross section of molecular hydrogen over twice that of the atom, a ratio of astrophys- 

ical interest. Limitations of such theoretical features will be amenable to tests on 

sources like the APS. 

For some time, the “complete” photoionization measurement was considered the 

ultimate aim for experimenters, i.e., the determination of observables ‘that contain, 

in some linearly independent combination, the five parameters that completely char- 

acterize the process in the low-energy, nonretarded dipole aproximation [23]. Strictly 

speaking, spin-resolved electron spectrometry pioneer U. Heinzmann explained at 

the IWP-94 workshop in San Francisco, there is no “complete” experiment. Yet, a 

wealth of relevant physics can be extracted when photon polarization, target orien- 

tation, photoelectron spin and angular distributions can be resolved. A number of 

papers in this Workshop deal with progress along these lines, and experiments at 

ESRF by Becker and Heinzmann may come as close to being “complete” as any [37]. 

A breakdown of the dipole approximation in photoionization at higher energies 

has long been anticipated. As is well-known, the wavelength of visible or uItraviolet 

light is several orders of magnitude larger than the extent of an atom and the dipole 

approximation is valid, which implies neglect of retardation ( I C  +- 0, X --f 00) and 

of higher multipoles. For higher photon energies, it is necessary to consider the full 

retarded multipole expansion of the photon field [38-411. Most sensitive to higher 

multipoles is the photoelectron angular distribution, while total cross sections are 

relatively insensitive to these effects. 

In an elegant experiment, the Argonne group has recently measured the nondipo- 

lar asymmetries of Ar 1s photoelectrons produced by 3-5 keV x rays [42]. The 
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results agree exceedingly well with calculations that include interference between 

electric-dipole and electric-quadrupole photoionization amplitudes in a nonrelativistic 

central-field model [41]. These interference t e r m  give a clear indication of angular- 

momentum transfer to core electrons [41]. Magnetic-dipole transitions can make no 

contributions in the frozen-core model where final and initial states are orthogonal, 

but can contribute if there is core relaxation; in the energy range covered by the 

Argonne group's experiment they are expected to be negligible. 

High-brilliance x-ray sources of high energies will make it possible to further 

explore theoretical predictions for higher-order multipole and relativistic effects as well 

as photon-photoelectron polarization correlations [42,43], and even nondipolar effects 

in the angular distribution of Auger electrons [44], and to relate these measurements to 

features of atomic inner-shell dynamics. These possibilities are restricted somewhat, 

as pointed out by Pratt and LaJohn [45], by the fact that in some circumstances, 

particularly for total cross sections from s subshells, relativistic and higher-multipole 

contributions tend to cancel. Within the independent-particle approximation it is 

shown that at all energies the dependence of the photoionization matrix element 

on atomic properties is given by dipole and quadrupole terms, plus small octupole 

contributions, within an accuracy of 1%; this result is expected to remain valid when 

many-electron correlations are included. 

* 

Threshold resonances in photoexited atomic transitions [46,47] are only now be- 

coming accessible to detailed experimental studies, even though they were first ob- 

served well over a decade ago and are theoretically rather well-understood [48]. The 

origin of these radiative or radiationless resonant Raman transitions is readily ap- 

preciated by considering the familiar operator that describes the interaction between 

atomic electrons and the radiation field, 
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in relativistic units (h  = c = 1), with the electronic charge e = lei. Here, Aj 

is the vector potential of the photon field, and the electron-momentum operator is 

pj = -iKv. The summation extends over all Ne electrons in the atom. 

In first order, direct inelastic x-ray scattering (Compton scattering) is mediated 

only by the A - A term, and the A p term makes no contribution because the vector 

potential Aj is linear in the photon creation and annihilation operators. 

Resonant scattering arises from the A .  p term in second order. This can be seen 

from the generalized Kramers-Heisenberg cross section derived in terms of Aberg’s 

generalization of time-independent resonant scattering theory [49] for x-ray scattering 

from Ik,, el) to Ik,, e2), where k; is the wave vector and e;, the (complex) polarization 

vector of the radiation: 

The nonresonant term is seen to be of order of the square of the classical electron 

radius, ro E 2.82 x lO-l3cm, while near resonances the cross section increases typically 

by a factor of lo6. Here, the intermediate states are virtual, and. their “natural lifetime 

widths” are not reflected in the energy width of the scattered radiation. 

Not only is the physics of radiative and radiationless resonant Raman transitions 

of interest in itself [50] but these phenomena are rapidly finding applications in many 
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fields. The narrow line width of the scattered radiation makes it useful for high- 

resolution studies of complicated spectra [51]. Resonant Raman spectrometry is thus 

becoming a good tool for the study of atoms and molecules [52,53] as well as for the 

measurement of extraatomic effects [54], such as the momentum-resolved electronic 

structure of complex materials [55] and the density of states in the conduction band 

of metals, revealed in subthreshold excitation [56]. 

Waiting yet to be realized is the potential of Auger Raman spectrometry to map 

out the “anatomy” of x-ray absorption edges, drawing upon the fact that the intensity 

of subthreshold-excitation satellites traces relevant partial cross sections [57]. Other 

applications may lie in the precision determination of level energies through the dip 

that occurs at resonance in the width of the scattered radiation. Yet other uses will 

undoubtedly be devised. 

Other aspects of photon-atom scattering also offer very.interesting opportunities 

for exploration with state-of-the-art sources [58]. It is convenient to divide photon- 

atom interactions into elastic and inelastic processes, but this separation is somewhat 

arbitrary [59]: the radiative corrections of quantum electrodynamics and the possi- 

bility of emitting very soft photons, as well as target recoil, make all processes in fact 

inelastic, while experimental comparison of incident and scattered energies is limited 

by source bandwidth and detector resolution. It is here that synchrotron radiation 

and, at  some later stage, x-ray lasers can serve superbly to advance experimental 

information [60]. 

Substantial progress in the understanding of elastic photon-atom scattering was 

made with the advent of numerical calculations of the amplitudes based on the second- 

order S-matrix of quantum electrodynamics and relativistic wave functions [61]. Mea- 

surements of Rayleigh scattering are rather scarce to date [62]. Furthermore, progress 

in the theoretical understanding of Rayleigh scattering has made it possible, in prin- 
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ciple, to measure the Delbriick amplitude, which pertains to photon scattering by 

virtual electron-positron pairs created in the screened nuclear Coulomb potential [63, 

641. This process is interesting because it belongs to the nonlinear effects of quan- 

tum electrodynamics that have no classical analog; although it has been known since 

1933, only few experiments have been performed. The availability of yet higher energy 

synchrotron radiation may have to be awaited, however, before such measurements 

become feasible. 

Compton scattering from bound electrons has extensive applications in the study 

of electron momentum distributibns in atoms and solids. An exact second-order S- 

matrix code for the relativistic numerical calculation of crosssections for Compton 

scattering of photons by bound electrons has recently been developed within the 

independent-particle approximation [65]; detailed experimental tests would be useful. 

IV. RELATIVISTIC AND QUANTUM ELECTRODYNAMIC EFFECTS 

Since it is the Coulomb force that holds atoms, molecules, and solids together, it 

clearly is of interest to look at manifestations of the lowest-order relativistic correction 

to the static Coulomb potential, 'uiz., the Breit energy which accounts for the exchange 

of a single transverse photon and contains the effect of both the current-current 

interaction and of retardation: 

where the an are Dirac matrices and rij is the distance between the two interacting 

charges; w is the energy of the virtual photon. In the Pauli limit, the Breit operator 

corresponds to the orbit-orbit, spin-spin, and spin-other-orbit interactions between 

two electrons. Ordinarily, the effects of the Breit interaction in atomic structure are 

rather subtle, as in 5 1% shifts of the 1s level energies, but they can become pro- 

nounced in cases where the static Coulomb interaction cancels out, as in j-splittings 
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of double-hole states [66,67]. 

As a single example, we mention one effect that arises exclusively from the rel- 

ativistic Breit-Coulomb Hamiltonian, uiz., the splitting of excitations that comprise 

two vacancies in s states into distinct *S and 3S levels. This splitting contains a 

dominant contribution from the spin dependence of the relativistic Coulomb inter- 

action and a smaller contribution from the Breit operator [l6]. Other splittings are 

greatly modified by the Breit-Coulomb Hamiltonian and in some cases even their en- 

ergy ordering is reversed [66]. An unusual opportunity for relevant experiments arises 

here. 

It might also be fruitful to exploit the close analogy that exists between the spec- 

troscopies of systems that consist of a few deep holes in a heavy atom or of a few 

electrons remaining in a highly stripped ion. In the latter case strong relativistic and 

quantum electrodynamic effects have been observed, for example, by experiments 

on heavy-ion accelerators [68], EBITs [69], and storage rings [70]. Of particular in- 

terest have been He- and Li-like ions, which are amenable to detailed calculations 

1711. A classic example is the ls2s2p 4P5/2 state of Li-like species, which does not 

decay at all in the nonrelativistic approximation: the most readily available chan- 

nels are magnetic-quadrupole photon emission and spin-forbidden Auger decay [72]. 

Photoionization and photoexcitation of heavier ions presents a largely unexplored 

field. 

The preceding samples may serve to illustrate some of the range of fascinating 

physics that awaits ingenious experimenters on the new light sources. 

*Presented at the Workshop on Atomic Physics with Hard X-rays from High Bril- 

liance Synchrotron Light Sources, May 20-21, 1996, Argonne National Laboratory. 

11 



REFERENCES 

W. C. RGntgen, Sitzungsber. Wiirzb. Physik-med Gesellsch. 35 (1895); 45 (1896). 

A. Sommerfeld, Atombau und Spektrallinien, 1st  edition 1919; 8th edition 1960 

(Vieweg, Braunschweig). 

H. Hertz, Ann. Physik 31, 983 (1887). 

A. Einstein, Ann. Physik 17, 132 (1905). 

W. Friedrich, P. Knipping, and M. v. Laue, Bayer. Akad. Wiss. (1912); Le Radium 

10, 47 (1913). 

V. 0. Kostroun, M. H. Chen, and B. Crasemann, Phys. Rev. A 3,533 (1971). 

M.Ohno and G. Wendin, J.Phys. B 11, 1557 (1979); 12, 1305 (1979). 

M.H. Chen, B. Crasemann, N. Mbrtensson, and B. Johansson, Pliys. Rev. A 31, 

556' (1985). 

M. Ya. Amusia, Atomic Photoeflect, edited by K. T. Taylor (Plenum, New York, 

1990). 

lo T. A. Carlson and C. W. Nestor, Jr., Phys. Rev. A 8, 2887 (1973). 

l1 J. Tulkki and T. Aberg, J. Phys. B 18, L489 (1985) 

l2 J. Tulkki, G. B. Armen, T. Aberg, B. Crasemann, and M. H. Chen, 2. Phys. D 

5 ,  241 (1987). 

l3 J. Tulkki, Phys. Rev. Lett. 62, 2817 (1989). 

12 



l4 G. B. Armen, T. Ifberg, K. R. Karim, J. C. Levin, B. Crasemann, G. S. Brown, 

M. H. Chen, and G. E. Ice, Phys. Rev. Lett. 54, 182 (1985). 

l5 R. D. Deslattes, R. E. LaVilla, P. L. Cowan, and A. Henins, Phys. Rev. A 27, 

923 (1983). 

l6 S. J. Schaphorst, A. F. Kodre, J. Ruscheinski, B. Crasemann, T. Wberg, J. Tulkki, 

M. H. Chen, Y. Azuma, and G. S. Brown, Phys. Rev. 47, 1953 (1993). 

l7 T. Mukoyama, this Workshop. 

l8 M. 0. Krause and C. D. Caldwell, Pliys. Rev. Lett. 59,2736 (1987). 

l9 B. Crasemann, Comments At. Mol. Phys. 22, 163 (1989). 

2o A. Fahlman, M. 0. Krause, T. A. Carlson, and A. Svensson, Phys. Rev. A 30, 

812 (1984). 

21 U. Becker, B. Langer, H. G. Kerkhoff, M. Kupscli, D. Szostak, R. Wehlitz, P. A. 

Heiman; S. H. Liu, D. W. Lindle, T. A. Ferrett, and D. A. Shirley, Phys. Rev. 

Lett. 60, 1490 (1988). 

22 D. L. Wark, R. Bartlett, T. J. Bowles, R. G. H. Robertson, D. S. Sivia, W. Trela, 

J. F. Wilkinson, G. S. Brown, B. Crasemann, S. L. Sorenson, S. J. Scliaphorst, 

D. A. Knapp, J. Henderson, J. Tulkki, and T. Wberg, Pliys. Rev. Lett. 67, 2291 

(1991). 

23 V. Schmidt, Rep. Prog. Phys. 55, 1483 (1992). 

24 A. Niehaus, J. Phys. B 10, 1845 (1977); A. Niehaus and C. J. Zwakhals, J. Phys. 

B 16, L135 (1983). 

25 G. B. Armen, J. Tulkki, T. Aberg, and B. Crasemann, Phys. Rev. A 36, 5606 

13 



( 1 98 7). 

26 F. Koike, this Workshop. 

27 W. Eberhardt, S. Bernstorff, H. W. Jochims, S.B. Whitfield, and B. Crasemann, 

Phys. Rev. A 38, 3808 (1988). 

28 G. B. Armen, Phys. Rev. A 37, 995 (1988). 

29 R. Dijrner, T. Vogt, V. Mergel, H. Khemliche, S. Kravis, C. L. Cocke, J. Ullrich, 

M. Unverzagt, L. Spielberger, M. Damrau, 0. Jagutzki, I. Ali, B. Weaver, K. 

Ullmann, C. C. Hsu, M. Jung, E. P. Kanter, B. Sonntag, M. H. Prior, E. Roten- 

berg, J. Denlinger, T. Warwick, S. T. Manson, and H. Schmidt-Bijcking, Phys. 

Rev. Lett. 76, 2654 (1996). 

30 H. Schmidt-Bijcking, this Workshop. 

31 P. M. Bergstrom, Jr., K.-i. Hino, and J. H. Macek, Phys. Rev. A 51, 3044 (1995). 

32 J. C. Levin, G. B. Armen, and I. A. Sellin, Phys. Rev. Lett. 76, 1220 (1996). 

33 R. H. Pratt, A. Ron, and H. I(. Tseng, Rev. Mod. Phys. 45, 273 (1973). 

34 A. F. Starace, in Hundbuch der Physik 31, edited by W. Mehlhorn (Springer, 

Berlin, 1982), p. 1. 

35 R. H. Pratt, Phys. Rev. 117, 1017 (1960). 

36 J. W. Cooper, Phys. Rev. A 9, 2236 (1974). 

37 U. Becker, this Workshop. 

38 M. Peshkin, Adv. Chem. Phys. 18, 1 (1970). 

39 A. Bechler and R. H. Pratt, Pliys. Rev. A 39, 1774 (1989); 42, 6400 (1990). 

14 



40 J. H. Scofield, Phys. Rev. A 40, 3054 (1989). 

41 J. W. Cooper, Phys. Rev. A 42,6942 (1990); 45, 3362 (1992); Phys. Rev. A 47, 

1841 (1993). 

42 B. Krhsig, M. Jung, D. S. Gemmell, E. P. Kanter, T. LeBrun, S. H. Southworth, 

and L. Young, Phys. Rev. Lett. 75,4736 (1995); B. Krhsig, this Workshop. 

43 Y. S. Kim, I. B. Goldberg, and R. H. Pratt, Phys. Rev. A 45, 4542 (1992); 51, 

424 (1995). 

44 N. Kabachnik, this Workshop. 

45 R. H. Pratt and L. LaJohn, Nucl. Inst. Meth. B 99, 136 (1995); R. H. Pratt, 

private communication and this Workshop. 

46 P. L. Cowan, in Resonant Anomalous X-Ray Scattering:' Theory and Applications, 

edited by G. Materlik, C. J. Sparks, and K. Fischer (North-Holland, Amstyerdam, 

1994), p. 449. 

47 T. Aberg and B. Crasemann, in Resonant Anomalous X-Ray Scattering: Theory 

and Experiment, edited by G. Materlik, C. J. Sparks, and K. Fischer (North- 

Holland, Amsterdam, 1994), p. 431. 

48 G. B. Armen, this Workshop. 

49 T. Aberg and J. Tulkki, in Atomic Inner-Shell Physics, edited by B. Crasemann 

(Plenum, New York, 1985), p. 419. 

50 E. Kukk, H. Aksela, S. Aksela, F. Gel'mukhanov, H. Agren, and S. Svensson, 

Phys. Rev. Lett. 76, 3100 (1996). 

51 B. Langer, N. Berrah, A. Farhat, 0. Hemmers, and J. D. Bozek, Phys. Rev. A 

15 



53, R1946 (1996); B. Langer, this Workshop. 

52 M. A. MacDonald, S. H. Southworth, J. C. Levin, A. Henins, R. D. Deslattes, 

T. LeBrun, Y. Azuma, P. L. Cowan, and B. A. Carlin, Phys. Rev. A 51, 3598 

(1995). 

53 Z. F. Liu, G. M. Bancroft, K. H. Tan, and M. Schachter, Phys. Rev. Lett. 72, 

621 (1994). 

54 H. Wang, J. C. Woicik, T. Aberg, M. H. Chen, A. Herrera-Gomez, T. 

Kendelewicz, A. Miintykenttii, K. E. Miyano, S. Southworth, and B. Crasemann, 

Phys. Rev. A 50,  1359 (1994). 

55 Y. Ma, N. Wassdahl, P. Skytt, J. Guo, J. Nordgren, P. D. Johnson, J.-E. Rubens- 

son, T. Boske, W. Eberhardt, and S. D. Kevan, Phys. Rev. Lett. 69,2598 (1992). 

56 W. Drube, R. Treusch, and G. Materlik, Phys. Rev. Lett. 74, 42 (1995). 

57 G. S. Brown, M. H. Chen, B. Crasemann, and G. E. Ice, Phys. Rev. Lett. 45, 

1937 (1980).' 

58 R. H. Pratt, this Workshop. 

59 L. Kissel and R. H. Pratt, in Atomic Inner-Shell Physics, edited by B. Crasemann 

(Plenum, New York, 1985), Chap. 11. 

6o R. H. Pratt and B. Crasemann, in Workshop on Scientific Applications of Short- 

Wavelength Coherent Light Sources, edited by W. Spicer, J. Arthur, and H. 

Winick (Stanford Linear Accelerator Center Report No. SLAC-414, CONF- 

92102278, 1992), p. 17. 

61 L. Kissel, R. H. Pratt, and S. C. Roy, Phys. Rev. A 22, 1970 (1980). 

16 



62 P. P. Kane, L. Kissel, R. H. Pratt, and S. C. Roy, Phys. Repts. 140, 75 (1986). . 

63 A. I. Milstein and M. Schumacher, Phys. Repts. 243, 183 (1994). 

64 R. Solberg, K. Mork, and I. 0berb$, Phys. Rev. A 51, 359 (1995). 

P. M. Bergstrom, Jr., T. Surit, K.Pisk, and R. H. Pratt, Phys. Rev. A 48, 1134 

(1993). 

M. H. Chen, B. Crasemann, and H. Mark, Phys. Rev. A 25, 391 (1982). 

67 B. Crasemann, M. H. Chen, and H. Mark, J. Opt. SOC. Am. B 1, 224 (1984). 

68 S. Cheng, R. W. Dunford, C. J. Liu, B. J. Zabransky, A. E. Livingston, and L. 

J. Curtis, Phys. Rev. A 49, 2347 (1994). 

69 P. Beiersdorfer, A. Osterheld, S. R. Elliott, M. H. Chen, D. Knapp, and K. Reed, 

Phys. Rev. A 52, 2693 (1995). 

70 For reviews see, for example, Atomic Theory Workshop on Relativistic and QED 

Egects in Heavy Atoms, edited by H. P. Kelly and Y.-I(. Kim, AIP Confer- 

ence Proceedings No. 136 (American Institute of Physics, New York, 1985); J. 

Sapirstein, in Atomic Physics 14, edited by D. J. Wineland, C. E. Wieman, and 

S. J. Smith, AIP Conference Proceedings No. 323 (American Institute of Physics, 

New York, 1995), p. 45; Physics with Multiply Charged Ions, edited by D. Liesen 

(Plenum, New York, 1995). 

'' M. H. Chen,'K. T. Cheng, W. R. Johnson, and J. Sapirstein, Phys. Rev. A 52, 

266 (1995). 

72 I<.-T. Cheng, C.-P. Lin, and W. R. Johnson, Phys. Lett. A 48, 437 (1974). 

17 



18 



X-RAY RAMAN SCATTERING 
FROM MOLECULAR K-EDGESa 
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ABSTRACT 

The anisotropic polarized emission of x-ray photons following wavelength-selected K-edge 
photoexcitation is inferred from internal molecular symmetry employing the unifying 
perspective provided by the differential cross sectional expression (Yang's Theorem) 

appropriate in the dipole limit. The state-to-state partial cross section aa+p(hva) and 
corresp'onding scattering anisotropy Pa3p (hva) are expressed in terms of invariants of 
fhe vibronically inelastic body-frame complex Raman polarizability tensor aCu+ (hva) 
in forms applicable to molecules of arbitrary point-group symmetry. Comparisons are 
made between expressions derived from the present development and line polarization 
and polarization anisotropy factors commonly measured in 'conventional experimental 
arrangements, and configurations particularly suitable for determining the molecular 
scattering invariants are indicated for studies performed with or without polarization 
and/or angle-resolved detection. Lineshapes in incident and scattered photon energy are 
determined employing Feshbach-Fano descriptions of the highly unstable Auger-broadened 
core-excited resonant intermediate states, and aspects of the effects of incident photon band 
width and instrumental resolution are indicated. Simultaneous virtual coherent excitation 
of many intermediate vibronic states is seen to be a common feature of resonant x-ray 
Raman scattering from the K-edges of polyatomic molecules, even in the limit of narrow- 
band incident radiation, although conditions under which an effectively incoherent two-step 
(absorption-emission) electronic mechanism correctly describes core-level Raman processes 
are indicated, in which cases the classical Jablonski/Zare expressions for fluorescence 
emission line polarization are recovered from the present development. The results of 
illustrative , computational applications of the formalism for resonant x-ray scattering 
from pre-edge features in H2S molecules are compared with corresponding synchrotron- 
radiation-based measurements. Although emphasis is placed on the dipole limit, aspects 
of strongly non-dipole effects in x-ray Raman scattering anticipated in the 10 to 50 keV 
spectral interval provided by the Advanced Photon Source are indicated at appropriate 
points in the development. 

a Work supported in part by the U.S. Air Force Office of Scientific Research. 
AFOSR Indiana University Resident Research Professor 
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1. INTRODUCTION 
Recent synchrotron-radiation-based studies report gas-phase measurements of polarized 
resonant x-ray Raman scattering from the K-edges of a number of polyatomic molecules, 
including CHaCZ [l-31, CF3CZ [2,4,5], CF2CZ2 [2], CFCZ3 [2] and H2S [6], as well as asso- 
ciated lineshape studies of the transition from Raman scattering to resonance fluorescence 
in atoms [7], aspects of which have been summarized recently [8-111. The polarization mea- 
surements to date have been performed at beam line X24-A of the Brookhaven National 
Synchrotron Light Source (NSLS) employing a curved-crystal secondary spectrometer with 
position-sensitive detection designed for this purpose [12]. Since the Fall of 1995 the Ad- 
vanced Photon Source (APS) has provided x-ray flux in the 10 to 50 keV spectral range 
suitable for photoexcitation and inelastic scattering at the K-edges of a significant num- 
ber of atoms and molecules, and the facility is expected to support approximately twenty 
beamlines by the end of 1996 [13]. Accordingly, there is motivation to provide additional 
interpretation of the Raman data acquired to date in the lower keV range [l-71, and to refine 
the theoretical development in anticipation of additional studies of dipole and non-dipole 
Raman scattering at atomic and molecular K-edges in the 10 to 50 keV interval. 

In the present report, the two-photon Kramers-Heisenberg scattering formalism [14,15] 
is applied to the resonant Raman scattering of x-rays from the K-edges of polyatomic 
molecules in vibronic-state resolution [16,17]. In contrast to commonly employed descrip- 
tions of molecular fluorescence [18-211, all Raman scattering and spectroscopic information 
is determined here from a single generally applicable state-to-state differential cross section 
which is derived from the general quantum formalism [14,15] in terms of a partial cross 
section cor+ (hv,) and a corresponding scattering anisotropy ,&+p (hv,). These, in turn, 
are given in terms of invariants of the (body-frame) complex vibronically inelastic state-to- 
state Raman polarizability tensor in forms applicable to molecules of arbitrary point-group 
symmetry. Accordingly, the present approach displays explicitly the irreducible angular 
and polarization symmetries of the inelastic Raman scattering process consequent only of 
its intrinsic two-photon (dipole) character [22]. Although emphasis is placed on the dipole 
limit, aspects of non-dipole Raman scattering effects are also indicated at appropriate 
points in the sequel. Additionally, the consequences of coherent excitation of intermediate 
resonance states are indicated, lineshapes in incident and scattered x-ray photon energy 
are described, and conditions under which the classical limit is valid are clarified. 

Section 2 gives the Kramers-Heisenberg expression for the state-to-state inelastic Raman 
cross section and polarizability tensor from which polarization cross sections and fluores- 
cence emission profiles are derived. The latter cross sections and profiles are expressed in 
terms of invariants of the molecular body-frame polarizability tensor in Section 3. Aspects 
of intrinsic and experimental lineshape effects and classical limits are described in Section 
4, and illustrative calculations of inelastic x-ray scattering from pre-edge features in H2S 
molecules are compared with experimental values [6] and with previously reported model 
calculations [23] in Section 5. Concluding remarks made in Section 6 emphasize the value 
of joint experimental and theoretical studies of molecular x-ray Raman scattering. 
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2. KRAMERS-HEISENBERG CROSS SECTION 

The vibronically inelastic state-to-state (a += p) partial-channel Raman cross section 
differential in scattered photon energy (hup) and angles (52p Bp, 4 p )  obtained employing 
the uniform-electric-field (dipole) approximation is [14,15] 

where 

Here, E, and Ep are initial and final vibronic molecular state energies, hu, and hup 
are corresponding photon energies, e,  and ep give their linear polarization directions, 
ppr  = (@t>~lbI@~) and p,, = (@,lfil@,) are vector electric dipole transition moment 
matrix elements between the indicated initial (a,), intermediate (ae,) and final ( @ p )  states, 
and all quantities are defined in the laboratory reference frame as depicted in Figure 1. 
The s u m  over intermediate states (a,) becomes an integral when these are dissociative, 
involve decay into a background continuum, or describe above-threshold photoionization 
and hence are continuous in the energy ET. Lineshape effects which arise when the final 
states ( Q p )  are dissociative or involve decay into a background continuum, and hence 
are continuous in the energy label Ep, are automatically included in the development 
when the appropriate (discrete-to-continuum) interpretation is made. The factor i6 in 
the denominators of Eq. (2) arising f?om the forward time propagator in solution of the 
Schrodinger equation [14] is evaluated in the limit S + 0, with all lineshape effects due to 
molecular dissociation, Auger decay, ionization and autoionization included in the explicit 
expressions employed for the intermediate (9,) and final (ap) states. Conditions under 
which the common interpretation of the factor iS as a physically significant linewidth is 
appropriate in Eq. (2) are indicated below. 

The first sum in Eq. (2) can give rise to large (resonant) contributions to the cross 
section when the incident photon energy hu, is chosen to satisfy the approximate one- 
photon energy conservation condition E, + hu, M E,, where y refers to an accessible 
intermediate state. The second (anti-resonant) sum in Eq. (2) generally gives a negligibly 
small contribution in the case of resonant K-edge excitation of interest here, and will be 
disregarded in the sequel. Since the square of the matrix element of Eq. (2) appears in Eq. 
( l) ,  there will generally be (coherent) cross terms involving pairs of different intermediate 
states contributing to the Raman cross section. 

Evaluating the matrix element M,,p(hu,) of Eq. (2) in vibronic approximation, which 
entails performing an angle average of the molecular body frame over equally weighted ori- 
entations employing an irreducible formalism [15], gives a Yang's Theorem [22] expression 
for the state-to-state Raman cross section of the form [16,17] 
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where the partial cross section a,,p(hv,) is 

and the associated scattering anisotropy P,+p(hv,) is 

. .  
In Eqs. (4) and (5 ) ,  a,+p(hv,) is the complex state-to-state Raman polarizability tensor 
described below [Eqs. (8) to (ll)], and 

and 

are the indicated traceless antisymmetric and symmetric combinations, respectively, of 
a,+p(hv,) and a&(hv,), the transpose of the polarizability tensor. The symbol 
Tr{[MI2} refers to the trace of the enclosed tensor written as a matrix (MI2 = Mt . M, 
where Mt is the Hermitian conjugate of M, employing conventional notation. 

Equation (3), which provides the fundamental state-to-state inelastic differential Raman 
cross section from which all other scattering information is obtained, indicates both angular 
and polarization dependent information is contained in the factor P2 (e, ep), which derives 

. [22] from the intrinsic two-photon (dipole) character of the Kramers-Heisenberg expression 
[14,15], whereas all photon-energy-dependent information is contained in the two factors 
o,-+p(hv,) and ,&+(hv,) of Eqs. (4) and (5), respectively. The non-negativity of the 
scattering cross section of Eq. (3) and the explicit limits provided by the expression 
of Eq. (5) require that the scattering anisotropy vary in the conventional interval +2 
2 Pa-+p(hva) 2 -1 [19]- 
Since the traces of the matrices appearing in Eqs. (4) and (5) are invariant under rotations 
in the body-frame [15,16], the body-frame coordinate system can be chosen without loss of 
generality to be coincident with the principle axes of absorption. Of course, the invariance 
of the traces to choice of body-frame coordinates leaves the cross sectional expressions of 
Eqs. (3) to (5) correspondingly invariant. It should be noted in this connection that the 
complex inelastic polarizability tensor a,+ (hv,) is not Hermitian and generally can not 
be diagonalized by choice of a suitable molecular ,body-frame coordinate system. 
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The nine Cartesian components of the complex state-to-state body-frame polarizability 
tensor, which determine the magnitude of the Raman scattering cross section and the 
nature of the lineshapes in initial (hv,) and final (hv9) photon energies in accordance with 
Eqs. (3) to (7), are given by [16,17] 

Here, (@pI ,& j l@~- , )  and (@~~lj i$I?,)  are the j t h  and ith body-frame components (x, y, or 
z), respectively, of the electric dipole transition moments between the indicated states, the 
intermediate states @E-, are now regarded as energy-normalized continuum functions, and 
the summation on 7 refers to all contributing continuum intermediate states. 

Contributions to the sum over integrals of Eq. (8) arise from states both below and 
above the K-edges of polyatomic molecules. The vibronic eigenstates @E, of the molecular 
Hamiltonian associated with below-threshold pre-edge core-level excitations are continuum 
functions due primarily to the Auger decay process, and are generally well represented by 
the single-channel Feshbach-Fano expression [24] 

where the lineshape function a(E7) is given by 

(pes)  which Here, E?") is the energy of the L2 dipole-prepared [24] resonance state 
describes a particular pre-edge vibronic excitation, rr is its Auger full width at half 
maximum, and the integral contribution over the Auger-prepared continuum functions 

refers to the background into which the resonance state decays [24]. In the presence of 
strong coupling among the (Auger) decaying pre-edge states a coupled-channel formalism 
not described here can be employed to obtain alternative expressions for the continuum 
states of Eq. (9) in terms of an appropriately chosen L2 basis of zeroth-order resonance 
states [24]. Single- or coupled-channel expressions can also be written for the post- 
edge continuum states corresponding to direct ionization, in which cases there are double 
continua associated with the ionization process and the Auger decay of the corresponding 
ionic cores. These states are not written out here since attention focuses in the sequel 
largely on resonance excitation of strongly absorbing pre-edge features [l-61, in which event 
contributions to the polarizability tensor from the above-threshold states are generally 
negligible. Of course, for resonant x-ray scattering from weaker (Rydberg) pre-edge 
features, and particularly for incident energies immediately below threshold, contributions 
from all K-edge states must generally be included in evaluating the resonant polarizability 
tensor. 

When the Auger continuum #E; does not have an electric dipole transition matrix element 
with the initial (a,) or final (Qp) states, and the F'ranck-Condon approximation is 
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employed to represent the vibronic (Born-Oppenheimer) molecular eigenstates, Eqs. (8 
to (10) give the complex Lorentzian expression 

(e') = (@E) I @$3 and (,!&Lei = ( (res)  I,& I @,el ( e 0  ) are electronic transi- Here, (Pj)petYet  
tion dipole moment matrix elements between the indicated electronic states, at:') is the 
L2 electronic portion of the indicated pre-edge excitation, v,, up, and v7 refer to  sets of 
initial-, final-, and intermediate-state vibrational quantum numbers, SvBvy = (xu, Ixv, ) 
and Svyvcl = (xu, ]xu, ) are overlap integrals associated with the indicated vibrational 
states, and B$es) is the intermediate-state vibronic energy corresponding to the L2 res- 

intermediate electronic states, whereas the second s u m  over vY refers to the individual 
vibrational states associated with a particular intermediate electronic state ?el. Equation 
(11) provides a complex Lorentzian expression for the Raman cross section [Eqs. (3) to  
(7)] which can be evaluated from first principles for comparison with meslsured values. 
It is important to note that the development of Eqs. (8)' to (11) is not applicable when 
the Auger continua, or other channels contributing to the non-radiative decay of the 
resonance pre-edge features, have non-iero electric dipole matrix elements with the initial 
(a,) or final (@a,)  states. Additionally, the development must be modified when the 
previously described coupled-channel formalism [24] is employed in place of the single- 
channel expression of Eq. (9) to determine explicit expressions for the intermediate states. 
In such cases the common practice of replacing the 6 factor of Eqs. (2) and (8) with the 
Auger or total decay width (rY/2) to obtain a Lorentzian profile is generally invalid, and 
more complex (Fano-lie) lineshapes for the polarizability and Raman cross section can 
arise [16]. 
Although attention is focused here on Raman scattering from molecular K-edges for which 
the dipole limit is valid, in view of the high-energy (10 to 50 keV) spectrum provided by 
the APS it is appropriate to note the development of Eqs. (1) to (11) can be general- 
ized to the non-expanded strongly non-dipole limit required in certain circumstances [lS]. 
Specifically, the customary expansion t o  include higher terms in the electromagnetic inter- 
action is inappropriate in studies of K-edge processes in selected homonuclear diatomic and 
polyatomic molecules containing equivalent atoms and associated delocalized symmetry K- 
shell orbitals having significant spatial extent relative to the incident photon wavelength. 
In these cases dipole forbidden transitions between molecular eigenstates of good symme- 
try can become strongly allowed, and the coherent excitation of the delocalized K-shell 
orbitals can be modulated by the angle average of body-frame orientation required for 
gas-phase targets. Accordingly, there is an element of spatial coherence in photoexcitation 
and Raman scattering at the K-edge in these cases which is characterized by large values 
of (kp - ka) - R, where R is the body-frame separation of the equivalent atoms [25]. These 
issues are discussed quantitatively in considerable detail elsewhere [16]. 

(vib) (vib) (v ib)  

(vib) (v ib)  (v ib)  

onance state @'rei (res)  . The first summation over 'yel in Eq. (11) refers to contributing 
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3. POLARIZATION AND ANGULAR DISTRIBUTIONS 
State-to-state Raman cross sections describing the angular distributions of scattered 
radiation for two independent linear polarization directions (ell, el) a t  scattering angles 
+p,8p,  chosen as depicted in Figure 1, are obtained employing the fundamental cross 
sectional expression of Eq. (3) in the forms 

where the partial cross sections a$$/ ( hu,) and scattering anisotropies &'$/ (hu,) can be 
expressed in the forms 

(13b). 

with expressions for o,+p(hu,) and P,-+p(hu,) given in Eqs. ( 4 )  and (5) above. 

The sum of the two polarization cross sections of Eq. (12),. which describes the angular 
distribution of the total (state-to-state) scattered radiation, is 

where 

and 

i 
i 

Equations (12)  to (15 ) ,  which follow from Eq. (3) and the orthogonality of the photon 
propagation (k,, kp) and polarization (e,, ep) directions, evidently exhibit the irreducible 
angular symmetries consequent only of the two-photon (dipole) interaction [22]. 

The fundamental cross section of Eq. (3) given above indicates measurements of scat- 
tered radiation in two independent final-state polarization directions (ep, , ep2) at any 
scattering angles are generally sufficient t o  determine the two invariant molecula quanti- 
ties a,-+p( hua) and P,+p(hu,). Alternatively, Eqs. (12)  t o  (15)  indicate measurements 
of scattered flux in two polarization directions (ell, e l )  a t  a single scattering angle [Eq. 



(12)], or in a single polarization direction (ell) at two scattering angles [Eq. (12)], or of the 
total (state-to-state) scattered radiation at  two scattering angles [Eq. (14)], are generally 
sufEcient for this purpose. Since Eqs. (12) and (14) are independent of the scattering 
angle q5p1 the (z) axis of incident polarization [Figure 11 is seen to provide a cylindrical 
symmetry axis. Finally, it should be noted that whereas values of the scattering anisotropy 
P,+p (I1) (hv,) of Eq. (13b) fall in the customary range +2 2 /3!5p(hv,) 2 -1, the scattering 
anisotropy of Eq. (15b) varies in the interval +1/2 2 ptJT)(hv,) 2 -1, consequent of 
summation of the two scattering cross sections of Eq. (12), one of which (I) is independent 
of the angle Bp, in the defining expression of Eq. (14). 

In contrast to  the foregoing development, which emphasizes the role of the two invariant 
Raman scattering factors cr,,p(hv,) and PCY+p(hv,), it is common to report experimental 
values of the so-called line polarization of radiation emitted with energy hvp at right angles 
to the incident polarization and to the direction of propagation defined as [18,19] 

Here, dIL!$!(hvp) = I~(hv,)dc~lr;L,'(hvp) is the scattered flux, where Io(hvLL) is the 
spectrum of incident linearly polarized (e,) radiation, and Eqs. (12) and (13) have been 
used in obtaining the last line of Eq. (16). Experimental values of the state-to-state line 
polarization are obtained employing narrow-band excitation and a sufficiently narrow final 
photon detection interval dhvp to  isolate the scattered flux contribution from an individual 
final state @D a t  photon energy hvp. 

Values of the so-called polarization anisotropy, closely related to the line polarization of 
Eq. (16), are defined as [19] 

obtained employing Eqs. (12) and (13). Narrow-band measurements provide experimental 
values of the state-to-state polarization anisotropy defined by Eq. (17), which values 
evidently are essentially equivalent t o  the invariant scattering anisotropy POL+ (hvp) , 
whereas the line polarization measured in this classical arrangement (Bp = 90 degre,es) 
provides the ratio of values indicated in Eq. (16). Line polarization and polarization 
anisotropy values are also defined at  arbitrary scattering angles (q5p,Op) in terms of the 
fundamental Raman scattering parameters eCY+p(hv,) and P,,p(hv,) [16,17]. 
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4. FLUORESCENCE EMISSION PROFILES AND CLASSICAL LIMITS 
Measurements of polarized Raman scattering or fluorescence emission spectra dispersed 
in the final photon energy hup for a fixed distribution of incident photon energies can be 
employed to infer the associated cross sections of Eqs. (12) to (15) and, consequently, 
values of both o,+p(hu,) and P,+p(hv,). The spectra of radiation scattered with energy 
hup in the measurement interval dhup for each of the two final-state polarizations (ell, el) 
can be written in the forms 

(I1 'I) (hup) 
= Io (hup) 47r { 1 + (hvp)P2   COS^^) )dOpdhvp, 

P 
where lo(hu,) is the spectrum of incident linearly polarized (e,) radiation, and the sum 
over ,8 includes all final states (Qp)  giving rise to photons in the measured interval dhup 
which satisfy the energy conservation condition hup = hu, + Ea - Ep. The quantities 
lo(hup), o$$!(hup)  and @ $ ? ( h u p )  in the second line of Eq. (18) refer to the same 
factors in the incident photon energy hu,, but regarded as functions of the scattered 
photon energy hvp satisfying the two-photon energy conservation condition, which has 
been enforced through the delta function of Eq. (12) in performing the integral over the 
incident spectral distribution of radiation. Accordingly, since the incident radiation profile 
Io(hu,) is generally centered at some value huo, Eq. (18) indicates the dispersed scattered 
Raman spectra in the photon energy hup will be comprised of sums of emission lines 
centered at the values hup M huo +E, -E@, each modulated by the hup dependence of the 
cross sections u)$! (hup) and scattering anisotropy @)+p (hup) evaluated over the spectral 
width of lo(hup) [16]. In the limit of narrow-band incident radiation, with Io(hu,) having 
linewidth much less than the Auger widths (r,) of Eq. (ll), the resonant Raman scattering 
spectra from molecular pre-edge features described by Eqs. (8) to (11) will be comprised 
of a sequence of correspondingly narrow lines the amplitudes of which are determined by 
the cross sections and scattering anisotropies appearing in Eq. (18). More generally, in the 
case of wide-band excitation, the scattered intensity in the photon energy interval dhup at 
hvp will depend upon a range of cross sectional and anisotropy values as given in Eq. (18). 
In the case of above-threshold excitation, where there is an energy sharing of the values Ep 
between photoejected electrons and ionic core states, the Raman scattering or fluorescence 
emission spectra will have line shapes that also reflect the distribution of incident radiation 
Io(hu,) as given in Eq. (18), but there will be additional broadening due to  the decay 
widths of the ionic core states consequent largely of Auger electron emission [lo]. 
When the spectrum of incident radiation lo(hu,) is selected to fall within the linewidths 
of a number of the vibronic pre-edge states contributing to the polarizability tensor of 
Eq. (ll), the cross section and scattering anisotropy of Eqs. (4) to (7) will generally 
include coherent cross terms arising from the square of the polarizability components. 
Such effects will be revealed by high-resolution measurements of the detailed shapes of 
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the corresponding emission profiles of Eq. (18). Lower resolution measurements, however, 
will generally provide cross sections which correspond to electronic resolution only, the 
measurements effectively summing over contributions from all final vibrational states 
associated with a specific final electronic state. Expressions for these are obtained from the 
present development by summing the corresponding state-to-state vibronic cross section 
over the vibrational states vp associated with a specific final electronic state ( p e l ) .  

In the common case that only one electronic intermediate resonance state contributes 
to the specific 'final electronic state of interest, the cross section to electronic resolution 
appropriate use in for Eq. (18) becomes 

(ab) Here, o,-,,(hv,) is the absorption cross section 

and a,-+, (4 and b,+ (el) are the body-frame dipole absorption and emission electronic transi- 
tion moment vectors, respectively. The absence in Eq. (20) of cross terms in the summation 
over intermediate vibrational states v, is a consequence of the enforcement of closure in 
the final vibrational state up in Eq. (19), which gives rise to a Kronecker delta in the 
indices v, and v,t, collapsing the double sum over these into the single sum of Eq. (20). 
Accordingly, measurements of resonant x-ray excitation spectra, corresponding to summa- 
tions over appropriate emitted photon energies as functions of the incident photon energy, 
can provide x-ray absorption cross sections with high sensitivity. 
The scattering anisotropy corresponding t o  electronic resolution is similarly obtained from 
the expression 

employing Eqs. (4), (5) and (11) and the resonance conditions indicated above. Equation 
(21) can be rewritten in the form 

(4 (4 where ~~b is the angle between the body-frame absorption (a,-+,) and emission (b,+) 
electronic dipole transition moment vectors. Equation (22) obtained here from the 
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quantum expression for the scattering anisotropy of Eq. (5) in the electronic-resolution 
limit, indicates the polarization anisotropy of Eq. (17) is 

which is identical with the conventional expression given by the two-step (absorption- 
emission) fluorescence model [18] or by the high-j limit of the angular-momentum-coupling 
formalism for resonance fluorescence [19]. 

A corresponding expression for the state-to-state line polarization of Eq. (16) is obtained 
in electronic resolution from the present development in the form 

which is identical with the two-step (absorption-emission) expression [18] employed in 
the interpretation of the first reported measurements of polarized Raman scattering from 
the K-edge of polyatomic molecules [l]. Although the foregoing results are not entirely 
unexpected, it is satisfying that they are obtained in the appropriate limit from the 
quantum expressions in vibronic resolution reported here. 

5. ILLUSTRATIVE COMPUTATIONAL APPLICATIONS 
Calculations of polarized emission profiles and line polarization values are reported for 
the resonant scattering of x-rays from the pre-edge feature in H2S for production of the 
lowest-lying valence excited states in this compound. It will be recalled, the resonance pre- 
edge feature in H2S refers largely to near-degenerate la1 + 3b2,6a1 orbital excitations 
[26], whereas the lowest-lying valence states refer t o  5al,2b2,2bl orbital excitations into 
the unoccupied 3b2 and 6 ~ 1  orbitals [27,28]. The relevant transitions, final states, and 
components of the polarizability tensor contributing to the cross sections and emission 
profiles in each case are summarized in Table 1. 

As indicated in Table 1, vibrational excitation of the ground X lA1(0,0,0) vibronic state 
is negligible for the reported experimental conditions [SI. Evidently, six distinct valence 
excited electronic states, comprised of three pair of nearly degenerate states (M 1 eV 
spacings), are produced through the intermediate pre-edge resonance states in the x-ray 
Raman scattering process from H2S molecules, each final electronic state giving rise to a 
series of excited vibrational states (VI, v2, v3) in the emission spectra. Additionally, the 
electronic ground state can also be produced in its various vibrationally excited states 
X 'A1 (v1, v2, va), corresponding to electronically-elastic fluorescence line emission. Table 
1 indicates the dominant vibrational excitations anticipated on basis of theoretical and 
spectroscopic information [27-301, although other modes can also be excited. 

It can be anticipated on basis of the information provided in Table 1 that measured 
fluorescence emission spectra will be comprised of an elastic line and three inelastic lines 

29 



each comprised of two final electronic states and their associated vibrational excitations. 
Since each of the six valence excited electronic states can be produced either through the 
la1 -+ 3b2  or the la1 += 6 ~ 1  resonance excitation, but not ,through both simultaneously, 
there will be no cross terms arising from the sum over the electronic intermediate-state 
quantum number ~~l in the polarizability components of Eq. (11) in these cases. By 
contrast, the vibrationally excited electronic ground-state can be produced through both 
resonance excitations simultaneously, and so there will be cross terms arising from the 
electronic sum of Eq. (11) in this case. Of course, in all cases there will be coherent cross 
terms arising fi-om the sum over vibrational quantum numbers in Eq. (11). Finally, it 
should be noted that the final valence-excited states produced in the Raman scattering 
process summarized Table 1 are largely dissociative in the asymmetric stretch mode [27,28], 
giving rise to continuum &a1 vibrational states in these cases. 

The electronic transition moments required for evaluation of the polarizability components 
of Table 1 and Eq. (11) are obtained from earlier single-con6gurational calculations 
[29], whereas the vibrational overlap factors are adopted from available experimental 
photoelectron spectra [30] and harmonic oscillator product functions [31]. The Auger 
widths are set to the value I', = 0.5 eV in all cases [32] in the absence of more 
detailed information for the individual intermediate vibronic states. In view of the 
approximations employed in the computational development, the results reported can 
be regarded as sensible but largely suggestive, and not necessarily definitive. Details of 

, the computations, and particdarly of the electronic energies adopted and the procedures 
employed in implementing the harmonic oscillator model and the information provided by 
the photoelectron spectra for the vibrational factors, are. described separately elsewhere 

Figure 2 reports the la1 + 3b2 and la1 + 604 contributions (dashed lines) to  the 
absorption cross section (solid line) for the pre-edge feature in H2S obtained from Eq. 
(20) and the calculated electronic and vibrational factors. Also shown in the figure are 
the positions and strengths of the individual vibronic contributions to the absorption cross 
section in the absence of Auger broadening. Since the latter vibronic positions, which are 
adopted from the measured photoelectron spectra [22,30], also appear in the polarizability 
expression of Eq. (ll), it can be anticipated on basis of Figure 2 that a considerable 
number of intermediate vibronic states will contribute to the cross section for resonant 
Raman scattering from the pre-edge feature in H2S, even in the limit of narrow-band 
excitation. I t  should be noted that the cross section of Figure 2 is in good accord with 
the measured data when the (additional) effects of instrumental broadening are taken into 
account [26], although the relative strengths of the two ab initio contributions shown differ 
in detail from those inferred on an ad hoc basis from the measured values [6]. 

Figures 3 and 4 report polarized Raman scattering spectra obtained from the present 
development [Eq. (IS)] employing wide-band incident radiation (FWHM = 0.5 eV) with 
photon energies selected in a s,mall interval (M 1.5 eV) on the high-energy side of the 
peak (2472.4 eV) of the absorption cross section of Figure 3. The two calculated spectra 
(11,L) shown in Figures 3 and 4, respectively, include the effects of Auger broadening 
(0.5 eV) and of scattered photon detection resolution (I eV) employing widths which 

[=I* 
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correspond approximately to experimental circumstances [6]. The results depicted are 
in good agreement with the reported experimental polarized emission spectra when the 
effects of self-absorption on the elastic line are taken into account [6]. Unfortunately, 
the previously reported model calculations do not give fluorescence emission spectra [23], 
and so detailed comparisons with the present calculations of Figures 3 and 4, or with the 
measured fluorescence emission spectra, are not possible. However, the model calculations 
do report excitation spectra [Eq. (18)] as functions of incident photon energy for emission 
of radiation associated with production of pairs of specific final states which are in general 
accord with the present more detailed results when the latter axe summed over final 
vibrational states and over the pairs of final electronic states indicated in Table 1. It 
should be noted that the measured data [6] and the calculated results reported in Figures 
3 and 4 refer to low (final-state) resolution, and, consequently, do not display the very 
detailed vibronic structures which the theory predicts [16]. 
Evidently, the elastic peak and the A line in the fluorescence emission spectra of Figures 
3 and 4 exhibit greater dependences on polarization (11 or I) than do the B or C lines, 
results which are in accordance with the simple classical two-step electronic (absorption- 
emission) model previously employed in the interpretation of polarized x-ray scattering 
spectra [l]. Of course, this model is contained explicitly in the.present quantum mechanical 
results, as discussed in Section 4. Specifically, referring to Table 1, the ayy(hva), a,,(hv,) 
and aYz(hva), azz(hvor) polarizability components contributing to the elastic and A lines, 
respectively, and the quantum development upon which the detailed calculations of Figures 
3 and 4 are based, predict emission line ratios of 1:2 (11, I) for the elastic line and 3:l (II,-L) 
for both components of the (unresolved) A line, in accordance with the classical limits of 
Eqs. (19) to (24). By contrast, the polarizability components ayz(hva), azz(hva) and 

' ayV(hva), azY(hva) for the B and C lines, respectively, predict polarized emission spectra 
which are comprised of two unresolved lines each [Table 13, the latter contributing in 
inverse proportions (1:2 and 3:l for 11:L) to the measured spectra. Accordingly, there is 
the possibility in these cases (B and C) of compensating factors which can reduce the 
polarization spectra differences, which effect is missing in the elastic and A lines. 
The differences in the elastic and A lines, on the one hand, and the B and C lines on 
the other, is further illustrated by the results of Figure 5, which depicts line polarization 
values for the B and C lines obtained from the present development in comparison with 
measured data [SI. Evidently, both calculated line polarization values show a dependence 
upon the incident photon energy which reflects the competition between the two unresolved 
contributions of which they are comprised, with the latter depicted as upper and lower 
limits in the figure. In contrast to the results of Figure 5, the present theory predicts 
there will be no variation with incident photon energy in the A line polarization (P=- 
1/3), in accordance with the measured values [6]. The apparent discrepancy between 
the present calculations for the B line and the measured values is a consequence of an 
ad hoc separation of the absorption strength of the pre-edge feature in the data analysis 
[6] into two contributions which differs from the ab initio results reported in Figure 3. 
Since the calculated absorption strengths for the two pre-edge features are based on 
a single-configurational molecular orbital model [29], there is also room for refinement 
of the ab initio predictions which can further resolve the discrepancy. The predicted 
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elastic line polarization (not shown) exhibits a dependence upon incident photon energy 
which is a consequence of coherent interference between the two excitation-emission paths 
contributing to this feature in the emission spectra. Since the experimental results include 
the effects of self-absorption of the emitted elastic line radiation [6], comparisons with 
measured values are not possible in this case. Although the published model calculations 
[23] do not report line polarization values, and direct comparisons with the results of 
Figure 5 axe therefore not possible, the model calculations of integrated emission intensities 
following resonance excitation of the pre-edge feature are in general accord with the present 
more detailed calculations. Finally, it should be noted that higher-resolution fluorescence 
emission measurements can provide state-to-state polarization values which will depend 
upon the coherent interference of the numerous intermediate vibronic states contributing 
to Eq. (ll), which effects are absence &om the lower-resolution data reported in Figure 5. 

6. CONCLUDING REMARKS 

The two-photon Kramers-Heisknberg scattering formalism is applied to the resonant 
Raman scattering of x-rays from the K-edges of polyatomic molecules. All scattering 
information is derived from a single fundamental (vibronic) state-to-state differential cross 
section which exhibits explicitly the irreducible polarization symmetry consequent only 
of the two-photon (dipole) nature of the interaction. The cross section furthermore 
expresses the photon energy dependence of the Raman process in terms of an invariant 
paxtial cross section o,+p (hv,) and an associated scattering anisotropy pa+ (hv,) which 
together contain all the molecular spectroscopic information that can be derived from 
the scattering measurements. Expressions for the latter are given by invariants of the 
molecular (body-frame) complex vibronically inelastic state-to-state Raman polarizability 
tensor a,,p(hv,) in forms suitable for applications to polyatomic molecules of arbitrary 
point-group symmetry. 

The angular distributions of scattered polarized radiation derived from the formalism 
demonstrate that experiments can be performed in a variety of ways involving polarized 
and/or angle-resolved detection of scattered photons to determine uniquely the fundamen- 
tal state-to-state molecular Raman scattering invariants. Specifically, measurements can 
be performed of total (state-to-state) scattered light flux which do not involve polarization 
detection at two or more scattering angles, or at a single scattering angle in two polariza- 
tion directions, or in some combination of these arrangements, in determinations of the 
two invariant molecular Raman scattering parameters o,+p (hv,) and &-+p(hvO1). 

Expressions for Raman scattering or fluorescence emission lineshapes are determined 
employing Feshbach-Fano representations of the Auger-broadened intermediate resonance 
states. Although emphasis is placed on use of single-channel forms of pre-edge intermediate 
states, the development can incorporate the coupled-channel representations required in 
the presence of strong mixing among pre-edge features, or required for the construction 
of post-edge continuum states. Explicit expressions obtained for fluorescence emission 
lineshapes are seen to include interference effects associated with the simultaneous coherent 
excitation of many intermediate pre-edge resonant vibronic states, consequent of the 
large Auger widths associated with core-level excitations. Accordingly, measurements of 
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vibronically-resolved polarized fluorescence emission spectra can be expected to  provide 
sensitive diagnostics of vibrational amplitudes and coherent behaviors in polyatomic 
molecules. Finally, the present development is seen to incorporate under appropriate 
(electronic resonance) conditions the predictions of early semi-classical developments, and 
of (absorption-emission) models based on angular-momentum-coupling formalism. 

Illustrative applications of the development to  H2S molecules provide pre-edge absorption 
cross sections, polarized fluorescence emission spectra, and individual line polarization val- 
ues in vibronic resolution for comparison with synchrotron-radiation-based measurements. 
Although there is generally good agreement between the calculations and the measure- 
ments in the case of this simple compound, polyatomic molecules will more generally 
exhibit complex pre-edge feature involving a number of core-excited configurations and 
a great number of possible fluorescence emission final states. Accordingly, in these cases 
close collaboration between theory and experiment will be highly desirable. 
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Table 1. PRE-EDGE RAMAN RESONANCES IN H,Sa 

Polarizabilities * Resonance Statesc Final StatesC 

Pre-edge resonant Raman scattering excitation-emission sequences in H2S resulting 
in production of the indicated final vibronic states. Vibrational excitation of the ground 
X 'Al (y ,O,  0) state is negligible at temperatures appropriate to  the reported experimental 
studies [6]. 

* The contributing body-frame polarizability components are labeled in accordance with 
the notational convention of Eq. (11) in the text. 

Anticipated dominant intermediate- and final-state vibrational excitations are based 
on theoretical and spectroscopic information [27-301. Vibrational quanta refer to the 
symmetric stretch (VI), asymmetric stretch (v2), and bend (v3) modes. The indicated 
final states are largely dissociative in the asymmetric stretch coordinate [27,28]. 
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Figure 1. Raman scattering geometry depicting the incident and final photon polariza- 
tions (ecu, ep) and directions of propagation (ka, kp), the scattering angles q5p, Op, and 
the polarization directions ell, el. 
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Photon Energy (in eV) 

Figure 2. Simulated pre-edge absorption spectrum in H2S showing the individual 
vibronic components of the la1 + 3b2 (left) and la1 + 6al (right) excitation features, 
constructed employing Eq. (20) as described in the text. The dashed and solid lines 
depict the two components and the total absorption spectrum, respectively, when Auger 
broadening (r M 0.5 eV) is included. 
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Figure 3. Simulated Raman emission spectra in parallel polarization for H2S employing 
a range ( M  1.5 eV) of incident photon energies on the high-energy side of the absorption 
peak centered at  hv, = 2472.4 eV. The profiles shown include the combined source- (I' = 
0.5 eV) and instrument-broadening (I' = 1 eV) of the emission envelopes, obtained from 
Eq. (18) as discussed in the text. The vertical stick heights give the integrated absorption 
intensities. 
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Figure 4. Simulated Raman emission spectra in perpendicular polarization for H2S 
employing a range (w 1.5 eV) of incident photon energies on the high-energy side of the 
absorption peak centered at hu, = 2472.4 eV. The profiles shown include the combined 
source- (I' = 0.5 eV) and instrument-broadening (I' = 1 eV) of the emission envelopes, 
obtained from Eq. (18) as discussed in the text. The vertical stick heights give the 
integrated absorption intensities. 
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Figure 5. Calcuated H2S (5af')B (crosses & solid line) and (2bZ')C (clrcles & dashed 
line) emission-line polarization values at 8 p  = 90' scattering angle as functions of incident 
photon energy selected in the pre-edge resonance feature of Figure 2 (hv, 2471 to 2474 
eV) , in comparison with corresponding experimental values [6]. The calculations include 
the effects of incident photon (I' = 0.5 eV) and detection (I' = 1 eV) band widths. The 
dashed horizontal lines depict limiting values based on the two individual contributions of 
Table 1 in each case. 
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Atomic Photoionization in the High Frequency Region 

M. Ya. Amusia 

A. F. Ioffe Physical-Technical Institute, St. Petersburg, 194021, Russia 

Abstract 
Photoionization of atoms by high energy photons is considered. It is 
emphasized that in this frequency region the cross section and other 
characteristics of the process are strongly affected by electron shell polarization 
and rearrangement effects, including that due to inner vacancy Auger decay. In 
the high frequency region the effects of nuclear structure could be important and 
noticeable, i.et of virtual or real excitation of the nucleus degrees of freedom 
and of the Quantum Electrodynamics vacuum. Ionization accompanied by 
secondary photon emission (Compton ionization) is analyzed in the considered 
energy range. 

43 



1. Introduction 
It seems that the main aim of this meeting is to consider: Atomic and Molecular Physics in 

the high photon frequency region. Already in two places of the world, Argonne (USA) and 
Grenoble (France), extremely intense beams of 50+100 kev photons are available. Therefore it is 
interesting and important to discuss what kind of physics can be studied using these photons as 
projectiles and atoms and molecules as targets. This problem is far from being trivial because 
50-100 kev corresponds to inner shell thresholds even for the heaviest atoms. For these shells 
the electron motion is almost completely determined by the pure Coulombic field of the atomic 
nucleus. However, it will be demonstrated below that a number of problems exist also in this 
frequency region, for which the electronic structure can lead to interesting and nontrivial effects. 

It is already the second meeting dedicated to so-called high photon energy atomic and 
molecular physics. The fust was also at Argonne in 1994. My view since then has been 
modified to some extent, but the main directions of the desirable research presented in the 1994 
talk seem to be correct. Therefore and for the sake of completeness I have decided to present 
that talk with all the modifications and additions introduced by recent developments and thinking 
over of the problems. 

2. Introduction: Main Reasons to Study Photoionization ' 

Photoionization or elimination of target particles by incoming photons is the best method 
to obtain information on the structure of any multiparticle object: solid body, atom, nucleus. 
Indeed, the incoming photon interacts directly with only a single electron or proton of the target 
system. It does not disturb (or is not disturbed by) other target particles. These can be excited or 
eliminated only due to the interparticle interaction in the target, so the photoionization cross 
sections give information on the target structure in initial and final states. Most interesting is the 
information about the role of interparticle, or in case of an atom of interelectron, interaction 
which determines the difference between a real atom and a group of independent electrons 
moving in the Coulombic field of the nucleus. 

outgoing particle or particles energy or energies, c) photon frequency but at fixed differences 
between energies which are coming to and going out of the target, and d) photon frequency and 
achieved degrees of ionization. 

. 

The photoionization cross sections can be studied as functions of a) photon frequency, b) 

The investigation of the type a) gives information about different space regions of the 
targets wave function. In general, the higher the frequency the smaller are the considered 
distances from the nucleus. If ionization is performed by low energy photons, the final state 
wave function is comparatively simple, having only one or two open channels. With growth of 
the incoming energy more and more channels become open and a number of channels are able to 
contribute to the cross section of the process. As a result, with increase of energy complication 
to the target wave function resulting from the interparticle interaction not only in initial but also 
in the final state must be taken into account. 

The investigation of the type b) gives information on the target energy level structure, 
including the main lines (and levels), which correspond to that in the Coulomb field of a nucleus, 
and so-called satellites, the very existence of them being determined by interelectron interaction. 
Of interest is the level's position and width. The latter is determined by the probability of 
radiative and Auger decay processes. While Auger decay is completely determined by the 
interelectron interaction, the radiative one is not, however it can be also essentially affected by 
this interaction. 
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The investigation of the type c), particularly at high photon energies, gives information 
on the wave function of a given level. At very high photon energies, at which the interaction 
between outgoing electron and the residual ion can be neglected the cross-section is simply 
proportional to the square modulus of the Fourier-image of the ionizing electron initial state 
wave function. The investigation of type d) gives information mainly on the secondary 
processes, such as vacancy decay with emission of one or several electrons, inelastic collisions of 
the photoelectron on its way out of the atom and different shake-off and shake-up processes. 

Photoionization is of interest and importance also in the high energy region. Indeed, it is 
still the dominant process; whose cross section is larger t h y  that of other photoprocesses, such 
as e.g. Compton scattering, up to the frequencies 05100 Z . If only the inner shell ionization is 
of interest, as is in the studies of the highest possible ion yield, up to wlOOZ3/2 (2 being the 
nuclear charge) the photoionization dominates. 

Photoionization in a high frequency region gives the possibility to study also the 
Quantum Electrodynamics and nuclear structure corrections. Just as in the low and medium 
photon energy regions, at high frequencies most interesting are the correctional or many-body 
effects, which are in essence similar in atomic electron shells, nuclei and Quantum 
Electrodynamics vacuum. The correlational mechanisms are basically the same, while the 
energy range where they are showing up and their relative roles are different. 

3. Specifics of the High Photon Energy Region 

The photon energy 0 can be considered as high if o>>I, I being the atomic electron shell 
ionization potential. This quantity is different for different shells, from about 1 a.u. for the outer 
and Z2/2 for the innermost shell. Due to the big difference between Z2/2 and 1 for Z>>1 a given 
photon can be simultaneously of high energy for the outer and of near threshold energy for 
intermediate or the inner shells. 

In the o>>I energy range the photon may or may not be dipolar. It is dipolar, if its wave 
length is much larger than the dimension of the ionizing electron shell rs, that is if 

or 

In (1) c is the speed of light. To be nondipolar means therefore to have energy 

For heavy elements, with Z-c-1 is this a relativistic energy, which is of the order of the 
electron rest mass. 

The high energy region where the photons are dipolar narrows with increasing Z 

or 
c z  >> 0 > z2/2 , 

1 >> o/cz > z/2c 

(3) 



Outgoing electrons become relativistic, when 

Entirely, the high photon energy region consists of several zones, namely the medium 
high energy zone, which is 

Iin > 0 >> b u t ,  (54 
but and Iin being the ionization potentials of outer and inner electrons, respectively. Next is the 
nonrelativistically high energy zone, 

Then finally the nondipole zone 

followed by the relativistic zone: 

c2 >> 0 2 cz, 

O>C2. 

The zone o >> c2 is ultrarelativistic. 

The pure multielectron effects, caused by Coulombic interelectron interaction are most 
important in the nonrelativistic high energy zone, while with growth of photon energy the 
relativistic corrections to the electron motion and to interelectron interaction become more and 
more important. 

The pure multielectron effects are the following [l]: 

a) 

b) 

polarization of electron shells by the absorbed photon, which means the effect of 
virtual excitation of electrons after they absorb a photon. 

The rearrangement of outer electron shells due to inner vacancy creation and decay. 
This effect includes also satellite formation as well as screening of the interaction 
between the core and the outgoing electron due to the core's virtual excitation. 

Polarizing action of the outgoing electron upon the core, which includes the process 
of direct knock-out of outer atomic electrons and their excitation due to collision 
with the photoelectron coming from the inner shell [2]. 

c) 

With increasing photon energy some of these effects are dying out and gradually the 
deviations of the interelectron interaction from.being pure Coulombic become more important, 
than the dynamical reaction i.e. the excitation of nucleus and the reaction of the Quantum 
Electrodynamical Vacuum, i.e. virtual or real creation of electron-positron pairs. 

outer electron is removed by a photon in medium high energy zone, the ionizing shell 
polarization, the polarizing action of the core upon the outgoing electron and its exchange with 
the core electrons can be neglected. If co >> Iin, Iin being the inner shell ionization potential, 
entirely all the core polarization is inessential. What is left of electron correlations in this photon 

At first let us concentrate on the medium and nonrelativistically high energy zones. If an 
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frequency zone is that which accompanies the ion recoil, namely shake-up and shake-off type 
excitations and ionizations. It is the specific feature of photoionization, that because absorption 
of a photon by a free electron is forbidden by energy and momentum conservation, the excess 
momentum must be given to another partner of the process, e.g. the ion. This is the very reason 
for a decrease in the photoionization cross section with increasing photon frequency O: more 
and more momentum must be transferred via long-range Coulombic interaction from the electron 
to the ion, in fact finally to its nucleus. 

While in the zones (5a) and (5b) the photons are dipolar, which determine to a large 
extent the shape of the photoelectron angular distribution, in zone (5c) and for higher frequencies 
nondipole contributions become important. This leads to a completely nondipole angular 
distribution at relativistic energies. While at low energies the interaction between the electric 
field of the photon and the electron current absolutely dominates, at relativistic energies the 
interaction between photon magnetic field and the spin of the electron becomes more important. 
This affects the photoelectron polarization, i.e. the probability to find electron spin oriented in a 
given direction. 

4. Light Atoms - Far Above Threshold 

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

b0(o) = 268aNa2Z5(Io / ~ ) ~ / ~ [ l - n ( I /  o ) " ~ ]  , 

where 2 is the nuclear charge, a is the fine structure constant a = 1/137, Io is the hydrogen 
ionization potential, a, is the Bohr radius. In atomic units a, = 1. Due to the presence of n: and 
the fact, that the expansion goes, accordin to (6), in powers of (V0)1/2 < 1 and not in (Ih) 

comparatively high photon energies O. 

Indeed, for very high energies the outgoing fast electron can be described by a plain wave. For 
high, but nonrelativistic photoelectron energies, one can show [l], that 

which is considerably smaller than (I/o)~/ f , the negative term in (6) remains non-negligible up to 

Expression (6) must be corrected, if the photoionized target is not a hydrogen atom. 

O > > I  , 

where q(o) is the initial state wave function of the ionized electron q(?) at 7 = 0, while (~~(0) is 
the same but in hydrogenic approximation. - 

A formula, which is generalizing (6) looks like 

CT(O) = A0-7/2[1- b(I / . 



This expression instead of a more simple one ~(0) - o - ~ ' ~  should be used to fit accurately the 
high photon frequency experimental data. While A, according to (7) is determined by cp(o), the 
parameter b contains information on the distortion of the outgoing electron Coulomb wave 
function by the short range atomic core potential. 

The photoionization cross section in the photon energy zone I << o << CZ is connected to 
the Fourier-image of the electron's initial state wave function [3]: 

where q is the momentum transferred to the ion in the ionization process and i denotes the initial 
state of the ionizing electron. Thus, for high 0 the cross section (9) gives information on the 
electron wave function at high q or small distances from the nucleus. At 0-CZ the photon 
momentum must be taken into account, so the expression (9) is transformed into 

Due to presence of the interelectron interaction the vacancy i is not a pure state: on the contrary, 
it is mixed with more complicated excitations, which include at least one extra electron-vacancy 
excitation, forming so-called satellites. The cross-section of their excitation o ~ ( o )  by medium 
high energy photons is given by the following relation 

where Sf,i*f is the frequency-independent quantity which characterizes the admixture of satellite 

states "i" to the main state i. The coefficient s; is not equal to one, which leads to transformation 
of (7) into 

At first glance, si could be incorporated into cpi(o). But this is incorrect. Indeed, the quantity 

si, which is called spectroscopic factor alters the normalization of the wave function which 

without inclusion of configuration mixing was llcpi(i)12d? = 1. The factor si absolutely 
decreases the intensity of the line i: due to configuration mixing the pure vacancy state i 
becomes only a fraction of the total intensity of the conglomerate, formed by the main line and 
all its satellites. 



5. Peculiarities of Discrete Excitations 
The oscillator strengths Fif of inner shell excitations are determined by the inner i 

electron wave function. The discrete excited state's wave functions are entering the expression 
for Fifvia its normalization coefficients. Therefore, &is strongly affected by the average field 
acting upon the excited electron. This leads to essential peculiarities in the inner shell excitations 
of neighboring atoms and opens a possibility to manipulate the discrete excitations by affecting 
the outer electrons. 

Let us compare i+f transitions from an inner shell in a noble gas and its alkali neighbor. 
Using for simplicity the hydrogenic model with effective charges Zi and Zf for initial and final 
states i and f respectively, an expression can be obtained 

5 which leads to qrf E Fif /Fif = (Zr / 2,) , i.e. to a very strong dependence upon Zf. 

The values of Zf, calculated according to Slater's rules for 4p-excited electrons in Ar, K, 
and Ca are 

It is seen that because there is almost no screening of 4p-electron by 4s, the effective charge Z4 
. in Ca and K is considerably larger than in Ar, so are the 1s-4p oscillator strengths. With growtE 

of the excitations principal quantum number this difference disappears. Using (13), one has 

F(K) ls,4p / F(k )  ls,4p = 2.8 and / F$L = 1.5. (14) 

Accurate calculations confirm this sensitivity [4]. The Auger-decay of 1s vacancy increases the 
effective charges (13), but decreases the ratios (14), leading to 1.9 and 1.09, respectively. 

Similarly, the excitation of the outer atomic electron altering the excited electron 
screening affects the inner shell oscillator strengths. For instance, the ratio 

The excitation of the outer electron in an alkali atom affects a fraction of excitation series. 
If in e.g. K, the 4s-electron is excited to ns*, all oscillator strengths Fls,np (K*) become bigger than 

The inner shell excitations are in fact autoionization resonances, which can be described 
by Fano profiles. It can be shown, that for the same transitions in neighboring atoms the 
effective charges affect only the profile width r, which is proportional to fif. The other 
parameters, namely the cross section 0, far from the resonance and the profile index q remain the 
same. 
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It is essential to have in mind, that if the change of the screening of the field acting upon 
the excited electron affects directly a strong main transition, the intensities of all others can be 
also altered but indirectly, due to intertransition interaction. 

6. Inner Shell Post Collision Interaction 

The frequency o belonging to medium high energy zone, being far above the outer 
electrons ionization potential, can be near and even below inner shell thresholds. 

In this frequency region the polarization of outer electron shells by the photon is 
inessential. But the rearrangement of them due to inner vacancy creation after photon absorbtion 
and the vacancy decay is of great importance. The vacancy, created in the inner shell increases 
nuclear attraction, acting upon outer electrons, thus altering their states. It results in screening of 
the vacancy field in which the photoelectron moves on its way out of the atom. The decrease of 
the strength of this field leads to a reduction of the inner shell photoionization cross section at its 
threshold. However, if the inner vacancy decays via the Auger mechanism, the outgoing electron 
instantly finds itself in a stronger attractive field of at least two vacancies created in the decay 
process. This increases the near threshold value of the inner shell photoionization cross section. 
Due to this extra attraction, the photoelectron loses its energy, while the Auger electron becomes 
more energetic. This redistribution of energy, called Post Collision Interaction (PCI), was 
studied in photoionization extensively, both experimentally and theoretically (see, e.g. [SI). 
However in the vicinity of inner vacancy thresholds this process acquires additional features, 
connected with the usually multistep Auger decay of these vacancies. As a result, the 
photoelectron, which initially starts to move in the single charged ion field, instantly finds itself 
at first in a two-vacancy field, which is a simple PCI effect, then in the three-, four- etc. vacancy 
fields. Their attraction becomes step by step stronger and the outgoing electron energy decrease 
becomes bigger and bigger. Consider an N-step Auger-decay, after which the photoelectron 
finds itself in the (-N/r) field. Before the first step the photoelectron passes the distance rl=v.lT1, 
where VI is its speed and Ti=I'i', with I'l being the Auger-width of this step decay. The 
distance passed before the second step is r2=v2T2+rl, which accounts for possible modification 
of the photoelectron's speed after the first step of the Auger-decay. For all N steps one has 

N N 
rN = x v t T t  = x v t  / Tt. 

t=l t=l 

Assuming that at each step the additional field which starts to act upon the photoelectron is Aut=- 
lrt, an expression for its total energy shift is obtained 

N N t  N t 
AE=Au=-x l / r t  = - x l / ( x v q t q ) = - x l / ( x v q  /rq) 

t=l q=l t=l t=l q=l 

According to (17) the photoelectron speed is decreasing at each step, because Aut<O. 

If the widths rt at each step are equal rt=r one has for A€: 
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A& = -r(L+ 1 + +...) . - 
V l  V l + V 2  V l + V 2 + V 3  

For a two-step PCI the energy shift is 

Note that for fast second step transitions, i.e. for r2+- the energy shift A s  is simply A~=-2rl/vl. 
It means, that effectively the variations of the field acting upon the photoelectron is this case 
(-2/r) instead of the usual value (-Ur). 

If for the first step the speed of Auger-electron VA in inner-shell decay is high, this can be 
easily violated in subsequent steps, so the interaction of Auger- and photoelectron must be taken 
into account. This can be achieved assuming that the Auger-electron screens totally its vacancy 
until it overpasses the photoelectron (see, e.g. in [5]).  As a result the times of motion zt before an 
additional field (-l/r) starts to act upon photoelectron becomes bigger than Tt, thus leading to 
decrease of Aut: 

Aut + Aiit = 1 --(1--). Vt 
rt VA, 

Here VA, is the t-th step Auger-electron speed. The total energy shift is given by 

2 2 
N 

t=l 
AE = C A E t  with vt + 2Aii = vt+l. 

The relative direction of Auger- and photoelectron motion can affect the PCIjust as its 
one-step version [SI: 

2 2 '  
N 

t=l 
with AE=XAii,, vt +2Aiit =vt+l. 

Another approach to the multistep PCI problem is developed in [6]. If at any step of the 
Auger-chain the alteration of the field acting upon the photoelectron is different from (-Ur), the 
respective Aut is modified. This alteration can be either due to double Auger decay or due to 
Auger-decay accompanied by shake-off process. The observed energy shift depends on whether 
the decay channels can be distinguished. If not, the t-step energy shift can be estimated as 



where 

Here and 
respectively. 

are partial width for Auger decay with emission of one or two electrons, 

If the decay channels can be distinguished experimentally, only the second term in (22) 
must be retained for double-Auger decay. In this latter case the crude estimation of the energy 
shift observed when the primary vacancy decays by emission of two electrons in a single step is 
given by 

In this case, however, the velocity distribution of the Auger-electrons, namely the fact that one of 
them is fast and the other is slow must be taken into account using (20) and then averaging over 
the distribution [7]. 

For inner vacancies of heavy atoms the total width is given by the combination of the 
Auger r A  and radiative 
which leads to photoelectron's energy shift, given by A&=-rA/v. 

with rr> r A  . But if experimentally separated, it is the Auger-decay 

The presented above almost classical formulae can be modified to some extent if the 
process would be treated quantum-mechanically. 

7. Near Inner Shell Ionization 

At photon energies close to inner shell thresholds interesting interference effects can take 
place in the outer shell electron ionization. Indeed, this process can proceed directly when an 
outer electron itself absorbs a photon. The electron correlations within the outer shell are 
unimportant. However, the photon can be absorbed by an inner electron and the outer one can be 
eliminated due to the interaction between them. The outer electron photoionization amplitude 
D(,)(o) can be presented as a sum of two terms, describing the direct dto)(o) and indirect 

DE) (01 processes: 

Their frequency dependence is completely different: while d i  (0) is decreasing at least as 
o-5/2, Din (,I( ) decreases much slower, having also important peculiarities at o close to the 
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inner shell discrete excitation energies and ionization threshold. Singly charged ions are created 
not only via the above described process but via PCI also. Indeed, if A& given by (16) exceeds 
the photoelectron's energy E, that is if E I- A& c 0, the latter is captured back into a discrete level. 
However, in this case a highly excited atomic state is formed, which with quite a big probability 
of decaying by emission of electrons. 

As a source of information on electron correlations the measurements of the multiply 
charged ion yield are very important. These ions are created either via multistep Auger decay, 
which is the most probable and simple way or by other processes, such as quasi and multiple 
Auger decay (with simultaneous emission of several instead of one electron) shake-off, direct 
knock-out and their combination. Interesting is the formation of ions, the charge of which is 
either smaller or larger than that created via a multistep Auger-process. One extreme is the 
single-charge ion formation which is attractive from the theoretical point of view because it 
permits consideration of a process with a very simple final state: a fast photoelectron and an 
outer shellvacancy. The other extreme is formation of ions whose charge is considerably higher 
than that achievable by multistep Auger processes. In this case the contribution of shake off, 
direct knock out and multiple Auger-decay mechanisms manifest themselves transparently. Of 
interest as a manifestation of electron correlations are the electron and photon lines, 
corresponding to decay of a two-vacancy state by emitting a single electron or photon, Although 
normally weak, they are located at much higher energies than the normal lines and can therefore 
be detected. 

Recently it became clear [8], that the measurement of the mean ion charge N(o) produced 
in photoionization is interesting and informative. The function N(o) near the 1s threshold in Ar 
was analyzed, experimentally [8] and then theoretically [9]. It was demonstrated that N(o) is 
rapidly increasing while o is approaching the 1s-threshold from below. The increase is due to 
virtual Auger-decay of 1s-vacancy i.e. a decay of a vacancy below the threshold of its creation. 

The increase of N(o) is described by a formula [9]: 

Here 6 = 2(Ii -0) / ri, p = oi(Ii) / xoi+l(Ii), q ( o )  is the photoionization cross section of the 
inner i-shell, while (i+l) denotes the next outer shell as compared to the i-th one; Ii and ri are the 
ionization potential and width of the vacancy i. 

A relation similar to (25) can be derived for multiple ionization cross sections cr+"(o): 

where ~'"(0) is the total cross section of the (+n) ion formation and c$"(Ii) is the threshold 
value of the (+n) ion production at o = Ii. 

Direct knock-out, or elimination of an outer electron by one removed from the inner shell 
is an important mechanism in the formation of multiply charged ions. It may be taken into 
account by multiplying the corresponding cross section of inner shell ionization by the factors 
rl(E) 



where tit(&) is the elastic scattering phase shift of a photo- or Auger-electron with angular 
momentum 1, traveling with energy E via the outer atomic shells. Note, that (27) includes the 
imaginary part of tie(&), which is determined by inelastic processes, namely by ionization or 
excitation of outer atomic electrons. 

The processes discussed in this section affect not only cross sections, but also angular 
distributions and spin orientation of the outgoing electrons. Indeed, if a deep vacancy is 
decaying, it alters the angular momentum and spin of the residual ion core, forming, in principle, 
a nonspherically symmetric and spin-dependent field acting upon outgoing electrons. 

Measurements of such characteristics as anisotropy parameters and spin orientations are 
of interest, because they are sensitive to electron correlations in atoms. 

8. Relativistic Corrections 

Starting from the frequency values o-cZ, the relativistic corrections to the 
photoionization cross section become important. In the angular distribution, corrections of the 
order v/c (v being the photoelectron's speed) appear due to interference of dipole and quadrupole 
photon components. Therefore the angular distribution do(o) / dQ may be presented [lo] in the 
following form: 

where oy(o) is the total photoabsorbtion cross section, PS(cose), s=1,2,3 are the Legandre 
polynomals, E is the photoelectron energy. Coefficients r ( ~ )  and ti(&) for the case when a shell 
with angular momentum L is ionized are expressed via products of dipole .!+Lkl and 
quadrupole .!+e, L+2 transition matrix elements and the corresponding phase differences [ 101. 
On the contrary, P(E) is expressed via products of dipole .!+.!+l matrix elements and (.!+l)l 
(e-1) phase difference only. It appeared that in some cases the quadrupole terms Q c , c + ~ ( ~ )  are 
considerably bigger than the dipole ones D1 ~+1(o) overcoming at least partly the smallness of 
the parameter or&, r, being the ionizing shkliradius. In the pure dipole approximation the term 
-o/c is neglected. Note that electron correlations are affecting all transition matrix elements, but 
differently, depending, of course, on the transition's multipolarity. It is known, that De,~+l (0) 
acquires due to correlations even additional zeroes. The shapes of dipole and quadrupole 
resonances in (28) are generally different, because P(E) is given by the ratio of dipole matrix 
elements only, while $E) has quadrupole matrix elements only in the nominator [11,12]. 

The presence in (28) of the term with Pl(cose) leads to a "drag" current - a macroscopic 
motion of photoelectrons along or opposite to photon flux direction. Indeed, after averaging 
photoelectron velocity vcose with the distribution (28) an "electromotive force" is found, which 
after dividing by the "resistance" gives an expression for a current j(o) [12]: 

where W is the photon flux and oeC(&) is the "electron-target atom" elastic'scattering cross 
section. The current is enhanced at Ramsauer minima in o & ( ~ ) .  The factor Y(E) describes how 
the total momentum W o k  of the photon flux can be distributed among photoelectrons and recoil 



ions, This distribution must be kept in mind, because the linear momentum conservation law 
determines the total momentum of the outgoing electrons and residual ions, while the current is 
determined by the electron momentum only. 

It was assumed in deriving (28), that as soon as a photoelectron collides with another 
target atom it is scattered with equal probability in any direction, thus leaving the current. While 
y(~) is determined by a quite complicated expression, in order to estimate the current by an order 
of magnitude, it can be substituted by "(E)  - rz, r, being the ionizing shell radius. We (together 
with A.S. Baltenkov from the Institute of Electronics, Tashkent, Uzbek Republic) have estimated 
the ''drag" current created by photons of near 1s-threshold energies in Ar and Kr. At first, for Q 
only 0.16 Ry above 1s-threshold contributions of all Ar sub-shells were calculated. It appeared 
that for j(o)/W from (29), in the 10-23 Coulomb units, one has 2; 1.26; 0.67; 0.20; 0.08 for 
photoelectrons removed from Is, 2s, 2p, 3s and 3p subshells, respectively. The contribution of 
1s is considerably increased, by a factor of twenty in Ar and fifty in Kr, for photoelectron's 
energy at the Ramsauer elastic scattering minima. For a flux W=lO13 photonslsec-cm2 the 
current maximum values are 0.6.10-8 amplcm2 and 3.10-8 amp/cm2 for Ar and Kr respectively, 
which seems to be observable. 

The drag current is created not only in photoionization but in Compton scattering as well. 
This is evident from the fact that the velocity distribution for forward- and backward-going 
ionized electrons is considerably different. In the pure classical picture there is no transfer 
energy from the photon to electron at zero scattering angles. 

The "drag" current can be dramatically enhanced, if the photoionization would take place 
in a strong laser field. We have performed recently, together with A.S. Baltenkov, see above, an 
estimation of this effect. For simplicity, it was assumed, that in each act of photon absorbtion or 
scattering its momentum is acquired by the electron leaving the atom. It appeared, that the 
mechanism of absorbing laser photons by unbound electrons is the inverse bremsstrahlung. Not 
only photoelectrons, but also Auger-, shake-off and others emitted by the atom electrons acquire 
the laser beam momentum. For laser power 1012 Wkm2 and frequency 1 eV the current 
produced in Ar after its photoionization above 1s-threshold is enhanced by a factor of about 
4.106. This factor is roughly speaking linearly proportional to the laser power. With the latter 
increase, this proportionality will eventually disappear. 

The relativistic corrections to the total cross section oy(o) start to be important at higher 
frequencies, because o (a) does not include oh terms. Due to lack of interference of different 
multipolarities in oy(oJ the corrections start from the (o/c)2 term. With further increase of Q it 
becomes insufficient to treat the ionizing electron in initial or final states nonrelativistically. On 
the contrary, even in the one electron approximation along with higher multipole components of 
a photon the ionized electron must be treated relativistically i.e. by solving the Dirac instead of 
the Schrodinger equation. As a result, accounting for the relativistic yields the angular 
distribution of photoelectrons more and more concentrated in a narrow cone near the photon 
beam direction. 

In the ultrarelativistic zone the photoionization cross section of a hydrogen-like ion with 
nuclear charge Z and the number of electrons N for Q >> c2 is given by [13] 
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5 4 2 C L  
-0 

oy(o) = 2nZ a re- , 

r e = l / c  2 . 
Here re is the so-called classical radius of an electron. It is of interest to compare oY(w) with 
cross sections of other quantum-electrodynamical processes, namely with Compton scattering 
and e+e- pair production in the same frequency domain o >> c2. For the Compton-scattering the 
cross section is [ 131 

2 c2 2 ~ ~ ( 0 )  = 2nNre -.!n(o / c ) , 
0 

while for e+e- pair production it is [ 131 

28 2 2 2 
9 

oe+e- (0) = -Z ar,.!n(o / c ) . 

The formulae (30-3 1) are valid in the ultrarelativistic zone, where it is seen that e+e- 
production becomes absolutely dominant. Note, that two of these processes, namely pair 
production and photoionization, proceed via interaction with the nucleus, while Compton 
scattering mainly yields unbound electrons. This affects considerably the transfer of momentum 
to the nucleus and all the secondary processes such as shake-up or shake-off which are caused by 
the recoil. 

In the nonrelativistic zone the recoil momentum is increasing rapidly with o growth, as 
q - 6, while at o >> c2 the main contribution to the cross section is coming from the 
comparatively small momenta transferred to the ion, of the order of r;’. 

The multielectron nature of the target atom can be essential also in photoionization 
processes in the relativistic frequency zone. The interelectron interaction leads to satellites to the 
main line, manifests itself in intershell effects and so on. However, the interelectron interaction 
for Q > c2 includes not only the pure Coulomb potential but also relativistic corrections to it, 
namely the Breit terms [13]. Nondipole and spin-flip transitions become more and more 
important due to modification of the photon-electron interaction operator as compared to it in the 
o<cZ zone. 

It is of interest to study the polarization of photoelectrons in this frequency zone. Such an 
investigation would allow study of the so called complete quantum mechanical experiment, in 
which all amplitudes characterizing a given process can be derived directly from experiment. In 
the nonrelativistic zone, one has three independent quantities, characterizing photoionization of 
an atomic electron on a level with angular momentum 1: the absolute values of the transition 
matrix elements .!+ .!+l and their relative phase. If relativistic corrections are taken into 
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account for cors/c<l and large 2, due to interaction between spin and angular momentum, five 
independent quantities characterize the process. To obtain them, it is necessary to measure the 
partial photoionization cross section, angular distribution and three different spin polarization 
characteristics [ 141. With further increase of a, at cors/c>l nondipole and magnetic contributions 
become decisively important and a complete experiment must determine in principle growing 
number of matrix elements which at a+= becomes infmite. 

9. Double-electron Photoionization 

Double-electron photoionization is. a process in which a single photon eliminates two 
atomic eIectrons. Because a photon directly interacts only with one electron, this process is 
completely determined by the interelectron interaction. It was demonstrated long ago [15], that 
in the medium high energy zone for s-electrons the double-electron photoionization cross section 
0'' decreases with growth of co just as the single-electron cross section, given by (6). So the 
rat0 R(o) "double-to-single photoionization cross section" at high co reaches a frequency 
independent limit 

R(co)+R . 
0-3- 

Analytically, this ratio for helium-like ions is given by an expression [16] 

Rz0.093/Z2 . 

(33) 

(34) 

The calculations in [16] were performed in the lowest order in interelectron interaction. It was 
demonstrated that one of the outgoing electrons carries away almost all the photon energy, the 
other being slow. The fast electron has a usual dipole photoelectron angular distribution while 
the other is distributed isotropically. 

In the nondipole zone the energy, angular and spin distributions of outgoing electrons 
change considerably because of the nondipole components of the photon and due to the 
increasing role of the interaction of the photon magnetic field with the electron spin. As a result 
the energy distribution acquires a maximum in the E, = E, area, and the outgoing electrons are 
emitted almost oppositely. The ratio R started as a function of co and is increasing, until at co >> 
c2 it reaches a much larger value than (34) [17,18]: 

R=0.59/Z2.  

0 >> C2 
(35) 

These results are summarized in the table: 

Contribution of Different Spectral Regions to d+/d& and CW 

Spectral Region . Contribution to dCW/d& Contribution to 0" 

E1 -0,&2-1++ 

E1,2>>I 
"edge" rzion 

"middle" region 
E I  -E~I<(~+CR- ~)(O/C')''~ 

-o+/I++ 

. a)co<<cR-1 

b)o$ 
-o+/o 

-(O+/O)(I++/W)1/2 

-O+ 
(0.092 o+/Z2) 

* -o+(I+/o) 

-o+ 
(0.59o+/Z2) 
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The angular distributions are also quite different in the "edge" and "middle" regions: in the 
"middle" angular correlations are strong. In high Q it is of interest to study photoelectrons spin 
orientation. 

The cross section in the central region is sensitive to another space region of the 
correlated two-electron wave function, than the "edge" cross section. Therefore the central 
region deserves special experimental investigation. This has not yet been done. Best of all, the 
expressions (34), (35) could be checked by using He-like targets. Note that although the ratios 
(34), (38) are decreasing with growth of 2, the one-electron photoionization cross section 
increases much faster. In the verification of the expressions (34) and (35) a difficulty appears for 
low 2-atoms: photoionization stops to be an absolutely dominant process already at 
comparatively low Q. On the contrary, Compton ionization becomes important in eliminating 
one or two electrons. For example, in the case of helium, the classical threshold of double 
electron Compton ionization is about 3.5 keV and soon reaches a maximum. With subsequent 
increase of a, the Compton ionization cross section remains almost constant, and starts to 
decrease, according to (3 l), only at Q >> c2. Therefore, there exists a broad frequency region 
where Compton ionization is more important than photoionization [ 191. Theoretically, double 
electron Compton ionization can be considered similarly to that how it was done for 
photoionization. At least for light atoms, particularly for He, the lowest order in interelectron 
interaction is sufficient [20]. In this approximation calculations were performed [21]jn the 
frequency region from 6 to 12 keV, demonstrating the increase of the effective ratio R, which 
relates the total cross sections of double and single electron ionization. It is necessary, however, 
to have analytical instead of pure numerical results in order to demonstrate whether a frequency 
independent limit exists for the ratio R(Q), how big it is and to demonstrate the validity of the 
approximations used in calculations by estimating the contribution of neglected terms. 

It is shown [22] that in the high nonrelativistic frequency limit, the double-electron 
Compton ionization cross section can be presented as a product of the single-electron Compton 
cross-section and a.factor which is determined by the interelectron interaction and can be 
calculated easily. The result is surprising because the ratio Rc is frequency independent and 
equal almost precisely to one half of R, given by (31): 

R, = 0.048 / Z2 

The expression (36) is not confirming, however the hypothesis which was made in [20], namely 
that R=Rc. Calculations of the high energy limit for &in case of He were performed in [23], 
leading to Rc=0.8%, which is also about one half of the today accepted value for R=1.6% 

In any case, the expression (36) deserves to be checked experimentally. It was derived in 
the frequency region, where single-electron Compton ionization cross section is independent of 
Q. So, the formula (36) means, that in a broad Q region the o* for Compton ionization is not 
decreasing, contrary to the photoionization cross section. This simplifies the experimental 
observation of & and &+(a) up to photon energies of about 100 keV. Such experiments were 
recently performed and the results are reported at this workshop [24,25]. 

Substituting 2 by the effective nuclear charge Zeff = 1.69 in He, which takes into account 
nuclear screening by one of the electrons, it is obtained from (36) & = 1.68% in very good 
agreement with experiment [26]. However, this is not yet an asymptotic frequency region. At 
50-80 keV one has according to [24]-1.2% and to [25]-0.8% in accord with predictions in [23]. 
It is seen that using Zef~1.69 instead of 2=2 in (36) worsens the agreement with experiments. It 
means, that screening of the nucleus affects the double photoionization in a more complex 
manner than can be achieved substituting 2 by Zefi. Indeed, the account of this same matrix 



element which leads to nucleus screening, diminishes the interelectron interaction which is solely 
, responsible for double ionization. 

The ejected electron energy distribution in double electron Compton ionization proved to 
be similar to that in photoionization case: one electron is fast, while the other is slow. 
Obviously, the angular distributions are different, because an A2 term which at considered 
frequencies determines the Compton ionization cross section is either monopole or quadrupole, 
whereas A is dipole. (A is the electromagnetic field vector potential.) 

It is of interest to study the double electron Compton ionization in the relativistic zone 
o > c2 in order to clarify, whether the peculiarities in the energy distribution of the ionized 
electrons reflected in (35) exist for double electron Compton ionization also. Almost all 
attention in studies of double electron ionization by high energy photons is concentrated on He. 
But other elements, including high 2 atoms are also of interest. For instance, the elimination of 
two inner electrons in the latter case will lead to a real avalanche of electrons, almost doubling 
the charge of the residual ion. 

10. Related Photoprocesses 

There are several photoprocesses, the investigation of which is of interest also in the high 
frequency region. It will be mentioned and briefly discussed here elastic and inelastic photon 
scattering as well as the latter process in coincidence with the residual ion. 

a. The cross section of elastic scattering is determined by the target atom's dynamical 
polarizability a(o), which has a real Re a(o) and imaginary Im a(o) parts. While the latter is 
proportional to the total photoabsorbtion cross section a(o), Re a(o) is expressed via a(o') 
nonlocally, by the so-called dispersion relation. 

Therefore, although Re a(o) in principle is determined by the same matrix elements 
which enter the photoionization cross section, the experimental investigation of Re a(o) is of 
independent interest. Note also, that because the photon elastic scattering amplitude is given by 
Re a(o) I- iIm a(a), the cross section includes a term proportional to 02(0>, which makes it 
more sensitive to details of variation in a(@. 

b. In a very broad frequency region the inelastic photon, or Compton scattering can be 
described in the A2 approximation. It gives thus the generalized oscillator sge gth, i.e, the 
matrix elements between initial-and final atomic_states of an operator exp (iQT7, with Q being 
the difference of the incoming kl and outgoing k2 photon momenta. The same kind of matrix 
elements determine the fast electron inelastic scattering. The advantage of Compton scattering is 
that the photon, unlike the incoming electron, is not affected by the target atom field. 

Invgstigating the cross section of photon inelastic scattering as a function of 
A.0=01-02 and Q permit to develop a kind of electron spectroscopy, which would give the 
possibility to study even the low-energy nondipole and spin-flip atomic excitations. 

In such an investigation it is important to consider not only that region of Am and 6 
values, where Compton can proceed on a free electron, but also that region where the momentum 
transfer to the residual ion is of importance. Thqe the A2 approximation can easily be 
insufficient and the contribution of the (@A)x(@A) operator must be included also. 

It would be of interest, particularly for He to study the (y,y 'He*) reaction thus 
observing the emitted quantum y ' and the doubly charged ion in coincidence. Observation of 
He* as well as the energy of y ' would demonstrate that all the energy difference between y and 
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y ' is given to the ionized electrons. By varying this difference, as well as the incoming photon y 
energy detailed information on the structure of the He electron wave function in initial and final 
states can be obtained: fi-om the ionization threshold region up to that where almost all energy 
taken away by electrons. As a result of such an investigation a kind of an x-ray picture of an 
atom can be obtained. 

11. Vacuum Polarization and Nuclear Excitations 

At energies, comparable to that required for creation of an electron-positron pair, this 
process must be taken into account not only as a real cross section as described by (32), but also 
as a virtual ope. This means, that excitation or ionization of any atomic electron can proceed via 
virtual excitation of Quantum Electrodynamical Vacuum. The threshold of e+e- creation is 
decreasing with nuclear chqge growth. At 2=170-180, the energy required to create a pair goes 
to zero, leading to so-called spontaneous decay of the vacuum (see [27] and references therein). 
Traces of this threshold shift allow virtual excitation of e+e- pairs for lower 2. The simplest way 
to take these Quantum Electrodynamical Vacuum'Excitations into account is to generalize the 
Random Phase Approximation with Exchange (RPAE) [l], which is very often used to describe 
the photoionization processpf multielectron atom. The central point of RPAE is an equation for 
photoionization amplitude D(Q) which is connected with the single-electron amplitude d : 

< El6(o)li >=< El& > + x[< E' ID(o)li' > (Q - E' -I? + i6)-1 x 
. &'>F 

i' IF (37) 

x < ~ i '  IUIiE' > - < i' ID(Q)IE' > (Q + E' +I?)-' < i' iIUk' E >] 

Here the summation is performed over occupied (IF) states, while integration and summation 
takes place over vacant (>F) states. The u-operator includes direct Coulomb V and exchange 
potentials, so that the interaction matrix elements are determined by equation: 

All matrix elements in (38) are calculated with wave functions derived in the Hartree-Fock 
approximation, its self-consistent field being determined by the pure Coulombic interelectron 
interaction. 

The equation (37) takes into account rigorously "one electron - one vacancy" atomic 
excitation. The effects of 'lone electron - one positron" vacuum excitations can be taken into 
account similarly, by extending the summation in (37) over these states, adding noncoulombic 
frequency-dependent terms (Breit-type corrections) to the Coulomb matrix element (38) and 
calculating the one-electron wave functions relativistically, by solving Dirac-Fock instead of 
Hartree-Fock equations (see, for example [28]). The interelectron interaction entering these 
equations must be modified in the same way as in RPAE equations. 

materialized [28]. The availability of corresponding experimental data on relativistic 
photoionization would stimulate research in this direction. 

This is technically a difficult program which is far from being quite satisfactorily 

For heavy atoms the nuclei very often have comparatively low lying levels, which can 
strongly interact with the atomic electron shell excitations. The simplest and a well known 
process of this type is internal conversion, i.e. transmission of nuclear excitation energy to an 
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atomic electron leading to its ionization, or a creation of an electron-positron pair [29]. The 
process of internal conversion can be complicated also by virtual excitations [30] of electron 
shells, This can modify the decay probability by orders of magnitude. A good example is 235U, 
where virtual excitation of atomic electrons enhances the decay probability of the E2 nuclear 76 
eV transition by five orders of magnitude [31]. 

The presence of nuclear excitations open another pathway for atomic excitation and 
ionization. If a nuclear level can be excited by absorbing a photon, it becomes autoionizing 
when the interaction of atomic and nuclear subsystems is taken into account [32]. As a result, 
the atomic photoionization cross section acquires resonant structure, which is described by Fano- 
type profiles. 

Another interesting possibility is the indirect excitation of a nuclear level via virtual 
atomic excitation. In some exceptional cases the energy of a discrete atomic excitation can be 
transferred to a nuclear level, if it has the same angular momentum and their energy is close. 
Such levels can strongly interact with each other and mix. 

For inner atomic vacancies, their decay energies are very often enough to excite the 
nucleus in an Auger-type process, in which the energy of electron transition is transferred to the 
nucleus, leading to its excitation [33]. Elimination of an intermediate shell electron after 
absorbing a photon can deblock such a nuclear transition which is either otherwise forbidden or 
has a very small probability. Multiple ionization after inner vacancy creation can open the p- 
decay channel by creating vacant places for the p-electron. 

family of satellites, called nuclear satellites of atomic levels. Usually it is possible to detect the 
fact of nuclear excitation by observing its special decay channels - via emission of a photon or 
atomic electron of specific energy. Because the probability to excite these "atomic-nucleus" 
levels is quite low, they require high photon fluxes for observation. 

Nuclear excitation can accompany creation of an inner shell vacancy, thus forming a new 

12. Concluding Remarks 
The photoionization of atoms by high energy photons gives a possibility to study a 

number of problems traditional to atomic physics in a new frequency region. The "traditional" 
problems include measurements of inner shell cross sections and corresponding angular 
distributions and photoelectron spin orientation, investigations of satellite near-threshold 
structure, as well as multiple excitation and ionization processes, consideration of the role of 
inner shell virtual excitations upon the outer and intermediate shells ionization and excitations. 
Of interest are also the corresponding Auger and radiative decay spectra, as well as PCI from 
inner shells. 

The relativistic corrections will manifest themselves in all these characteristics. The 
momentum of a photon flux will lead to a "drag" current of photoelectrons. 

In the high photon energy region also "nontraditional'l atomic physics can be done, 
including investigation of the role of virtual and real electron-positron pair creation, and of the 
admixture and overlap of atomic states with nuclear excitations. The potential role of the 
magnetic interaction, which is also increasing with incoming photon energy growth, can be 
clarified. 

Of intecest is the investigation of the Compton ionization process whose cross section is 
almost completely independent of the incoming photon frequency, thus becoming much larger 
than the photoionization cross section. 
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Presented here is not a list of possible problems, but simply a demonstration of how 
potentially rich is this domain. 
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Electron Correlation in Helium Ionization Studied by Compton Scattering 

The process of double ionization in helium has been the focus of many experimental 
and theoretical investigations and continues to be a subject of fundamental interest 
in atomic physics. Understanding of the correlation phenomena in helium, which is 
the simplest neutral atomic system exhibiting correlation effects, is basic to our un- 
derstanding of the more general cases of many-electron atoms and molecules. 

Photoabsorption and Compton scattering are the two fundamental ionizing interac- 
tions of a photon with an atom. Both interactions are described by a single particle 
operator, hence the simultaneous ejection of two electrons is due to electron correla- 
tions in the atom. Determining the ratio of double to single ionization (R=He++/He+) 
by Compton scattering (RJ and by photoabsorption (Rph) is one of the most chal- 
lenging tests of our understanding of these electron-electron correlation effects. Ac- 
cording to the theory the Ratio R should approach an asymptotic value in the limit 
of high photon energies which depends very sensitively on an accurate representa- 
tion of the highly correlated initial state. 

Whereas the theoretically predicted asymptotic value for Rph = 1.68 % has been con- 
firmed by several independent experimental studies, the predictions of the asympto- 
tic ratio I& for Compton scattering, which becomes the dominating process for 
double ionization at energies above several keV, have not converged (at hv = 58 keV 
the contribution of photoabsorption is suppressed by roughly 1/6000). There are 
two general non-relativistic predictions varying by a factor of two (J&l= 1.68 % and 
& = 0.8 %) which as well significantly differ in their spectral behavior. The so far 
highest used x-ray energy of 20 keV, however, has proved to be still not high enough 
to resolve the large theoretical differences at high photon energies. 

As a consequence the two experiments recently performed on ID 15b were moti- 
vated to determine the ratio J& at significantly higher photon energies. The measure- 
ments were performed by Wehlitz et a1 and Spielberger et a1 at photon energies of 
about 58 keV using ion counting time-of-flight spectrometry (TOF) and a modified 
TOF technique (COLTRIMS: cold target ion recoil ion momentum spectroscopy), 
respectively. Such experiments only become feasible at third generation synchrotron 
radiation facilities which can deliver sufficient flux of high energy photons to over- 
come the low Compton double ionization cross section in this energy range. 

Despite the fact that the experimentally derived values of the ratio of double to 
single ionization by Compton scattering differ by 30 YO (Spielberger et al: Rc = (0.84 + 
0.08/-0.11) YO; Wehlitz et al: & = (1.25 k 0.3) %) the conclusions from the two data 
sets are similar. Both experiments clearly rule out theories which predict the asymp- 
totic value of Compton scattering to be equal to that of photoionization. Concerning 
the answer to the outstanding question of the exact value of R, in the limit of high 
photon energies the experimentalists point out the necessity to extend the studies to 
even higher energies, although the details of their argumentation show some dif- 
ferences. 

Wehlitz et a1 concluded on a still steadily decreasing value of R, with increasing 
photon energies. Their data show that the applied energy is still not high enough to 
prove the high energy behavior and to distinguish decisively among different theo- 
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retical predictions. The result obtained by Spielberger et a1 supports the theories 
which predict R, = 0.8 YO. Because of the high energy photons of 58 keV used in this 
experiment which amounts to 11 YO of the electron mass the question of the necessity 
of a fully relativistic treatment has to be raised. The currently available theoretical 
calculations refer to an asymptotically high, but non-relativistic limit. Relativistic 
calculations of & will certainly be required because of the need to extend experi- 
mental studies to even higher energies. 
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Dichroism and spin 
polarization parameters in 
terms, of dipole amplitudes 
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Figure 2, Snell'et al, Spin Polarized ... 
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Spin resolved Argon photoelectron spectra 
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Electron Correlation in Helium Ionization studied by Compfon Scattering 

Thc process of doublc ionization in helium has been the focus of many cxpcrimental arid thcorc~icitl 
invesligations and continues to bc a subject of fundamental interest in atomic physics. Undersranding of thc 
conelation phenomena in helium, which is the siinplesl neuird atomic system exhibiting corrclation cffccis, 
is baqic lo our uiiderstanding of the more general cases of many-electron atoms and moleculcs. 

Photoabsorption and Compton scattering are the two fundamental ionizing iiitcractions of a photon with an 
atom. Both interactions are described by a single particle operator, hence the sjmultancous cjcction of two 
clcclrons is due lo electron correlalions in the atom. Dctermining tlic ratio of doublc to singlc ionizntion (R= 
Hc’t+n-re+) by Compton scattering &) and by photoabsorption (Rph) is onc of thc most challenging icsts 
of our understanding of these electron-electron correlation effects. According to the theory the ratio R 
shouId approach an asymnptaic value in the limit of high photon encrgics which dcpcnds vcry scnsitivcly 01) 
an accurate representation of the highly correlated initial state. 

Whereas the theoretically predicted asymptotic value for Rph= 1.68 % has hccn confinncd by scveral 
independent experimental studics, the predictions of the asymptotic ratio & for Compton scattcring, which 
becomes the dominating process fur double ionization at energics abovc several kcV, have not convcrgcd 
(at hv= 58 kcV Ihe contribution of photoabsorption is supprcsscd by roughly 1/6000). Thcre are two 
general non-relativistic predictions varying by a factor of two &I= 1.68 45 and &2= 0.8 46) which as 
We11 significantly differ in their spectral behaviour. The so far highcst used X-ray energy of 20 kcV, 
however has proved Lo bc stil1 not high enough to resohe the large thcorctical diffcrences al high photon 
energies. 

A. a consequence the two experiments recently performed on n> I !% wcrc motivalcd lo determine Ihc raiio 
Rc at sigiiiilcantIy higher photon energies. The measurements were performed by W e h h  et al. and 
Spielberger et aJ. at photon energks of about 58 keV using ion counting timeof-flight speclromctry (“OF) 
and a modified TOF technique (COLTRIMS: cold target ion recoil ion momcnlum spcclroscopy), 
respectively. Such experiments only become feasibIe at third generation synchrotron radialion faciliiics 
which can deIivcr sufficient flux of high cncrgy photons to overcomc the low Compton double ionization 
cross section in this encrgy range. 

Despite rhe fact that thc experirnen[ally derived vducs of the ratio of double to single joni7a1ion by Complon 
scattering differ by 30 96 ( Spiclberger et a].: &= (0.84 N.08 / -0.1 I )% ; Wehlitz et al.: Re= (1.25 f 0.3) 
%) the conclusions from the two data seis arc similiar. Both experiments clcarly rulc out thcorics which 
predict the asymptotic value of Compton scattering to be equal to that of photoioni7ation. Conccrning thc 
answer to the outstanding question of the exact value of & in thc limit of high photon cnergics ll~c 
cxpcrimentalists point out the ncccssity (0 extent the studies to even higher ener@cs, although thc dctails of 
their argumentation show some differences. 

Wchlitz ct al. concluded on a still steadily dccrcasing value of Rc with increasing photon cnergics. Thcir 
data show that the applied energy is stiII not high enough to prove the high cncrgy bchaviour and to 
distinguish decisively among different theoretical predictions. Thc result obtained by Spielbergcr ct al. 
supporls the theories which predict Rc= 0.8 96. Because of the high emrgy photons of 58 keV used in this 
experiment which amounts to 1 I %  of the elcctron mass the question of thc necessity of a fully relativklic 
trcatmcnt has to be raised. The currently available thcorctical dculatisns refer lo an asylnplotically Iligh, 
but non-relativistic Iimit. Relativistic calculations of & will cerfainly be required bccausc of lhc 11ccd lo 
extend experimental studies to even higher energies. 
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Outlook and Summary 

High energy synchrotron radia- 
tion sources provide several new 
opportunities for atomic physics 
research , among others are: 

stable operation of helical un- 
dulators for circularly polarized 
light 

0 hard X-rays of high brilliance 

First results in this direction from 
the ESRF are: 

Spin-resolved photoelectron 
spectroscopy of atomic inner 
shells 
Spin-resolved Auger. spectros- 
copy following inner-shell pho- 
toionization 

0 Asymf..-ot::ic behaviour of dou- 
ble ionization at high photon 
energies 
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S p h  Polarized Augcr Electrons: The Xe M4 ~N4,5N4,5 Case 
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Thc spk.polarh!ation of the Xe hi4,5h5,#4,5 Auger electrons was measured after photoionintion of 
free atom by circuIarJy polarized synchrotron radiation at 833.5 cV. Significant polan'zation cffccts 
were found across the whole Auger group. With the hole starc orientation determined from the spin 
polarization of die 1514 'So Augcr linc tbc inrrinsic Augcr panmctcrs wcrc cvduatcd for 311 lincs. The 
orientation derived from the I So Auger line is consistent with the rncasurccl spin polarkatian of the 3d31~ 
photoke in good agreexnent with the two-stcp mcdel of the Auger decay. [SO03 I -9O07(96)00238-4] 

Compt on double-t o-single ionization rat io  of 

helium at 57 keV 

R. Wehlitz," R. Hentges,* G. Prii'mperJ2 A. FarhatJ3 T. Buslaps,' N. BerrahJ3 J. C. 

Levin,' I. .A. Sellin,' and U.  Baker2 
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The X-Ray Atomic and Molecular Spectroscopy Program 
at the Advanced Light Source 

D. W. Lindle 
Department of Chemistry, University of Nevada, Las Vegas, NV 89154-4003 

The X-ray Atomic and Molecular Spectroscopy program at the Advanced Light Source is a new research collaboration 
conceived to take advantage of the latest generation of synchrotron-radiation facilities in pursuit of fundamental 
investigations of atomic and molecular interactions with x-rays. The research team represented in this program has 
designed specialized equipment to deliver and use high-resolution x-ray beams to perform electron, ion, and x-ray 
spectroscopies on atoms and molecules. An overview of the program is presented, and one example of some of the 
exciting new results obtained thus far is included. 

I. INTRODUCTION 

The X-ray Atomic and Molecular Spectroscopy 
(XAMS) program at the Advanced Light Source (ALS) 
is a collaborative effort representing a large team of re- 
searchers [l]. The team is interested in using highly 
monochromatic x-ray beams in fundamental investiga- 
tions of the physical and chemical phenomena of primary 
importance to the understanding of core-level processes 
in atoms and molecules. Over the past two years, state- 
of-the-art instrumentation for electron spectroscopy, ion 
spectroscopy, and x-ray-emission spectroscopy has been 
constructed in order to enhance capabilities within the 
U.S. for the study of atomic and molecular core-level phe- 
nomena. Furthermore, the team has preferred access to 
the brightest x-ray source in the world, the ALS a t  the 
Lawrence Berkeley National Laboratory. Preferred ac- 
cess is in the form of a beamline, a device which delivers 
focussed and monochromatic x-ray beams in the 1-6 keV 
photon-energy range to experimenters, and that is built 
for and dedicated to the team's research program. 

The scientific interests of the XAMS program focus on 
phenomena that are most readily studied via x-ray inter- 
actions with atoms and molecules, such as x-ray resonant- 
Raman effects, non-electric-dipole effects on photoioniza- 
tion, and polarization-sensitive x-ray emission. Overall, 
this program seeks to undertake a new broad-based effort 
in this area of research, both because of intrinsic interest 
in a more-detailed understanding of atomic and molec- 
ular x-ray interactions, and because results in this area 
have been relatively scarce due to the paucity of x-ray 
beamtime and equipment available for their pursuit. 

The remainder of this paper is organized as follows. 
First, a general description of 'the scientific interests en- 
compassed by the XAMS program is given in Sect. 11. 
Second, experimental facilities available to the team, 
both an ALS x-ray beamline and individual systems ca- 
pable of different types of spectroscopy, are described 
briefly in Sect. 111. Finally, an example of initial re- 
sults obtained by the team, specifically on non-dipolar 
angular distributions in neon valence photoemission, are 
discussed in Sect. IV. 
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11. SCIENTIFIC PROGRAM 

The XAMS program, although designed for versatility 
in its experimental pursuits, has six designated research- 
focus areas, selected both because of their scientific in- 
terest and because of a general scarcity of previous re- 
sults. One focus area for this program is a first look 
at transient atomic species (e.g., atomic sulfur) and free 
radicals (e.g., HS) in the deep-core-level region. To our 
knowledge, no such experiments have ever been done. 
A second focus area is core-level resonant-Raman spec- 
troscopy, both radiative (i.e., x-ray emission) and non- 
radiative (i.e., resonant-Auger emission). Earlier studies 
12-91 have illustrated both the promise of this technique 
as well as the extreme difficulty of the measurements 
due to the simultaneous needs of high s-ray flus and 
high energy resolution. The third focus area is molec- 
ular photoionization and photofragmentation dynamics 
[10,11] following deep-core-level absorption. In order to 
unravel the multitude of possible decay paths (radiative, 
non-radiative, and fragmentation) , ion, electron, and s- 
ray-emission spectroscopies are all needed, in coincidence 
when feasible. 

The fourth focus area for the XAMS program centers 
on the effects of non-electric-dipole processes on pho- 
toionization, most readily revealed in photoelectron an- 
gular distributions. Recent work [12] has demonstrated 
the accessibility of this phenomenon with the advent 
of high-brightness synchrotron-radiation sources. Aside 
from their intrinsic interest, it is important to determine 
the extent of these effects on measurements in a variety 
of fields that rely on the common technique of photoelec- 
tron spectroscopy. A fifth focus area is polarized s-ray- 
emission spectroscopy of molecules. Previous results [13] 
with a dedicated beamline and endstation at the National 
Synchrotron Light Source showed the great promise of 
this technique for structural and dynamical studies of 
molecules. Finally, the sixth focus area is in detailed 
studies of electron-correlation phenomena. This area is 
exemplified by single-photon double photoionization of 
.helium. A proper description of this phenomenon, for 
which increasingly precise measurements are now being 



performed, requires solution of the Coulomb three-body 
problem with extremely accurate treatment of electron- 
electron interactions [14-161. In the first two years of 
this new program, preliminary results in 5 of the 6 focus 
areas have been obtained. 

111. EXPERIMENTAL PROGRAM 

In order to carry out this scientific program, ready ac- 
cess to a high-resolution, high-brightness x-ray source is 
required. To attain this access, members of the XAMS 
team designed and built an x-ray beamline at the ALS 
for x-ray-spectroscopy applications. This device, desig- 
nated ALS beamline (BL) 9.3.1 [17], is built around a 
mechanically precise double-crystal monochromator ca- 
pable of yielding high photon-energy resolution (E/AE w 
7,000) in the 1-6 keV region. The beamline's optical de- 
sign, with a collimating pre-mirror and a focussing post- 
mirror, preserves the high brightness of the ALS source, 
providing a well-focussed x-ray beam (0.2 x 0.4 mm) 
to the experiment. Because of these characteristics, BL 
9.3.1 delivers brightness [photons/(s mm2 mrad AE)] an 
order-of-magnitude higher than any other similar beam- 
line in its energy range, while maintaining energy resolu- 
tion and flux equal to other lines. Also notable is that BL 
9.3.1 is one df only two beamlines at the ALS (the other 
operates in the 20-300 eV range) to have a significant 
amount of beamtime dedicated to atomic and molecular 
research; the allocation of beamtime at BL 9.3.1 accounts 
for about 60% of the beamtime at the ALS set aside for 
this community. 

Along with a reliable source of s-rays, versatile, state- 
of-the-art instruments for s-ray-spectroscopic measure- 
ments are needed to carry out this research program. 
At present, five instruments are part of this program: 
(1) a high-resolution angle-resolved electrostatic electron 
spectrometer, (2) a gas cell for photoabsorption mea- 
surements, (3) a polarization- and angle- resolved x-ray- 
emission spectrometer, (4) angle-resolved time-of- flight 
(TOF) electron spectrometers, and (5) an ion-TOF spec- 
trometer. Because the preliminary results discussed be- 
low were obtained with the electron-TOF apparatus, the 
remainder of this section will focus on its characteristics. 

The electron-TOF system is a stand-alone apparatus 
that presently has 3 operational analyzers (a fourth will 
be available by late 1996). These analyzers are based on 
a new design that includes cylindrical focussing to pre- 
serve accurate timing resolution while dramatically im- 
proving the collection efficiency for highly retarded elec- 
trons. For esample, in measurements with this appa- 
ratus, electrons with 1 keV initial kinetic energy have 
been retarded to 50 eV final kinetic energy with no loss 
in throughput. Because electron-TOF energy resolution 
is directly proportional to the final kinetic energies of 
electrons, this new design allows efficient electron spec- 
troscopy with energy resolution comparable to or better 
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than most conventional electrostatic analyzers. To main- 
tain ultimate timing resolution for this new generation 
of TOF analyzer, significant care was taken in the de- 
sign of the microchannel-plate detectors and impedance- 
matched conical anodes. Likewise, the best commercially 
available electronic modules were obtained, allowing si- 
multaneous operation of up t o 4  analyzers with 8192 data 
points per analyzer and a fixed downtime of only 0.8 pi 
per event for each analyzer. As a result this system pro- 
vides timing and data-collection capabilities that meet 
or exceed those of any other electron-TOF system in use 
with synchrotron radiation. Further details of the new 
apparatus will be presented in a forthcoming publica- 
tion. A more-detailed discussion of a similar apparatus 
is given by Becker et al. [18]. 

The electron-TOF analyzers are mounted in a vac- 
uum chamber which can be rotated about the x-ray 
beam. The chamber includes two additional analyzer 
mounting ports 54.7' out of the plane perpendicular to 
the x-ray-beam direction, a geometry which permits di- 
rect and sensitive measurement of non-dipolar angular- 
distribution parameters for photoelectrons. To see how 
non-electric-dipole interactions can affect photoelectron 
angular distributions, it  is helpful to first look at the con- 
sequences of the well-known dipole approximation. The 
electric-dipole ( E l )  approximation for photon interac- 
tions (eikr w 1) [19] leads to the following espression 
for the differential photoionization cross section [20]: 

1 -- - - [i + - (3cos2e- 1) , du u P 
dQ 4n 2 

which describes the angular distribution of photoelec- 
trons from a randomly oriented sample created by 100% 
linearly polarized light. Here, u is the partial photoion- 
ization cross section, and the angle 8 is defined in Fig. 
1. The parameter P completely describes the angular 
distribution of photoelectrons, within the dipole approx- 
imation. In this approsimation, all higher-order inter- 
actions, such as electric-quadrupole (E2) and magnetic- 
dipole (Ml) ,  are neglected. Over the past two decades, 
the dipole approximation has facilitated a basic under- 
standing of the photoionization process in atoms and 
molecules [21], as well as the application of photoelec- 
tron spectroscopy to a wide variety of condensed-phase 
systems. 

IV. ELECTRIC-QUADRUPOLE AND 
MAGNETIC-DIPOLE EFFECTS ON NEON 

VALENCE PHOTOEMISSION 

The first hint of low-photon-energy (i.e., 5 5 keV) de- 
viations from the dipole approximation was provided by 
Krause [22] in measurements using unpolarized x-rays 
[23]. A small deviation from the expected dipolar angu- 
lar distribution at photon energies between 1 and 2 keV 
was observed and attributed to the influence of E 2  and 



M1 interactions, which are included in the approxima- 
tion eikr w 1 + ikr.  These higher-order corrections to 
the dipole approximation lead to so-called non-dipole ef- 
fects, such as retardation (photon momentum transfer), 
in the angular distributions of photoelectrons, and can 
be described by [24] 

- = - ~ + 2 ( 3 c o ~ 2 8 - 1 ) ]  du D P + 
dQ 47r 

u +z [(6+ycos28)sin0cosq!J] 

for 100% linearly polarized light. The angle 4 is de- 
fined in Fig. l, and y and S are non-dipole angular- 
distribution parameters. The initial experiments [22,25] 
motivated theoretical work [26,27], and recent publica- 
tions [24,28,29] include quantitative predictions for a va- 
riety of atomic subshells. Very recently, more extensive 
measurements [12,30], focussing on noble-gas core levels 
(Ar I< and I<r L) and photon energies above 2 keV, have 
begun to investigate non-dipole effects in photoelectron 
angular distributions in more detail. 

X p h o t o n s  (k) 
FIG. 1. Geometry applicable to photoelectron angular-dis- 

tribution measurements using polarized light. 6 is the polar 
angle between the photon polarization vector B and the mo- 
mentum vector p of the photoelectron. 4 is the azimuthal 
angle defined by the photon propagation vector k and the 
projection of p into the x-z-plane. 

In contrast, the present experiment concentrates on 
the Ne 2s and 2p valence subshells at relatively low pho- 
ton energies (51.2 keV). Non-dipole effects are observed 
to be significant in this energy regime and measurable at 
energies as low as 0.25 keV, in conflict with a common as- 
sumption in applications of photoelectron spectroscopy; 
namely, that the dipole approximation is strictly valid for 
photon energies below 1 keV. The potential significance 
of these findings is nicely illustrated by comparison of the 
present results [31] for the Ne p2p parameter with earlier 
results [25], where the influence of non-dipole effects was 
assumed negligible. Large deviations in the measured /32p 
parameters are directly attributable to "contamination" 
of the previous measurements [25] by non-dipole effects. 
Generalization of this observation to any angle-resolved 
 photoemission^ measurement suggests that, relative pho- 

toemission peak intensities as a function of angle can be 
influenced significantly by non-dipole interactions even at 
photon energies below 1 keV. Therefore, a need for cau- 
tion in interpretating angle-resolved photoemission data 
from gases, solids, and surfaces using soft-x-ray excita- 
tion is indicated. 

I " " I "  - 
- I KLL 2s n 1 0 x 1 0 ~  
- N~ 

cn 
t 
3 
0 
0 

+ 

2450 2500 
Channels 

FIG. 3. Photoelectron spectra of Ne measured at a photon 
energy of 1000 eV. The Gay spectrum was taken with the 
dipole magic-angle analyzer and the other spectrum with the 
non-dipole magic-angle analyzer. See text for details. 

These new measurements on neon were performed at 
the ALS on undulator beamline 8.0 [32], which covers the 
100-1500 eV photon-energy range. Because the photon 
resolution needed to resolve the Ne 2s and 2p valence 
lines is low (E/AEs200), the monochromator entrance 
slit was set to 65 pm and the exit slit to 800 pm yielding 
very high flux. During the measurements the ALS op- 
erated at 1.9 GeV in two-bunch mode, giving a photon 
pulse every 328 ns. The interaction region, formed by 
an effusive gas jet intersecting the photon beam, has a 
diameter of about 2 mm. Energy resolution of the TOF 
analyzers with a focus size of 2 mm is 3% of the electron 
kinetic energy. Spectrum mere collected for about 300 s ,  
with count rates of up to lo5 s-' in the Ne 2s photoline. 

From Eq. (l) ,  it is known that photoelectron peak in- 
tensities are independent of the p parameter at the so 
called magic angle, 0 = 54.7". To take full advantage 
of this, the TOF apparatus is designed to simultaneously 
have one analyzer positioned at 0 = 0" and 9 = 90°, a 
second analyzer at 6 = 54.7O and q5 = 90" (referred to 
as the dipole magic-angle analyzer) and a third analyzer 
at 0 = 54.7O and q5 = 0' (the non-dipole magic-angle 
analyzer). Peak intensities in the dipole magic-angle an- 
alyzer, in the q!J = 90' plane (the plane, containing the 
e-vector, perpendicular to the photon beam direction, 
see Fig. 1) are independent of the non-dipole parameters 
y and 6 (see Eq. (2)), as well as the dipole parameter 
/3. The Ne 2s and 2p valence lines were measured over 
the photon-energy range from 250-1200 eV at five differ- 
ent chamber rotations, yielding a total of 15 spectra, all 
at different 0 and/or r$ angles, for each photon energy. 
This set of spectra provide enough information to deter- 



mine simultaneously the polarization characteristics of 
the incident beam and the angular-distribution parame- 
ters p, y, and S. As one esample of non-dipole effects in 
Ne, Fig. 2 shows two superimposed spectra taken at the 
dipole magic angle and the non-dipole magic angle. The 
spectra are scaled to the area of the Ne KLL Auger lines. 
Auger lines arising from an intermediate state with an s 
hole in a closed shell system like Ne have an isotropic 
angular distribution (p = y = 6 = 0), which makes them 
ideal for calibration [33]. Thus the angular-distribution 
parameters of the Ne valence peaks are measured relative 
to known Ply, and S parameters. The obvious intensity 
differences between the Ne 2s and 2p peaks in the two 
spectra in Fig. 2 are due entirely to  non-dipole effects 
because both spectra are at the magic angle where the p 
parameter has no influence. 

. 

V. CONCLUSION 

In summary, the X-ray Atomic and Molecular Spec- 
troscopy Program at the Advanced Light Source is now 
operational. In one of its initial experiments, signifi- 
cant electric-quadrupole and magnetic-dipole effects have 
been observed in valence photoemission from Ne in the 
250-1200 eV photon-energy region. These higher-order 
E2 and M1 interactions can in principle affect all mea- 
surements in the field of angle-resolved photoelectron 
spectrometry not made in the q5 = 90° plane at photon 
energies below 1 keV. This includes not only measure- 
ments on gas-phase. targets, but also surface, adsorbate, 
and condensed-matter targets as well. We caution that 
possible non-dipole effects need to  be considered when 
photoemission measurements are conducted outside the 
q5 = 90° plane, even for hv < 1 keV. 
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Prospects for X-ray emission spectroscopy at APS 

Richard D. Deslattes and Uwe Arp 
NIST 

Abstract 

Previous work at first and second generation synchrotron radiation facilities revealed a fairly rich 
phenomenology associated with emission spectra and resonance scattering obtained in response 
to monochromatic photon excitation in the near threshold region. These studies have allowed 
production of spectra largely free of multi-vacancy satellite contamination, and the association 
of certain absorption features with the onset of production of specific satellite structures. The 
present essay aims to consider a practical application of similar studies which could be carried 
out at energies newly accessible with third generation facilities such as APS. Beyond this 
elementary application, the possibility of having good resolution at high x-ray energies in both 
the incoming and outgoing photon channels leads also to some thoughts on the future role of 
emission spectra (and inelastic processes in general) in structural investigations, for example, 
crystallography. 

1. Introduction 

The traditional representation of (single-vacancy) x-ray energy levels on an Argand diagram 
suggests that emission spectroscopy should be a nearly trivial excercise. Except for the 
identification and proper ordering of the chemical elecments as pioneered, and almost completed, 
by Moseley, relatively obvious applications in chemical analysis, and use of these lines as 
wavelength markers for other experiments such as the determination of fundamental physical 

. constants, and exotic atom spectroscopy, there seems little to elicit interest. Fortunately (or 
perhaps unfortunately), the catalog of allowed transitions among the levels of a single vacancy 
energy level diagram vastly understates the empirical complexity of actual spectra. Not only are 
there many more lines than the simple diagram suggests, but the lines that do correspond to 
single electron (vacany) transitions often exhibit seriously distorted profiles, intensity 
anomalies, and may, in special circumstances, vanish altogether. 

The general understanding of the above situation is, by now, well established. For a variety of 
reasons, some obvious, some more subtle, it is rather difficult to make a single inner-shell 
vacancy, while leaving the rest of an atomic configuration undisturbed. (We shall refer to one 
relatively clean path to such an initial state in Section 3.) On the contrary, the process of 
simply producing an inner vacancy appears to the outer electrons as a sudden perturbation of 
the average field in which they live. This leads to a variety of “shake” processes, “shakeup” and 
“shakeoff” being the most common. It is also unlikely that only one of the spectator electrons 
will be disturbed in the primary ionizing event. For every extra vacancy (or other excited 
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configuration containing the primary vacancy), there is the need to reassess the angular 
momentum couplings, ie., re-evaluate the fine structure components of both intial and final 
states. In addition, there are secondary ionization effects, preemptive Auger processes, and a 
whole zoo of other effects by now well known to the cogniscendi who are asked to kindly 
ignore this part of our essay. Actually, as was pointed out in a somewhat prescient review 
article by Lymann Parratt [l], each distinct process leads to another level diagram and, even in 
the two-step approximation where absorption and emission processes are considered 
separately, leads to another transition array. Thus, one should expect the complexity, and we 
must deal with it both theoretically and experimentally. 

Up to the present time, there have been useful studies aimed at unravelling and managing these 
complexities in the lower part of the periodic table. For fairly obvious reasons, this is an easier 
region in which to develop an understanding of the processes, and the spectra are more readily 
separated, although their complexity remains non-trivial. In the next section, we briefly 
summarize that situation as it has developed through studies using existing, second generation 
SR sources. Following this, we turn to the region which is newly accessible using third 
generation sources, namely the region of higher atomic numbers, taken here as 2 > 50. One can 
form a reasonable expectation of the kind of results which can be obtained from future studies 
by considering available data obtained from the very few high 2 systems where initial vacancies 
could be produced in sufficiently diverse processes that there &e substantial changes in the 
multivacancy environment. These results allow a certain anticipation not only of what studies 
should be undertaken but also of the magnitudes of the changes to be expected. 

We then briefly outline one practical motivation for undertaking such studies arising from the 
need in several communities for a new, comprehensive database for e.mission spectra covering 
the entire periodic table. In this application, there are strongly conflicting needs for both an 
accurate experimental anchor set, and comprehensive coverage which, as will be seen, entails 
largely theoretical procedures. Even restricting attention to the diagram lines alone, the 
theoretical task is sufficiently daunting that the added complexity of multi-vacancy modelling 
would be unacceptable. We accordingly suggest that theory and experiment should try to meet 
at the level of a hypothetical single vacancy transition array. To do this will require a number of 
threshold excitation studies as will be described in the following sections. 

Finally, we conclude, in a somewhat more speculative vein, by pointing to one potential 
application of the same class of threshold studies to more broadly interesting, and possibly 
more directly useful, investigatin of the geometrical implications of x-ray emission from ordered 
structures, including crystals. The issues here entail the use of exciting radiation that is not only 
near threshold, but also satisfies the Bragg-Laue condition for crystal diffraction. Access to 
higher Z’s gives much greater scope to the exploration of the reciprocal space of a lattice. 

2. An overview of processes at low 2 

For relatively low 2 atoms, say 2<30, the diagrammatically expected emission spectra are 
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accompanied by a number of extra lines, often well separated fiom the diagram lines, and fairly 
intense, generally referred to as satellites. These arise from the fact that, with sufficiently high 
excess energy above the K ionization threshold, there are significant probabilities that extra 
vacancies, and/or excitations will be produced in the primary ionization process. In the case that 
such vacancies are produced, the relatively fast K-emission process will likely occur in the 
presence of these spectator vacancies, and/or excitations. (There are, in fact, more complex 
processes such as two-electron transitions, etc., but our intent here is to focus on the simplest 
situations.) The extra vacancies can be thought of as differentially perturbing the energies of 
both the initial and final hole states. This differential shift (together with a proper accounting of 
angular momentum coupling) leads to satellite emissions with many components, some of which 
may overlap the parent, diagram line. 

Similar data have been obtained for a variety 
of C1 containing molecular gases and for 
KCl. Such results have to be understood 
with some care since the zero excess energy 
spectrum does not correspond to the 'ideal' P z single vacancy production owing to the .E - 
occurance of resonant Raman processes in I -  

t -  the immediate vicinity of the threshold 

0.15- 
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The above described very simple picture has certain obvious consequences which have been 
investigated and largely verified. First, since the energy required to produce multi-vacancy 
configurations is generally higher than the minimum needed to produce their single vacancy 
parents, it should be (and is) possible to lower the excitation energy below that required to 
produce a particular multi-vacancy configuration while remaining above the energy required for 
single' vacancy production. In this case, satellites associated with that particular initial multi- 
vacancy configuration should be extinguished, and indeed they are. In addition, it is sometimes 
possible to identifl absorption features whose energies and shapes closely resemble those of the 
satellite excitation function. In such cases, one easily comes to an identification of the 
configurational parentage of the satellite, a very consoling result. 
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3. High4 emission spectra. 

For much higher values of Z (let us say D50) one is in a rather different regime than that 
described above. Of course, there is multiple vacancy production accompanying the primary 
K-shell ionization process, and there are satellite lines. The empirical differences are that well- 
resolved and reasonably intense satellites are not so evident in these spectra and, as is well 
documented for particular cases, the diagram lines are broadened and displaced from the 
positions of hypothetical single vacancy transitions. These expectations have been 
demonstrated quite clearly in some much earlier studies where K-series emisssion spectra were 
obtained using quite different approaches to the production of the initial K-shell vacancy, as will 
be discussed below. 

The origin of the main differences between the low and high Z domains is associated with the 
increasingly larger number of electrons in relatively easily ionized shells outside those occupied 
by the formally active electron. If these are few, as in the low-Z region, then satellites tend to 
be well resolved. If these are many, as one surely finds for D50, there are numerous outer 
electrons which can be ionized or otherwise reconfigured. Most of the resulting configurations 
produce only small differential perturbations of the initial and final states for the active electron. 
The array of all such minimally perturbed transitions then leads to a broadened, and possibly 
shifted, diagram line. 
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I I 

these data is suggested in Fig. 3 where the 

the outer electron’s principal quantum number. 

1 -  - 
f 

I ,  
i /  

i -  f -- 
I 

change in location of the peak of various 6 -  

i l  I I  - 
i 

5 -  
emission profiles are shown as a function of 

The data in Fig. 3 reflect the different 
I: lTbloyl i f  f -- pGq 
1: - 
!I 

r /  -- 
! I  /; f 

i/ _ _  I 

1 -  -- 
with the less perturbing situation which moves 4 j ;  

f ,  -- a positive charge from the nucleus to the K- .j a&* 

-:?.--*/; elements which have isotopes that undergo p- -1 - - 

3 L -  
‘2: 

!/ -- responses of various outer shells to the sudden 8 3 - i’: is( - 
production of an inner-vacancy, in comparison i i i 2 -  i’ $1 

44 \,”r - 
y’ ! 0 -  shell [5]. Unfortunately, the number of 

decay via K-capture, and have appropriate 1 I 1 1 t I I I 

’ / ‘% 

n = 2  3 4 5 2 3 L 5 

Thus, systematic studies of excitation-dependent line profile changes await application of third 
generation sources combined with monochromatic excitation, and high resolution spectroscopy 
of fluorescent spectra. For this purpose, the primary beam need not be prepared with very high 
resolution, a decided advantage for the emission spectroscopy. On the other hand, there are 
effects, which we do not address here, to be expected in the case that both input and output 
instrumentation have narrow passbands. We understand that such experiments are 
contemplated for the APS program [6] .  

4. Why does any of this matter, and, if so, to whom does it matter? 

One reason for undertaking threshold studies of emission profiles arises from the widely felt 
need to improve transition energy compilations, generally referred to as the x-ray wavelength 
tables. We briefly indicate the nature of the problem, comment on its origin, and and describe 
one current effort which attempts to address this rather practical need. The presently available 



databases for x-ray transition energies (wavelengths) are mainly based on the remarkable 
empirical compilation carried out by the late Prof. J. A. Bearden and his collaborators in the 
years before 1960 [7]. At the time of this work, there were no studies available of the possible 
effects of ne& threshold excitation. As was, and remains, the customary anzatz, it was assumed 
that high energy (say twice threshold) electron excitation produces spectra largely independent 
of the precise excitation energy and, indeed, closely resembling the profiles from fluorescent 
excitation with large excess energies. For an empirical peak location database intended for use as 
a compilation of markers permitting calibration transfers to other experiments, for example ' 
hydrogenlike heavy ions or exotic atom spectra, for chemical analysis, and crystallography, this 
was an effective and useful convention. 

Several developments over the past 35 years suggest that these issues need to be revisited. 
First, the Bearden database has problems including: missing elements and lines, occasional mis- 
identifications, and line locations which are mis-ordered with respect to absorption thresholds 
(leading to problems in automated fluorescence analysis). Also the wavelength scale does not 
reflect the now available linkage to the basic lengtldfiequency standard; this issue could be 
trivially resolved were the tables complete, consistent, and had adequate precision. 
Unfortunately, the tables are not complete, they depend in a number of cases on photographic 
measurements made prior to 1930, and, 
with few exceptions, have technically 
dominated uncertainties significantly 
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larger than the natural limits, and contain 
internal inconsistencies. Because of these 
known problems, there have been 
continuing requests from various user 
communities for a new compendium. If 
such an effort is to be undertaken, how 
should it be structured? 

Clearly a simple reprise of a totally 
empirical tabulation is out of the question 
economically, and, since rather few new 
measurements have been made since the 
fifties, would depend on much of the 
same relatively poor source data which 
Bearden confronted. Fortunately, there 
has been much progress On the 
side, and, for a collection of specific 
reasons, a number of lines have been accurately remeasured. Though relatively sparsely 
distributed across the periodic table, the coverage is fairly broad, roughly from A1 to U [8,9]. 
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Figure 4. Convergence of theoretical calculations toward 
experimental results for the Xe K a  doublet with inclusion of 

progressively more subtle physical processes. 

At the same time, theoretical progress has been remarkable as was recently summarized by 
Indelicato and Lindroth [lo]. The present, highly sophisticated and effective theoretical 
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situation derives from the work of many contributors both on fundamental questions, QED and 
all that, and on advances in 
computational methods. A 
sense of the leyel of 

fiom Fig. 4, where the 
inclusion of various high 4- alpha1 I 
order corrections is seen to 
lead to convergence to a 
particular experimental _ .......? 
transition energy within a 
fiaction of 1 eV. Another 
way of appreciating the I- 
present situation is shown in 
Fig. 5 where data for one 
transition are compared with 20 40 60 a0 
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range in nuclear charge [11]. Figure 5. The current status of a comparison between parameter-fiee theory and 
' experiment for selected elements over the indicated Z range (Indelicato). 

It therefore seems appropriate to aim for a semi-empirical tabulation, with the theoretical 
machinery, well anchored to the selected experimental data set, providing most of the numerical 
entries. So what is the problem? First, there is the problem of success. The degree of general 
agreement between theory and experiment is embarassingly good, considering that the 
discrepancies are at or below the levels of difficulty to be expected fiom the discussion above 
for satellite driven offsets and profile changes. While it is, in principle, possible to compute the 
satellite effects (albeit in model dependent ways), the associated theoretical efforts appear 
prohibitively expensive in both human and financial terms and, besides, would degrade the 
fundamental accuracies available both experimentally and theoretically. What are needed, we 
suggest, are carefully selected studies using monochromatized SR to delineate the excitation 
dependence of emission spectra beginning near threshold and extending to energies at which 
spectral profiles stabilize. The first group of elements should be chosen to simply span the high 
Z region with attention to possible shell-filling sensitivities. The next cases to consider are 
those where there are appreciable discrepancies between theory and experiment with a view to 
ascertaining the extent to which line positions may be influenced by nearly degenerate satellites. 

Successful production of a new and useful database thus is seen to depend on securing the 
cooperation of some experimental group with access to a facility such as APS, an interest in 
basic atomic physics, and a willirigness to undertake some systematic measurements for the 
benefit of the broad communities 'which continue to express their need for an improved, unified 
database. 

Post-atomic applications 



While there are numerous interesting paths beckonning at APS; even in what might be 
considered core issues of atomic physics, we felt it important to look beyond these to some 
directions whose pursuit would commend the interest of larger communities. Perhaps one way 
of framing what is in some respects a nascent thought is to consider the pervasiveness of the 
structure-hction paradigm in materials science, synthetic chemistry, and molecular biology. 
While x-rays play a big and well appreciated role here, it is primarily in crystallography, 
wherein atomic processes are, at best, acknowledged in the structure factors which contribute to 
the analysis, albeit in a small way. One notes that the overwhelming majority of the great 
edifice of contemporary crystallography is oriented solely to the study of elastic scattering. We 
find it interesting to consider looking beyond elastic scattering for improved probes of both local 
and global structures and note that several inelastic structure probes are already in use. We offer 
for consideration one particular synthesis of the existing non-elastic probes which is enabled by 
third generation SR facilities such as APS. 

Among inelastic probes of structure, characterization of the local environment around an 
absorbing atom, as currently described by acronyms such as EXAFS, XANES, etc., has reached 
a late stage of formal development, application and codification [12]. Perhaps the single most 
significant advance among current non-elastic structure probes is the Diffraction Anomalous 
Fine Structure (DAFS) methodology [13]. In this work, one choses certain (hkl) reflections 
where atoms at some sites contribute to the crystal structure factor with different weights. 
Then, by exploiting the dispersion-relation connection between the real and imaginary parts of 
the structure factor, one is able to produce the EXAFS pattern for non-equivalent sites of the 
same chemical atom, a remarkable and suggestive result. 

A second inelastic modality for structure investigation, developed primarily for localization of 
adatoms on surfaces, embodies what are called standing wave methods. These studies exploit 
the fact that, as one scans through a Bragg reflection from a crystal, there is a standing wave 
pattern whose field maxima (anti-nodes) move through the lattice, and into the space beyond its 
boundary. Fluorescent radiation from adatoms responds to this positional probe allowing 
excellent location of atoms on surfaces relative to the underlying lattice, and detection of crystal 
structure changes near surfaces. Although originally demonstrated by using characteristic x-ray 
lines and reflections from highly perfect crystals, wavelength tunability at second generation SR 
sources permitted its generalization, through 90 degree backscattering geome.try, to highly 
imperfect specimens [14]. Subsequently, the same physics has been used for planes inclined to 
the surface and for multilayer structures at small angles. Prescinding from the details, the 
physical point is that as one tunes through any Bragg reflection, standing wave patterns move 
through the unit cell of the target, obviously in different directions for different (hkl) reflections. 
Any constituent of that unit cell will respond, for example by fluorescence or Auger emission, 
to the moving local field's intensity maxima. 

Up to the present, x-ray energies for standing wave experiments were either chosen for their 
availability (and in some cases that they should exceed some absorption threshold) or that they 
should lead to 90 degree Bragg reflection. With high intensities at high energies as offered by 
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APS, it becomes possible to think in less restrictive framework. One notes that high energies 
correspond to large volumes in the reciprocal space of crystal lattices (big radii for the Ewald 
sphere). One choice for these probe energies might be that they should be near an absorption 
threshold for a particular structural constituent. By crystal re-orientation it is possible to reach 
many reciprocal lattice positions or (hkI) reflections. Just as in the case of DAFS, some of these 
reflections contain different contributions from inequivalent sites for the same atom, and, 
correspondingly, the interior fields have patterns which have different spatial distributions of 
their antinodes, These changes will appear in the fluorescent radiation and Auger emission from 
each of the constituent species. 

Conclusion. 

Although structural investigations separated themselves from x-ray physics at the time of W. H. 
Bragg and W. L. Bragg (before WW-I), and they have largely remained separated with exceptions 
such as those noted above, we feel that the advent of third generation sources invites 
consideration of, if not a remarriage, then at least a renewed consideration of the interaction of 
physical processes with structural geometry. One challenge for the atomic phyisicists is to 
formulate and demonstrate these possibilities, since, as surely as we are novices in 
contemporary crystallography, the crystallographers are frequently innocent of atomic inner- 
shell physics. A very real, though unstated, implication of our suggestion is that the inelastic 
route offers a generally. valid approach to the “phase problem” which remains a big part of 
crystallography in non-trivial systems. It is by no means obvious that this solves the phase 
problem, but, in our opinion, there should be an interest to understand the extent to which it 
contributes to such a solution. Clearly, this process must be developed through studies of 
‘workbook‘ problems toward real applications. The rewards of such an effort may be great. 
The class of conventiently soluble structures should increase noticeably as a consequence. 
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Abstract 

The photoabsorption spectra near the K edge have been measured for gases, 

liquid, and solid targets using the synchrotron radiation. For rare gas, evident 

features due to multielectron transitions have been observed and interpreted 

as shakeup process accompanying a core hole created by photoabsorption. In 

the case of liquids and solids, the EXAFS oscillations extend to the energy 

region of interest and mask the weak spectra due to multielectron transitions. 

However, it is found that with proper treatments of experimental data the 

structural signals are subtracted and the features corresponding to multielec- 

tron transitions can be identified. 

Typeset using R E V W  

103 



I. INTRODUCTION 

The pliotoalxorption spectra in a.tonis and molecules have been extensively studied for 

long period since early days of x-ray spectroscopy. Recently studies on these spectra in the 
I 

energy region near absorption edges have a special interest as the XANES (x-ray absorption 

near-edge structures) and the EXAFS (extended x-ray absorption fine structures) to obtain 

structural iiiforination of materials [I]. 

The x-ray absorption process has usually been interpreted within the framework of a 

single-electron scheme, in which other electrons remain in their original states. However, it 

is well known that multielectron transition processes are present in x-ray absorption spectra. 

Experimental evidence for such transitions has been established by observing satellite pealcs 

or continua in the lower-energy side of the main photoelectron peak [2], satellite peaks in the 

subsequent Auger spectra [3], satellite or hypersatellite peaks in the x-ray emission spectra 

[4], and tlie discontinuities in the x-ray absorption spectra [5]. 

Since photoabsorption is the so-called soft collision, these multielectron excitation pro- 

cesses acconipanying a single-photon absorption is considered to  take place by the rearrange- 

ment of electron cort6ge during an inner-shell vacancy production by photon. The sudden 

creation of an inner-shell vacancy causes a change in the central potential of atoms and 

electrons in the same atom have a small probability to be excited to  an unoccupied bound 

state (shakeup) or ejected into the continuum (shakeoft). Armen et al. (31, Ito et al. [GI, and 

Schaphorst et al. [7] pointed out that the shakeup probability has a sharp threshold onset, 

while the shakeoff probability increases graclually as a function of incident photon energy. 

This energy dependence suggests that  the inultielectron transition edges observed in x-ray 

absorption spectra are mainly due to the shakeup process. 

Although the slialce probability in inner-shell photoabsorption is small, the existence of 

double vacancies was detected. in x-ray absorption spectra of rare gases [SI. With the recent 

advent of synchrotron radiation facility, tlie niultielectron transition process in pliotoab- 

sorption 11% been extensively studied for gases, liquids, and solids [5,9,10]. However, it was 
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pointed out by Iiodre e t  al. (51 and Frahm et  al. [11] that for solid targets the presence of the 

EXAFS oscillation masks small signals in .the energy region where the multielectron tran- 

sitions occur and makes it difficult to observe multielectron transitions in x-ray absorption 

spectra. In addition, Crasemann [9] pointed out that weak signals such as those from the 

inultielectron transitions are readily confused with extraneous effects. 

It is interesting to study the multielectron transition processes in x-ray absorption spectra 

for gas, liquid, and solid targets. We have measured the x-ray absorption spectra of ICr gas, 

Ni aiid 211 metal, and Br- in organic solvents in the near-IC-edge region using synchrotron 

radiation. From the experimental results, the information of multielectron transitions was 

extracted and compared with the theoretical estimations. The theoretical prediction for the 

energies of multiple vacancies in atoms were made with the Dirac-Fock (DF) method [12]. 

The shalceup and shakeoff probabilities were calculated within the framework of the sudden 

approximation using the Hartree-Focl-Slater (HFS) wave functions [13]. 
, 

rr. EXPERIMENTAL PROCEDURES 

The absorption spectra were measured at the beam lines BL-GB and BL-10 of the Pho- 

ton Factory Ring in National Laboratory for High ,Energy Physics (KEK). The ring was 

operated with 2.5 GeV positrons at a circular current of 260-360 mA. The radiation was 

monochromatized with a Si(ll1) or Si(311) crystal and the calculated resolution was about 

3 eV at the I{ edge of Kr and Br and less than 1 eV for Ni and Zn. The absorption spectra .. 
were ineasured with two ionization chambers placed before and after the sample chamber. 

The contributions from higher harmonics were negligible due to the critical energy of the 

synchrotron radiation spectrum. We also confirmed that there are no spurious features due 

to the monochromator (glitches or multiple reflection) in x-ray absorption spectra. 
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111. RESULTS AND DISCUSSION 

A. Gas 

For monoatomic gases such as Kr,- there is no oscillatory absorption structures like the 

EXAFS and it is easy to identify the multielectron transitions in x-ray absorption spectra 

near the IC edge [7,14,15]. 

In Fig. 1, the measured photoabsorption cross sections of I<r [6] is shown as a function 

of photon energy and compared with the theoretical values for the single-electron processes 

(photoelectric effect, coherent and incoherent scattering) [16]. In the high-energy region, the 

present results are smooth and the ratio of the measured cross sections to the theoretical 

values of McMaster et al. [M] for the single-electron transitions is almost constant. On 

the other hand, there exist several edges in the energy region less than 250 eV from the IC 

absorption edge. The existence of the multielectron transitions is more clearly demonstrated 

in Fig, 2. This spectrum was measured in the additional run with more limited energy region. 

The assignments and energies of measured edges are summarized in Table I. The theo- 

retical values of the energies for multiple vacancies were calculated as the difference in the 

total energies between the ground state and the state with multiple vacancies using the 

DF method [12]. The shakeup and shakeoff probahilities were obtained with the HFS wave, 

functions [13]. First, the shalieup-plus-shakeoff probability [17] was calculated in the manner 

similar to the method of Carlson and Nestor [18] and then the shakeup probabilities to var- 

ious Rydberg states were evaluated. The shakeoff probability was obtained by subtracting 

the sum of shakeup probabilities froin the slial~eup-plus-shakeoff probability [19]. 

The measured energies for the [ls3p], [ls3d], and [1s4p] edges are in good agreement with 

the previous values [7,14,15], where [Isizl] means the state with vacancies in the Is and nl 

orbitals. However, the measured values are systeniatically smaller than the calculated ones 

for the shakeoff process. It should be noted that the shakeup process plays an important role 

for the absorption edges, but in this case the threshold energies depend on the final-state 
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configuration of the atom. It was already pointed out [19] that the dominant contribution 

to the total shakeup probability, about SO%, conies from the lowest possible Rydberg state. 

When we approximate the threshold energy of the shakeup process as that to the state with 

largest prol)abiIity, i.e. for exainple [ls4p] incans [ls4p]Sp, the measured energies are in good 

agreement with the calculated ones for the shakeup process. This is also the evidence that 

the niultielectron transition in the x-ray absorption spectra are due to  the shakeup process. 

The calculated shalceup and'shakeoff probabilities I191 are compared with the experimen- 

tal values. It can be seen that the shdceoff process is dominant in the inner shells, while the 

shalieup process becomes more important for outer shells. The present experimental results 

are smaller than the shakeup-plus-shakeoff probabilities [17,18], but in better agreement with 

the shalieup probabilities. However, there still remains a factor-of-two difference between 

theory and experiment. This discrepalicy can be ascribed to (1) the error of subtracting the 

single-ionization background and (2) the use of sudden approximation, which is valid only 

for high-energy photons. 

In additioii to the absorption edges reported previously, we found a new edge between 

the [ls3d] and (ls3p] edges, as shown in Fig. 2. Considering the energy and the shakeup 

probability, we assigned this edge as a three-electron transition [ls3d4p]. It is also clear from 

the table that the detection limit of our experiment for multielectron transitions is 5 x 

Recently we have also observed the multielectron transitions near i; edges in Xe gas in the 

similar inethod [2O]. 

B. Solid 

In the case of solid samples, some evidence for inultielectroii transitions has been reported 

by the use of x-ray tubes (211. However, the statistical accuracy in these old experiments 

was not enough and the existence of the EXAFS was not taken into consideration. Recently 

Deutsch et  al. [22] observed the multielectron transitions in photoabsorption spectra of Co 

and Ni with synchrotron radiation. They inentioiied that the EXAFS signals coinpletely 
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mask the KM edges and oiily the I<L edges could be detected. 

.We measured the near-IC-edge absorption spectra of Ni and Zn metals at room temper- 

ature and 28 I<. Figure 3 shows the a typical example of Ni spectrum at 28 I<. The expected 

energies for the ICL excitation are about 9.3 keV ancl those for the I<M transitions are less 

than 8.5 keV. It is clear that the absorption edges corresponding to  the K M  transitions are 

completely masked by the EXAFS oscillations. In order to study the I<& region in more 

detail, the experimental data were analyzed with the standard EXAFS techniques. The EX- 

AFS amplitudes, x, for Ni are plotted-against wave number I ;  of the ejected photoelectron. 

The energy region correspoiiding to Ir'L transitions are indicated by the box in Fig. 4 and 

shown in more detail in Fig. 5. It can be seen that the EXAFS oscillations extend into the 

energy region where the ICL transitions are expected. Considering the small values for the 

shakeup probabilities [19], the observation of niultielectron transitions in x-ray absorption 

spectra for solids is very difficult, unless the contributions from the EXAFS are reduced or 

removed. 

C. Liquid 

For liquid samples, there is the EXAFS oscillation in x-ray absorption spectra, but 

the EXAFS in solution is dominated by a simple coordinate bond and can be modeled 

and removed from the measured absorption spectra. This fact makes aqueous solutions 

favoralile to study the multielectron transition processes in x-ray absorption spectra when 

structural signals froin the surrounding atonis are present. Kodre et al. I231 studied the 

x-ray absorption spectra near the L-shell edges for wueous solutions of Xe-like ions Cs+, 

Ba2+, ancl La3+ and observed double-electron transition processes with the presence of the 

EXAFS. 

We measured the x-ray absorption spectra of Br- in organic solvents for the energy 

region near the Br I< edge [24]. Two kiuds of samples were used: propylene carbonate 

solution of tetra-t-n.-octylztlnxiioiiiuni (NBr) and ethanol solution of EuBr3 (EuBr). In Fig. 6, 



tlie measured photoabsorption spectrum of Br- in NBr is shown. In the figure two edges 

assigned to be [ls3d] and [ls3p] transitions can be seen together with tlie EXAFS oscillations. 

In order to subtract the contributions from the EXAFS, the experimental data were 

converted to the EXAFS function ~ ( k )  as a function of the photoelectron wave number I C .  

The experimental spectrum ~ ( b )  was fitted to the theoretical model function. Figure 7 shows 

the experimental data after background subtraction by the dotted curve and the theoretical 

fitting is represented by tlie solid curve. Tlie subtraction of the EXAFS oscillations was 

performed by subtracting tlie theoretically modeled function from the experimental data. 

The obtained spectruiii is sliown in Fig. 8. The niultielectron transition edges are indicated 

by arrows. 

The assignments and energies of various edges are listed in Table 11. Theoretical values 

for the energies of ions with multiple vacancies are the values for the shakeup process, Le. 

[ls4p] means the value for [ls4pJ5p, and calculated in the manner similar to the case for I<r 

with the DF method [12]. The calculations for tlie shakeup and shakeoff probabilities were 

made with tlie same method as that used for Kr. 'The theoretical values for energies and 

the shakeup probabilities are in good agreement with the measured ones. 

Tlie [ls3p], [ls3d], and [ls4p] edges for Br have already been observed by D'Angelo e t  

al. [25] for gaseous HBr and Br2. The present energies for these edges agree well with their 

values. In addition to these edges, we observed two new absorption edges between [1s4sJ and 

[1s3cl] and between ( 1 ~ 3 4  and [ls3p] edges. From the energies a d  the calculated shakeup 

probabilities, they were identified as three-electron transitions [ls4s4p] and [ls3d4p]. 

Tlie present results indicate that for samples other than rare gases the subtraction of 

the EXAFS sigiials is essential to observe the multielectron transitions in photoabsorption. 

Recently various techniques for this purpose have been developed. Li et  al. 126) used the pro- 

cedure to estimate the EXAFS background precisely and after subtracting the background 

the E,XAFS oscillatioiis were 'sub tractecl by fitting and Fourier-transformat ion techniques. 

From tlie experiniental data including tlie EXAFS, they succeeded to identify niultielectron 

traiisitions in crystalline samples of RbBr and P-Pb02. D'Angelo et  al. [25] proposed an 



alternative procedure and applied it to the double-electron excitation in gaseous HBr and 

Brz. 

Very recently D’Angelo et  al. [27] observed the multielectron transitions at the Sr K edge 

in a Sr2+ aqueous solution. Conibining the results of the niolecular dynamics simulations 

with the theoretical model for the EXAFS function, they showed that the double-electron 

transitions in x-ray alisorption spectra have influence on the determination of the structural 

parameters of materials. This fact means that it is important to extract the spectra of 

the multielectron transitions in photoabsorption and eliminate them in the EXAFS data 

analysis. 

IV. CONCLUSION 

In x-ray absorption spectra, there exist the multielectron transition processes and they 

appear as the absorption edges. For rare gases such as Kr, these edges can be easily observed 

and considered mainly due to the shakeup process from their energies and the sharp onset 

of the cross sections. 

In the case of niolecules, liquids, and solids, the EXAFS ocillations mask the weak 

signals of multielectron transitions. However, by removing the EXAFS contributions with 

appropriate procedures, it is possible to identify the multielectron transitions even if the 

structural signals froiii the surrounding atoms are present. 

The inultielectron transitions have significant contributions to the background of the 

EXAFS. They introduce errors in the EXAFS analysis with a smooth background in the 

standard procedure. It is important to estimate the multielectron transition spectra and 

to subtract them from the experimental data. For this purpose, it is hoped that more 

experiinental and tlieoretical studies on the multielectron transitions in photoabsorption be 

p erforined. 
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FIG. 1. Photoabsorption cross sections for Kr gas (dotted upper curve). Solid lower curve 

represents the single-electron cross sections of McMaster et al. (Ref. 16). 
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FIG. 2. Photoabsorption cross sections for Kr gas in the energy region of the KM transitions. 
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TABLES 
TABLE I. Electron configurations, energy onsets and probabilities of mudtielectron transitions 

in the K shell photoioiiizatioii of Kr. The energies are given relative to the Kr K edge and the 

probabilities are expressed as the ratio to the single [Is] ionization. 

E (eV) . Probability (%) 

Configuration SO su Measured PSU” &Ob Measured 

[ls3s] 331 1.44(-2)‘ 1.97 

[1S3P1/21 263 1 
240 G.G0(-2) 1.05 

[ ls3d4pj 

254 J 
lG5 

123 125 1 
45 

246 255 1 
139 

114 llG I 
35 

141 

115 

30 

15 

5.88(-2) 

7.07( -1) 

1.02 

1.30( - 1) 

2.79 

8.28(-1) 

4.0( -1) 

8.31 4.67 4.0 PS4Pi 121 

WP3/21 26 

=Total shakeup probability. 

bShakeoff probability. 

T44(-2)  means 1.44 x 
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TABLE 11. Electroil configurations, energy oilsets and probabilities of midtielectron transitions 

in the K slicll photoionization of Br. The eiiergies are given relative to the Br K edge and the 

probabilities are expressed as the ratio to the single [Is] ionization. 

E (eV)= Probabilityb 

Coiifiguratioii Calculated NBr EuBr PSU" psod Measurede 

1.8(-1) PS3PI 204 205 203 1.45(-1)' 1.07 

[ ls3d4p] 120 155 153 8.27( -2) 1.20 (-1) 

[Is34 98 91 80 8.31(-1) 3.17 5.0(-1) 

[ls4s4p] 52 71 1.22 ( - 1) 3.24(-2) 

[ls4s] 32 39 38 1.23 8.61 (-1) 

17 17 16 9.95 3.77 W P l  

aExciiation energy to the lowest possible state, relative to Br K edge. 

bRelative to  the [Is] probability. 

CTotaI shakeup probability. 

dShakeoff probability. 

eData of NBr. 

'1.45(-1) means 1.45 x lo-'. 



120 



What Can One Learn About Atomic Physics and Quantum Dynamics 
from X-Ray Photoionization and Scattering? 

R. H. Pratt 
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1) Introduction 
2) The "new" effects 
3) How important are they? 
4) What do we learn from them? 
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Introduction 

I 

New synchrotrons offer the possibility of precision and detailed experiments at 
higher energy. 

In these regimes relativistic, retardation, and higher multipole effects matter. 

Two questions arise: 

(1) How important are these effects in various circumstances? 
(i.e., how observable, how necessary to calculate?) 

(2) What can one learn from them? about 
(a) atomic physics 
(b) the Coulomb interaction 
(c) nuclear physics 
(dl ? 

Here we will focus on (1) and (2a). 

We utilize IPA, but expect conclusions more general, though exceptions can 
always be constructed. 
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The "New" Effects 
(long known, observed, and calculated) 

the effects 
multipole and retardation E $Or = C 
relativistic 

V 
interaction in ii or F 
Dirac or Sch. Eq. - spin degrees 

kinematics 
negative energy solutions 

their dependences, on 
gauge H+H'  
form cfl0lb = cfl @li> 
("physical" arguments based on "dominant" regions in coordinate or momentum 
space) 

choices of observables 
energy and momentum, spin and polarization, excitation state of structures 
extent of inclusive/exclusive observation 
problem of soft photons 



estimates of magnitudes 
- -  
K r ,  V k ,  (zCZ)2 

Importance of the "New" Effects 

above 10 keV D&Q not sufficient, even 
for outer shells 

mechanisms, for 
suppression - with increased inclusivity 

enhancement 
~2 not K in totals, cancellation with relativistic effects 

Za not v/c with screening at dipole 0's (in distributions, Cij) 

photoeffect 
multipoles at low energy 
s states CY'S fail to show relativity 

scattering 
) use of nonrelativistic retarded distributions inelastic 

bremsstrahlung 
forward peaking of X-ray distributions 
extended validity of classical and nr spectrum 
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What do We Learn from the "New" Effects 

photo effec t (LaJohn) 
low energy, low multipoles 
high energy, all multipoles, but nuclear Coulombic 

(except bound state normalization) 
(small relativistic deviations) 

. do resulting atomic physics in -, Cij 
dQ 

resulting atomic physics in o 

Rayleigh scattering (LaJohn) 
for forward scattering, FF (MFF) and ASF 
ASF mainly determined from photoeffect o (and bd-bd transitions) 
so difference from FF characterized like photoeffect (but FF dominant at h. e.) 
for finite angles angle independent ASF fairly good (dependence now discussed by 
Bergstrom) 
so again FF and photoeffect story 

bremsstrahlung (Avdonina) 
soft y region of spectrum given by FF (except at low energy) 
hardy region of spectrum related to photoeffect 
so again expect to characterize by FF and low multipole screening 



How Atomic Processes Depend on Atomic Properties, Quantum Mechanics, Relativity 

I. Introduction 

II. From Simpler to More Sophisticated Descriptions 
A. Classical -+ quantum 
B. Nonrelativistic + relativistic 
C. 
D. Observables 

Atoms: Z r  -+ correlated many body 

III. The Standard Model 
(but how much of it is needed?) 

IV. Extended (unexpected) Situations of Simplicity 
A. for classical approaches 
B. for nonrelativistic (dipole) approaches 
C. for the atom as (Ur) potential 

V. Unexpected Situations of Complexity 
A. 
B. 
C. 

Multipoles in low energy photoeffect 
Relativity as determiner of chemical properties of elements 
Correlation effects in high energy processes (double ionization) 

VI. How Much Atomic Physics is There in Atomic Processes? 
A. Photoeffect 
B. Elastic photon scattering 
C. Bremsstrahlung 
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11. From Simpler to More Sophisticated Description 

A. Classical 3 quantum transition 
radiation: Maxwell, Hertz, Einstein 

electrons (particles): 
nonretarded + retarded: 1 3  $Or  

classical orbits, quantized orbits (Bohr) 
+ quantum states (Schrodinger, etc.) 

their interaction 
P 3 
- - e x  throughout, while meaning of 7 and change 

B. Nonrelativistic + relativistic 
change in kinematics 
inclusion of spin degrees of freedom 
change in Hamiltonian and its interaction term 

(inclusion of retardation) 

C. Atoms 
3 screened charge distribution p -I- V 

3 independent particle approximation (PA) states in V (maybe self-consistent) 
3 correlated many-body system 

D. Observables 
incident and emergent particles (normally momentum and polarization [spin] states) 
initial and final states of target 
inclusive and exclusive processes 
soft photon issues 
beam conditions 
environment of target 

isolated, molecule, cluster or solid, plasma 
external E and fields 



III. The Standard Model 

A. Quantum mechanics (nonrelativistic or sometimes, relativistic) 
+ IPA (independent particle approximation) in a self-consistent screened central potential 

B. Radiation interaction 
dipole or full multipole A - E or A - E eikor 
nr or relativistic 

(7 - eiTJ2or E (7 - e& 

C. Many-electron atom 
P A  orbitals 
or correlated system 

many-body perturbation theory from initial V 
R matrix approach 
configuration interaction (CI) approach 
multichannel quantum defect theory (QDT) approach 

D. But how much of the description is really needed? 
depends on the observables 

depends on the ranges observed 
(more or less inclusive) 
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IV. Extended (unexpected) Situations of Simplicity 

A. for classical approaches 
Coulomb scattering (Rutherford cross section) 
1/D (D = dimension) and 19 18 Chemists' atom (Langmuir) 
classical absorption and emission 

cross sections for photoeffect (Tolstikhin, Vinogradov) 
zeroes in cross sections 

classical bremsstrahlung (Kramers, Kogan) 

B. nonrelativistic (dipole) qm approaches 
nr photoeffect (understood from kinematics of relativistic retarded versus 

nonrelativistic dipole matrix element, chosen to correspond to not observing 
photoelectron ,angular distribution) 

also internal conversion (and Rayleigh scattering) 
similarly for bremsstrahlung spectrum 

C. the atom as Ze% potential, or extended charge distribution p(r), characterized by form 
factors f(q) - JeWr p(r) d3r 

interior processes (such as h.e. photoeffect), characterized by normalization 

screening (a1 of nuclear Coulomb predictions, where Y - Nry 
r+o 

(or N+ nr) 
form factors If l2 for electron and photon scattering 
bremsstrahlung as a combination of these situations 



cancellation of relativistic, retardation and higher multipole of 

relativistic kinematics 
nonrelativistic kinematics 

for a cross section, can sum over squares of radial integrals . 

Multipole dipole 

0 = 0  
0 = 0  O = 0, - 2Eb 
o = 0,2(1 k Pb) 

A = M, integral singular for k A - Pb = 0 
in dipole form reduce 1 to A = P, singular fork P - Pb = 0 
energy conservation Eb + 0 = E, and also 

E2 = 1 + P2 (relativistic), E = 1 + 1/2 P2 (nonrelativistic) 

Singularity structure 

A radial cross section ul - x( I independent functions) 

Amin for a radial cross section 

relativistic kinematics 
nonrelativistic kinematics 

multipole 
1 
K 

dipole 
K 

IIK 
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VI. How much atomic physics is there (generally) in atomic processes? 

A. Example of photoionization 
concept of "complete" experiment in dipole approximation 
the higher the energy, the more multipoles that contribute, but their behavior is also 

dipole information beyond Ze2/r generally significant, except for inner high-Z subshells 

at 1% level, in - and polarization correlations, often need quadrupole information 

increasingly nuclear point Coulombic 

do  
dL2 

beyond nuclear point Coulombic, occasionally octupole. For o occasionally 
need quadrupole information 

B. The case of elastic photon atom scattering 
form factor (or nonrel case modified form factor), including screening information 

plus anomalous scattering factors f + if I 

at all energies 

fairly angle independent outside nuclear Coulomb region 
f '  (0) - photoeffect, same statement as above 
f determined from f I through dispersion relation 

C. Bremsstrahlung 
in spectrum 

soft photon - elastic scattering + ff characterize 
hard photon (tip) - DRR (photoeffect) + low multipole characterization of 

nonnuclear parts (as in photoeffect) 
hence expect a combination as in Rayleigh scattering 
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Fig 1: Total cross section for photoionization of Uranium 3p1/2 sub- 

shell. The solid curve (-) represents a calculation based on a fully 

screened Dirac Slater potential. The remaining four curves are based 

on the nuclear Coulomb model: with normalization screening correc: 

tion. (._._._. ); dipole correction is added, (..... ): quadrupole added, 
(- - - -)I octupole added. (- - -) . The last two curves do not show 

or1 the graph because they are completely merged with the solid 

(:urve. This shows that multipole corrections beyond quadrupole 

are negligible. 

.. 
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Fig 2: Differential cross section (0 = 30°) for photoionization of Ura- 

nium 3 p I p  subshell. The solid curve (-) represents a calculation 

based on a fully screened Dirac Slater potentid. The remaining 

four curves are based on the nuclear Coulomb model, with nor- 

malization screening correction, (.-.-.-.); dipole correction is added, 

(.....); quadrupole added. ( -  - - -); octupole added. (- - -). The last 

curve does not show on the graph. because it is completely mergzd 

with the solid curve. This shows that multipole corrections beyond 

[ w t  iipoie are negligible. 
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Coincidence Studies on Atoms and Molecules 

Kiyoshi UEDA 
Research Institute for Scientific Measurements, Tohoku University, Sendai 980-77, Japan 

I discuss three different coincidence- techniques. The first one is the coinci- 
dence between the photoelectron and the fluorescent This is one of 
the approaches to the complete e-xperiment of atomic photoionization. The second 
one is the angle-resolved photoelectron-photoion coin~idence.~'~ This is a powerful 
tool to investigate molecular photoionization in the shape resonance region. The 
third one is the energy-resolved resonat-Auger-electron-energy-resolved photoion 
coi~cidence.~*~ This is a powerful tool to investigate molecular dissociation dynamics. 

1. Coincidelice between the photoelectron and the fluorescent photon 
The coincidence measurement between the angle resolved photoelectron and the 

polarization analyzed fluorescent photon' can be a new approach to the complete ex- 
periment of atomic photoionization. Its theoretical framework2 is quite similar to the 
one for photoelectron-Auger electron coin~idence.~ -But the coincidence between the 
photoelectron and the fluorescent photon is free from post-collision-interaction and 
this is an advantage from the viewpoint of the complete experiment. This method 
is effective also for resonant photo-emission of valence satellites in the innershell 
excitation region because these satellite states often emit fluorescence. 

For simplicity, we consider closed-shell atoms and characterize the intermediate 
state by the total angular momentum of the'vacancy J .  Then, the twofold cWerential 
cross section for the photoionization of the atom that emits a photoelectron e and 
a fluorescent photon y can be expressed as follows:2 

. 

where 

are the alignment tensors which describe the ionic state J produced by photoioniza- 
tion with the photoelectron detected in the direction ?le. Cpoo(J, J ;  iie) corresponds 
to the photoionization cross section, w7 is the fluorescence yield, Y2q(57) is the sec- 
ond rank spherical function, G7 determines the direction of the fluorescent photon 
emission, and CY: is the fluorescence decay anisotropy coescient. 

The photoion statistical tensors in equations (1) and (2) can be expressed as 

135 



photon beam (E 5 2), 

1 1 J jf 1 

k k' 
x { J j" 1 } (J(Z'5)j' : l~~D~~O)( J (Z"~) j "  : 1llDllO)' , (4) 

(J(Z'$)j' : 1JJDllO) are the dipole matrix elements of the photoionization, j',"' and 
Z', I" are the total and orbital angular momenta of the photoelectron, and the other 
symbols are defined in the usual We can use equations (1) - (4) in order 
to obtain information on the dipole amplitudes from the differential cross section 
measurement. 

Y 

Consider the fluorescence decay 4p 2P'/2 3 4s 2S1/2 of Ca'. Assume that the 
spin-orbit interaction is negligible and LS coupling is valid. Assume that the 
incident light is in the y direction, completely linearly polarized in the z direction 
(see Fig. 1). If we measure the linear polarization of the fluorescence in the x 
direction in coincidence with photoelectrons detected in the -x  direction, then the 
polarization should be 0.6 independent of the dipole amplitudes involved. We can 
use this arrangement to test the performance of OUT apparatus or alternatively to see 
if LS coupling is valid. If we measure the linear polarization in coincidence with the 
photoelectron in the -135 deg direction in the x - t plane, then the polarization 
should be expressed by' 

where 

27 - 6(R + 1)(4 + P )  
27 - 10(R + 1)(4 + P )  ' P, = ( 5 )  

is the photoelectron asymmetry parameter and R = I  D, l2  / I Dd 12, D, and Dd 
being dipole amplitudes and A being their phase difference. Thus, we can determine 
R and A from this coincidence measurement in combination with an independent 
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measurement of p.  This is what we did in our experiment.' But because we did not 
have completely polarized light, we had to use general e,xpressions which are much 
more complex. 

Perhaps one might consider that we do not need a coincidence experiment if 
LS coupling is valid. In principle it is true but we had another reason to use 
coincidence. In our experiment, the Ca 3p electron is excited to the unocupied 
3d orbital. This is the transition that has a huge oscillator strength due to the 
collapse of the 3d wavefunction. We are interested in the decay from this 3p hole 
state to the Cat 4p 2P3/z excited state. This autoionization takes place due to the 
second order Coulomb interaction. This state can be aligned and emit polarized 
fluorescence. By measuring the polarization of emitted photons, we can determine 
the alignment tensor of the Ca+ 4p 2P3/2 excited state. Note that we cannot correlate 
the alignment tensor to the dipole amplitudes unless the alignment is directly created 
via photoionization. Because the high-n excited states of Cafare simultaneousIy 
populated via the 3p 3 3d excitation, the alignment of the Ca+ 4p 2P3/2 excited 
state is affected by radiative cascades from the higher n levels. In order to remove 
the cascade effects, it is essential to do a coincidence measurement between the . 
photoelectron and the fluorescent photon. 

Figure 2 shows the experimental results.' The top spectrum is a partial cross 
section for the satellite line populating the 4p excited states: we did not resolve 
the two spin-orbit components in the electron spectrum. The second spectrum is 
a photoelectron /3 curve of this satellite line. The third and fourth spectra are the 
linear polarization P, of fluorescence (Ca+ 4p  2P3p + 4s 2S1/2) taken in coincidence 
with this photoelectron at -135 deg and at  -90 deg. If LS coupling is valid, the 
P, value should be about 0.6 for electron detection at -90 deg. As we can see, 
P, is about 0.6 only on top of the 3p + 3d resonance at 31.41 eV. From this we 
can conclude that the LS coupling is valid only at this particular energy, and there 
we can obtain the ratio of the dipole amplitudes and the phase difference from the 
measurements of P, and p.  

There is one problem to be solved. We do not know the degree of circular polar- 
ization of our incident light which may affect our analysis. To solve this ambiguity 
and furthermore to obtain the sign of the phase difference, we have made a circular 
dichroism s t ~ d y . ~  In our experimental geometry, the angular correlation between 
the photoelectron and the fluorescence photon can be expressed by 

We can rewrite this in the following form 

d 2 a  
dOedQZ, = A0 + A2 cos 28, + A4 cos 48, + B2 sin 2 0 , ~  I(  ee) , 

where Ao, Az, and -44 depend on the degree of h e a r  polarization SI whereas B2 
is proportional to the degree of circular polarization S3. Circular dichroism in the 
angular distribution of photoelectrons, which is determined as the difference in the 
intensities of photoelectrons ejected by right and left circularly polarized photons, 
can be expressed as 

I(tIe7 S3 = 1) - I(6e7 S3 = -1) = 2B2sin26, . (9) 
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Under the LS-coupling approximation, two photoelectron waves s and d contribute 
to the photoionization in the channel concerned, 

Here we have defined the phase A assuming positive amplitudes of the dipole mo- 
ments, Di =I Di I exp(i6i). Thus, we can determine the sign of the relative phase 
A = 6, - 6d from the observation of circular dichroism if we have a certain amount 
of circular polarization component S3 in the incident light and if we can change the 
sign of it. Indeed we succeeded to enhance the circular polarization component by 
masking the upper or lower half part of the beam3 That's how we obtained the 
data which shows circular dichroism as seen in Fig. 3. On top of the 3p + 3d 
resonance where LS coupling is valid, we measured the polarization of the fluo- 
rescence in coincidence with the photoelectron detected at -135 and 135 degs. By 
taking the average of these two measurements we have corrected any dependence 
on the circular polarization component S3 of the incident photon beam and from 
the averaged polarization we have determined the ratio of the dipole amplitudes 
I Ds I / I Dd I= 1.6 + 0.4, -0.2 and the absolute d u e  of the phase difference 
I A I= 44.2" + 2.0" - 2.5". Then we introduced incident light which has a definitely 
positive S3 component, then a definitely negative S3 component, and measured the 
change of the fluorescence polarization in coincidence with photoelectrons a t  135 
deg. We find that positive S3 gives a larger polarization than negative S3 as we 
can see in the figure. Thus, we concluded that the sign of the phase difference is 
positive. Note that the sign of the phase difference can be determined only by a 
circular dichroism study using circularly polarized light. 
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2. Angle-resolved photoelectron-photoion coincidence 
BF3 is a plane molecule that belongs to the D3h point group. In the B Is ab- 

sorption spectrum of BF3, we can see a broad absorption peak above the threshold. 
This is assigned to the shape resonance dominated by the parallel transition to 4e' 
in which the dipole moment is in the molecular plane. A well-known approach to 
investigate the shape resonance effect is the photoelectron angular distribution mea- 
surement. Figure 4 shows the results of the B ls photoelectron angular distribution 
measurement.l0 If there were no effects from the fluorine atoms, the asymmetry pa- 
rameter beta would be two for the p photoelectron wave. The measured p ,  however, 
goes to zero near the shape resonance. This is because of the scattering of the B 
1s photoelectron by the fluorine atoms. As a result of scattering the photoelectron 
wave now includes higher I components. 

i F'9.4. 
. PHOTON ENERGY (eV) 

An alternative approach to investigate shape resonances is angle-resolved pho- 
toelectron - photoion coincidence (ARPEPICO). Recently Shigemasa and others4*' 
developed this technique and applied it to diatomic molecules. Here we have ap- 
plied this technique to the plane molecule BF3.6 In ARPEPICO, energetic ions are 
detected in a direction parallel or perpendicular to the polarization vector of the 
incident light and the photoelectron angular distribution is measured in coincidence 
with the energetic ion. In this way we can measure the photoelectron angular distri- 
bution of a ked-in-space molecule. Note that, if the photoabsorption is dominated 
by the transition to just one unoccupied orbital, the photoelectron angular distribu- 
tion should reflect the electron density of this orbital. Therefore this method may 
allow us to.visualize molecular orbitals. 

The experiment has been done near the F 1s threshold, instead of the B 1s 
threshold, of BF3. Consider the case of the 4e' shape resonance of BFS. If the ion 
detector is in a direction parallel to the polarization vector, the 4eb orbital should 
be probed via ARPEPICO. In Fig. 5, we compare the polar plot of the ARPEPICO 
intensty with the contour plot of the electron density for the 4eL unoccupied orbital 
obtained by an SCF calculation. In the experimental data, we can see a kink at  about 
45 deg, as predicted by the calculation. We should, however, notice that only one 
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of the B-F bonds (two-fold axis) can be fixed in space and that the molecule can 
still rotate along this axis. Therefore, the measured angular distribution should in 
principle be compared with the calculation after integration, over the rotation dong 
the axis.  

In Fig. 6, we compare the ARPEPICO polar plot for the ion detector at. 90 
degree with the contour plot of the electron density for the 4e: unoccupied orbital. 
If there were no contribution fiom the perpendicular transition, we could directly 
see the electron density of the 4ek orbital in the molecular plane (z - y plane) via 
ARPEPICO. However, there is a corisiderable contribution from the perpendicular 
transition. The ARPEPICO signal shows a strong peak at  0 deg. This is due to the 
perpendicular transition component which has a ai ( p z )  symmetry. 

3. Resonance-Auger-electron-energy-resolved photoion coincidence 
The energy-selected-electron-energy-selected-photoion coincidence provides us 

with detailed information about dissociation dynamics. For this coincidence mea- 
surement we have used a parallel-plate analyzer for ion energy analysis and a small 
spherical sector analyzer for electron energy analy~is.~1* 

ION ENERGY SPECTRUM 
hV=205ev 
Bls 3 4 e '  11 

0 2 4 6 8 1 0 1 2  
KlNRlC ENERGY (eV) 

142 



We first consider the B 1s 3 4e' excitation. In Fig. 7, the top spectrum is 
the ion kinetic energy spectrum excited by photons at 205 eV which coincides with 
the B 1s 3 4e' excitation. This ion spectrum includes B+, F+, BF+, etc. We 
have measured times-of-flight (TOF) for energy selected ions passing through the 
analyzer by a coincidence measurement with B 1s photoelectrons. The TOF mass 
spectra thus obtained is shown in Fig. 7. The ions with a kinetic-energy of 1.5 eV 
include B+, F+, and BF+. The ions with a kinetic-energy of 6.5 eV on the other 
hand include only F+. 

Why is F+ more energetic than B+ ? BF3 is a plane molecule of D3h symmetry. 
When the B 1s electron is ionized, the BF,f ion is still in D3h plane symmetry. I€ the 
dissociation occurs within this molecular plane, B+ cannot be energetic because of 
obstruction by the three F atoms surrounding it. In other words, the energetic F+is 
ejected within the molecular plane. Note that we used this fact to fix the molecular 
plane in space inthe ARPEPICO experiment. 
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When the B 1s electron is excited to Za',' below the threshold, resonance Auger 
decay takes place. In order to apply the present electron-ion coincidence technique 
we have selected two groups of electrons: group I probes the resonance Auger final 
states above the double ionization threshold and group I1 probes the resonance 
Auger final states below the double ionization threshold (see Fig. 8). 

Figire 8 shows the TOF mass spectra of energy-selected ions taken in coincidence 
with resonance Auger electrons above the double ionization threshold and below 
the double ionization threshold. In both cases the low energy ions include B+ and 
F+ but the high energy ions include only B+. This is in sharp contrast with the 
fact that F+ is energetic at the 4e' shape resonance. Thus, we can expect that the 
mechnism to producfe energetic B+ comes predominantly €iom the initial excited 
state rather than the intermediate resonance Auger final state. 

Why is B+ more energetic than Ff ? According to an ab initio calculation based 
on the equivalent core model, core excited BF3 has pyramidal Csv geometry."' The 
-molecule starts to  deform just after the excitation of a B IS electron to the 2a: 
orbital. In other words, the out-of-plane vibrational mode can be highly excited. 
Once the B atom is out of plane there is no obstruction by the three F atoms. Thus, 
B+ can be energetic. 
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3 ID-C Inelastic Scattering Station 

Source 
Characteristics 

. . . _. .. 
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in Charge 
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Applications 
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Inelastic scattering to measure S(q,o) and elastic scattering to measure 
S( q) with narrow bandpass. 

Energy resolution: meVto eV 

Period 2.7 
ICmax (@ 10.5 mm gap) 1.69 

Normal incidence 232 
peak power density 
Maximum power on crystal 3.4 
(@ 10.5 mmgap) 

Energy range 7-30 

cm 

keV 
Wlmm2 

kW 

F O C U S S ~ ~  type - Double groove horizontal & at 34.5 m 
vertical focusing, and 
collimating mirror 

Monochromator Liquid Gallium cooled, at 29 m 
double crystal 

Experiment Station . at52m 
Beam size at sample 1.3 x 3.0 (unfocussed) mm2 - 

10-7 - 10-4 (=I Resolution 
Flux at sample ioio - 10 14 Photons /(s-eV) 

Detectors 
CdZnTe p-i-n detector, Si avalanche photodiodes detectors, Si p-i-n I detector 

High energy resolution monochromators , diced and undiced spherical 
analyzers, spectrometer with 3 m long two-theta arm. 
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3) 

S(q,o) as a function of temperature and pressure 

phonons: 

for q,o not accessible with neutron - scattering 

e.g. , fullerenes- undoped and doped , 3He 

At 13.84 keV 1010 photons/sec on sample in a bandwidth of 
6 meV focused to 1 q x 1 mm 

elementary electronic excitations: 

plasmons 
interband transitions 
zone bou.ndary collective excitations 
off-diagonal terms in E(~,o) 
nonresonant Raman scattering 
(resonant Raman scattering) 

e.g., tests of theory that go beyond RPA in high 2 materials, metal- 
insulator transitions, strict tests of band structure calculations. 

At 7.59 keV: 1012 photonskec on sample in a bandwidth of 0.1 eV 
focussed to 1 mm x 1 rnm 

S(q) measurements: 

structure factor measurements with very narrow 
bandwidth 

e.g., solid helium 
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SPHERICALLY - 
BENT ANALYZER 

MILL1 ELECTRON VOLT RESOLUTION INELASTIC SCAnERING SCHEMA 



NESTED (422) X (884) MONOCHROMATOR FOR 13.84 keV 

Bandpass = 5 meV 
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Outer crystal: 
Bra= reflection: 
B r a g  angle: 
Daminwidth: . 
w=-Y =&: 
An* of inci*m: 
Dynamicalbf8ctor: 
Divergence a#xpted: 
Divergence outgoing: 
Ideal Flux ratio: 

Inner crystal: 
* Bragg nflcction: 

Bragg angle: 
Darwin width: 
Asymm6-&: 
Angkof' - 
Divergenceaccep&k 
Divergence otsgohg 

Dynamic= 

(422) 
23.8 O 

-6.4 rnicrorad 
21.5' 
2.3" 
-11.5 
26.72 microrad 

. 1.53 microrad 
. 4.7 

(884) 
81.8" 
3.7 microrad 
60" 
21.8 O 

-1.7 
2.8 microtad 
4.8 micro& 

5.0 meV 
loo mv (beam w* off (884) face) 
2440 
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(422)x( 8 8 4) M 0 N 0. 
DlRECT BEAM 
FLAT BACKSCATTERING CRYSTAL 

Si(777) at 13.84 keV 
1000.0 I 1 1  1 I 1 1  1 1 1 1  1 1 . 1  1 - 

- 
- 

- 

OC 600.0 - 

- 
- 

* ¶ I  I l l  I l l 1  1 1 1 1 I I I l  

-1 0.0 -5.0 0.0 5.0 10.0 
ENERGY (mev) 6/10/96 
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Performance of spherically focusing Ge(444) backscattering anal-$ 
for inelastic x-ray scattering 

A. T. Macrander, V. I. Kushnir, and R. C. Blasdell 
Erperimental Faciliries Divkim ,-lm.Onced Photon Source, Argonne National Laboratory. 
.-\rgonnr. Illinois 60339 

1.Presented on 1s July 1994 

A spectrometer designed for use zs an undulator source and having targeted resolutions of 0.01 eV 
in one mode of use and 0.2 eV in another will operate at the APS. We report here on analyzers that 
we have constructed for use on this spectrometer for 0.2 eV resolution. We have tested them at 
KSLS beamline El using focused wiggler radiation and at the Cornel1 high energy synchrotron 
source (CHESS) using radiation from the CHESS-ANL undulator. Analyzers were constructed by - oluing and pressing 90-mm-dim (111) oriented Ge wafers into concave glass forms having a radius 
near 1 m. An overall inelastic scattering resolution of 0.3 eV using the (444) reflection was 
demonstrated at CHESS. Recent results at X21 revealed a useful diameter of 74 mm at an 87" B r a g  
angle. 0 1995 American Insximre of Physics. 
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I. INTRODUCTION 
Since the early 198O's, inelastic x-ray scattering (Txs) 

has been considered both a desirable and achievable investi- 
gative tool with which to attack some of the fundamental 
problems in condensed matter physics.'-' Unlike inelastic 
neutron scattering, IXS is almost completely unhampered by 
the kinematic constraints arising from conkmation of energy 
and momentum during the scattering pmess, and, unlike 
inelastic electron scattering, x rays penetrate the bulk snff i -  
ciently to rule out anomalies due to surface properties. How- 
ever, cross sections for IXS are extremely small (e.g.,  IO-^ 
cm2/eV for the doubk differential cross section of the PIS- 
mon in aluminum') which implies that synchrotron radiation 
sources should be employed to obtain useful data. With the 
advent of the APS: which is a third-generation synchrotron 
source, we expect that sufficiently great incident photon 
fluxes can be delivered and that spectra of inelastically scat- 
tered photons with reasonably good statistics for a wide 
range of samples can be obtained m scans lasting severat 
bours. 

The beamline optical layout will consist of a high-heat- 
load monochromator followed by a high-resolution mono- 
chromator. T h e  dif ise  scattering from a sample will be col- 
lected by a spherically focusing crystal analyzer. 

, l- 
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1 

Gc(SU1 k n t  to Im ndius.  . B n g g  angk I 90. 

t M'H.H I 0.0% eV 
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II. BACKSCATTERING 
Backscattering for the analyzer is a propitious geometry 

because (1) angular Danvin widths become very large, and 
(2) the derivative of the energy with respect to angle in 
Bragg's law goes to zero.' The consequence of (1) is that the 
angular acceptance of analyzers increases, and the conse-e 
quence of (2) is that the resolution becomes less dependent 
on angular divergence. Because of absorption in the sample, 
it is favorable to work at as high an energy as possible. 
Backscattering from silicon at higher energies occurs from 
high-order reflections [e.g.. (777)], which leads to resolutions 
of several meV. A spectrometer with a 3-m-long two-theta 
arm desigcd to employ high-order refl eaions from a silicon 
analyzer is under construction on sector 3 of the Synchrotron 

Radiation Instrumentation (SRI) Collaborative Access Team 
(cF;I? at the APS. A resolution of several meV Is useful €or 
the study of phonons. However, it is not needed for h e  study 
of electronic excitations and results in an unnecessary bad- 
pass collection penalty in that case. 

111. Ge(444) ANALYZER 

We have achieved a coarse energy resolution of several 
hundred meV by using a lowersrder re&aion [Le., (44e)3 
from an analyzer made of Ge with a fotusing distance of 1 
m. At this radius, neither the intrinsic energy width BOT the 
efficiency of a bent Ge wafer is significantly reduced com- 
pared to the unbent a e .  This is demonstrated in Fig 1 
which is the result of a dynamical diffraction simulation! A 
calculated analyzer resolution of 94 meV FWHM was ob- 
tained. Just as in the unbent case, the Danvin width in energy 
is almost independent of Bragg angle near backscattering. 

The most successful procedure we have found to con- 
struct an analyzer is (I) k t  prepare a two-component epoxy 
mixture by pumping the air out of tbe mixture in a bell jar, 

FIG. 1. Refleaitin. as calculated using a dynamicll matrix simulaIhn 
method. 
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Inelastic x-ray scattering spetra wert measured with inc$Icnt x mys having an energy near 8 keV foz a 
range of rnurnenturn &ansfen q extending from 0.70 to 2.0 A -'. We find spcctd fcanuu cosrrsponding to 
valence electron cxcitations. as well as Raman scattering comspondig to excitation from the 3 p  core states 
to ?be 3d valence statts of li. The s p e d  f e a m  corresponding to valence eleceon excitations k m rbe 
rcgime conventionally interpnttd as apulk plasmon together with inmband and interband tnnsitim. We 
c o m p  out data for Tic at q= 1.05 A with calculations for the dynamical dieleccic constant c(q.0) 
based on local-density theory. The agreement between the data and calculations permits us to interpret Eenain 
features in tbe spectra as Pising from band pansitions out of the stro~gly hybridized C 2p-Ti 3d  band. ?be 
energy loss p i k a  of tbc Rvnan scattering peak is indtpcndent of momcnrum aansfer for both Tic and 'Ii 
and lics at 48 eV for Ti. This value is above thc highest-lying x-ray ultraviok: absorption ruonancc for atomic 
li at 435 eV. This shift in tbe data to highcr energy -fer is consistent with electron encrgy IOU spectra and 
p h m i o n  results rtponed in the liuranue and indicates *at important physical pmcessc~ arc not encom- 
passed within existing tbcoretical approaches to x-ray Raman scattering. [SOl63-1829(95)o3425-X] 

PACS numkr(s): i8.70.Ck 7S30.H~. 78.30.-j 

L PrTRODUCTION 

Inckstic x-ray scattering @(S) spectra art a source of 
idonnation on tbe dynamics of electronic excitations.' With 
a bandpass ranging from 0.1 to I eV, IXS can be used to 
study both valence band and conduction band excitations as 
well as plasmons. In addition. x-ray Raman scattering in- 
volv* excitations OUK of core sates can be studied. Because 
the ktrinsic m g  cross section for x rays is ten orders of 
migxrimde d e r  than for electrons. the bulk properties of 
sampks can bt studied without interference from surface ef- 
fects as occ~ps in the case of electron energy ioss spectros- 
copy (EELS). Funbermore, hard x rays do not require the 
use of u ~ ~ - v x u u m  conditions. 
Because scattering rates are significantly reduced for 

heavily absorbing samples. IXS studies have been limited to 
materials with low atomic number. Be.= Lip' and AI?' as 
well as & i d  and C&.* have been studied. A detailed 
study of Si has also reccnrly ap'peared? In this work we have 
extended this List to include the elemental transition metal Ti. 
as wen g; &e binary material Tic. 

0163-1829/%154(1Y1(7)IS 10.00 54 

The rare combination of strong bonding and metallic con- 
ductivicy has attracted tkorctical attention to the ekctronic 
structure of Tic. Furthermore, tbe simple rocks& crystal 
structure has facilitated the calculation of the fuH diekctric 
constant ~ ( q , w )  using a full-potentiat linearized combii- 
tion of muffin-tin orbitals (LMTO).'o Here fiw and fiq are 
the energy and momentum lost by the x-ray photon upon 
scattering. A sum over the Brillouin zone is required to ob- 
tain the wave-vector- and frequency-depcdmt dielectric 
constant, and obtaining rhis sum is an involved procedure." 

Broadly speaking, we can divide the IXS processes that 
involve electronic excitations into two r r g I w s  of o. Plas- 
mons and valence band excitations occur at lower values, 
and inner shell excitations occur at higher values in the Ra- 
man regime. We report here spectral bands for both materials 
&at fall into the plasmon and band 'excitatio-6s reghe and 
are well accounted for by these cxcitatioris. In adation, there 
is for both materials a higher-lying specttal banti to which 
existing theoretical approaches to Raman scattering do not 
lend an explanation. 

1 Q i996 The American Physical Society 



II. E!CPERlrWihT.U, DET.4IL.S ASD RESULTS 

The IXS spectra were me@ at be= line X21 at the 
National Synchrotron Li&t Source. This Seam llne has a 
wiggler as a source and delivers 2 X 10'' photons per second 
in a bandwidth of about 0.7 et'." Crysral YlalyLen of in- 
creased collection efficiency have recently jeen constructed 
and were used for the present siudics. These analyzers were 
Si(33J) at 7.9 keV (Ref. 12) and G e ( U )  x 7.6 ~ c V . ' ~  Both 
of these were operated at Brag angles is the range 86"- 
87". The spectra were obtained by scanning the incident en- 
ergy with a fixed analyzer scning, i.e., at 3 fixed collection 
energy. We used a Ge solid-state detector to record the scat- 
tered photons. 

We made measurements on singk c r y s d t  of Tic and Ti, 
The Tic crystal had a large facet oriented 20" away from 
[I 1 I], and we inclined &e crystal by 20J KO p0S;tion ttre 
[I 111 direction along the scattering vectcr q. The Ti crystal 
w s  oriented 50 that q lay along [OO. I], i.t.. dong the c axis 
of the hexagonal structure. The raw spec?- for Tic and Ti 
are shown in Figs. 1 and 3, respcctively. T5c data are shown 
with low ordinate values of each specaum brought to tbe 
zero of the ordinate scale. The data were aormalized to the 
incident beam by using an ion chamber plwed in front of the 
sample. 

EL BASIC RELATIONS A\D LOC.-U-DEXSITY- 
APPROXIMATION C.ALCL'LATIONS 

Within the 6rst Born approximation. &e double differen- 
tial cross section is related to the dynamicd smcttue factor 
S(q,w) by the well-known reIationship" 
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where Awl and ?io2 are the energies of the incident and 
. scattered photons, respectively, and el and e2 are Mi polar- 
S o n  vectors.  be ~homson factor e2/mc2 is wriaen = 
tor is nlattd to the dielectric response function e(q.w) by 
the fiuctua~ion-dissipation 

the cla~dcal tlectron mdius. The dynamical suww fx -  

Here n is the electron density. 
There arc two approaches to the calculation of lla(q,cu) 

that have been applied to fitting to S( q, o) obtained by IXS? 
The fint approach starts with the jellium model. which re- 
duces tbe effect of the ion cores to that of a uniform positive 
b a c k g d  One proceeds by treating dx clecaonclecaon 
iELtcractions withii the random-phase-approximation 
(RPA).~ ~n .this way the following expression, which is 
known as Liidhard's longitudinal dielectric function,16 is ob 
mined: 

(3) 
Here E(p) and f ( E ( p ) )  are the single-panicle energy and 
Fermi occupational factor of the eigenstate having a m o m -  
turn p, and V, 4.;re2/q'R, with &noting the vol- 
ume. Corrections for elecaon-clectron interactions beyond 
the RPA, i.e.. for exchange and correlation, arc hen incor- 
porated via a local field factor" and by &e innoduction of a 
finite Wedme of the single-particle states.'' For small q. tbe 
Lindhard dielectric constant has a pole corresponding to a 
plasmon. Withiin the RPA &ere is IK) decay mechanism for 
the plasmon as long as energy and m~mtnturn conservation 
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a. lanice panmeet (A) 4.33 2.95 
c. lanice parmeter (A) 4.68 
Electrons in unit cell ' 32 8 
n, electron density (A-') 0.39j , 0.227 
wp . plasmon energy (eV) 23.3 17.7 
Q=. critical momentum (ti-') 1.09 098 

do not permit the creation of elecuon-hole pain. For q largcr 
than qc.  where qe is de6ned as the plasmon momentum 
consistent with the kinematic constmkts -mposed on 
electron-hole formation, the p l snon  can decay. Plasmon 
dispersion within the RPX is piven by" 

(4) 

3 

Herr is the Fermi velocity. vahtes for n. 

near 24 eV for Tic and near 19 eV for Ti corrrspand rclughly 
to the expected plasmon energy: Furthemrt, of dl k. q ' s  
investigated, tbe value of 1.05 A'' is closest to qe for bo.& 
Tic and Ti. For V ~ U Q S  d q larger than qc. &e di,sqe!!& 
plasmon excitation couples to the continuum of tkctmn-hqle 
excitations and sgecm in this region have beta intcrpteted 
'by including so-cdkd Fan0 resonances or an-? 
In addition, the plasmon comsponding to tbe next nciFocal 
~ , c e  vector may als~ be urcitedp  hes st two 
are expected to enter into a complete theortticaI dcscriptian 
of our data for q>qe. 

- q-1.05 A" at -12 and -50 eV that are not explained 
within the framework of the jellium model as we have out- 
lined is and the next logical step, the kcoxpatioit of baad 
sttuctun, is presented below. 

we applitd the EIxmrciCh-COben'O oxpressioa for b di- 
electric function given by 

and qc for Tic and Ti arc lisacd hTablr I- 
to rkedata, we see that the strang peaks 

ne= 9 clear peaks in the s(q. 0) Tic * at 

Hen r and s are band smcture indices. W: note that this is 
the first diagonal element of a more gencd dietectric matrix 
with se ar3te elements for q a r a t e  reciprocal lattice 

neglect of microscopic local field effects. Le., field effects 
due to the periodicity of the sakis Equation (5) derives fr~m 
self-consistent field t h e 0 9  and is quivdent tu the WAS 
Introduction of exchange. corrc~3.don. and lifetime effects is 
thought to be possible via the same techaiques as outlined 
above for the jellium model! although this is a IargeIy un- 
tested hypothesis. 

However, we have taken a different approach in which we 
evaluate Eq. (5) using wave functions and eigenvalues de- 
rived from local-density-functional theory." This approach 
incorporates lccal exchange via the potential of Ceperley and 
Alder.= Due in part to the simple rock salt structure of Tic, 
we have.been able to obtain the dielectric function for 
q = 1.05 A -'. The band sums werc pexfcrined over the one- 
electron valence and conduction bands in &e first Brillouin 
zone. Results for Im(8). Re(&). and Im(1I.s) are shown in 
Fig. 3. Invoking the fluctuation-dissipation theorem, we 
compare the calculated values for Im( I/&) to our data in Fig. 
4. Here we have convolved the raw cal,culucd results with a 
Gaussian resolution function having a full width at 
maximum 0 of 0.8 eV. n i s  value was measured by 
us for the FWHM of the elastic peak of a Plexiglas sample. 
The ordinate scale was obtained by app!>%g the f-sum rule 
to both our data and the*calculations. The ,=-sum rule is given 
by 

~ec tors .~  B Neglect of these other terms corrrsponds to the %I q=1.05 1/A ( 1  11) 

0 10 20 30 40 50 60 70 
Energy (eV) 



0.8 

-. 

A 
r 

> 
0)  
W 

A 

3 e v 

* rn 
0 
0 
P 

0.6 

0.4 

0.2 

0 

0 10 20 30 40 50 
ENERGY LOSS (eV) 

60 7'0 80 

168 



ENERGY (eV) 
33.4 k 0.1 

, 36.6 k 0.2 
38.9 k 0.1 
41.2 k 0.1 
43.5 k 0.2 

from: B.Sonntag and P.Z ie rmann ,  Rep. Prog. Phys. 55.91 1 (1992), Table 3. 
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RG. 9. S(q. o) for Ti. The ordinacc d e  ax abtlinad from the 
Ms daxa by apptYing &~~-SUUI rule t~ hp0in0 -. 
'Ibe Raman c m i  tohsFccaumis drc diflennrr kMeea 
tbe data shown as soEd circks and squares. 

A-' centered aw 33 eV, a value between the lowest two 
absorption resonances listed in Table II. W e  surmisc that this 
peak corresponds to chc actual o w  of &e 3 p  to 3d absop  
tion edge, but this conclusion must await funher theoretical 
developmenu. 

based on a one-elefuon picture and has yielded h e  Gulden 
m ~ e  relarionship*"j 

A theory of x-ray RXIBII s~atcr;n,O h~ been fomdatcd 

When analyzed within the dipole approximation and wben 
applied to an isotropic solid. one obtains 

.. 

where Q( w )  is the soft x-ray absorption aoss section If Eq. 
(10) applies, the Raman specrmm should have essentially the 
m e  shape as the absorption 

Our data do not reveal a clear absorption edge fdlowed 
by a plateau as was observed for x-ray Raman spectra &Li? 
This quditadve difference for our data casts suspicion 011 the 
approximations made in deriving Eq. (10). An analysis of the 
q dependence of our Ti data confirm3 the jnadequacy of &. 
(10) in describing our Raman results.' We applied the 
f-sum rule. which is derived from a panicle conservation 
~ondition.'~ to place the ordinate on an absolute scale for 
S(q,o) of the valence electron excitations. Following Na- 
gasawa. Mourikis. and Schdke?' the sum rule was applied 
after subtracting the Raman portion of the spectrum as 
shown in Fig. 9. The peak amplitude above the tail of the 
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FIG. \IO. Peak Raman concsibutiOa to S(q.0) plootd YS 4% m 
the tap pan of the f i p  andvs h(q) in tk boaan- 

valence elecaon exatations is p I d  as a function of q2 ir 
the upper p a d  &Fig. IO. We &rd that &e q2 dep~ndence 0: 
Eq. (10) docs not hold. We find instead a logarithmic &pen- 
d e n t ~  as shown in the lower panel of Fig. IO. Only tern* 
bat arc h i  order in q (e.g., quadrupole) an expectcc 
based on Eq. (9). and consequently we conclude that tbc 
above thaoFahcal * description does not apply to OUT experi 
mental mlu. 

v. s L . Y  .LxD CONCLUSIONS 

Inelastic x-ray scattering spectra for Tic and Ti are re 
ported. The spntra an infornative not only about valenc 
exciutions, bnt also about hi&-cncrgy loss excitations out c 
the 3 p  core stare of Ti. The valence excitations are corn 
pared 10 results of calculations madt using local-densits 
funclional theory, and we find that we can relate certai 
spectral features IO band tm&bns. The q dcpendence of th 
core excitation part of the sfecrrum disagfees with a onc 
electron theoretical descriprzOn applied to an isotropic solic 
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SUMMARY 

IXS with 10 meV resolution for phcmms 
IXS with 200 meV resolution’for dectranic excitations 

17 2 



STATUS OF SPRING-8 AND ATOMIC PHYSICS PROGRAM 

Mititaka Terasawa, Yohko Awaya* and Masaki Ohura* 
Himeji Institute of Technology, 21 67 Shosha, Himeji 671 -22, Japan 

"The lnstitutc c f l  Physical and Chemical Research(RIKEN), Wako, Saitama 351 -01, Japan 

I. Overview and Present Status of Spring-8 

The project of the SPring-8 (Super Photon Ring 8 Gev), 8-GeV synchrotron radiation 
facility in Japan, has been undertaken by the Japan Atomic Energy Research Institute (JASRI) 
and the Institute of Physical and Chemical Research (RIKEN). The facility consists of a 1-GeV 
linear accelerator, an 8-GeV synchrotron and an 8-GeV storage ring of circumference 1436 m. 
The emittance of electron/positron beams will be 5.6 nmrad and its intensity will be 100 mA in 
normal operation. Single and multiple bunch operation are also possible. The storage ring has 
thirty-eight straight sections for installation of insertion devices. One of the most noteworthy 
points of this facility is that there are four 30-m long straight sections among the standard ones 
whose length are 6 m. In addition to 38 insertion device beam lines, 23 bending magnet beam 
lines will be available for users. In addition to the standard beamlines of length 80-my several 
300-m beamlines including facilities for radioactive materials and three 1OOO-m beamlines will 
be constructed. 

The construction of this facility was started in 1990 in Harima Science Garden City, located 
about 100 km west of Osaka, and is now nearing the goal of the Phase-I. More than 95% of 
the total budget has been transferred to the SPring-8 project team. 

The program of Phase-I includes the following: completion of the construction of SPring-8 
facility, the commissioning of Spring-8, construction of ten beam lines for common use, 
construction of a building for the administration office and for researchers, part of 
accommodation for users, a cafeteria and so forth. The f o r d  end of the Phase I is scheduled 
to March 1988. 

A photograph of Spring-8 is shown in Fig. 1. The storage ring is Iocated 280-m above sea 
level on bed rock, and it encircles a hill whose summit is 345 m in height. The linear 
accelerator and the synchrotron are located 270-m above sea level and the synchrotron vault is 
under the ground and several rooms are constructed on it. Part of the accommodations and the 
office building for researchers are under the construction. 

Specifications of the Spring-8 are shown in Fig. 2 and the concept of the SPring-8 facility is 
shown in Fig. 3. The commissioning of the linear accelerator will be this autumn and that of 
the storage at the beginning of 1997. 



The development of insertion devices is also underway. A list of the light sources under 
construction are shown in Fig. 4. The construction of one of them, an in-vacuum undulator, 
has been finished and it  is currently being tested.[I] The photograph of this divice is shownin 
Fig. 5. The first harmonic radiation of this undulator covers the energy range from about 5 
keV to 18 keV, as shown in Fig. 6. 

The Beamline Advisory Committee decided on the first four beamlines includingtwo pilot 
ones in 1993 and six in 1995 from 28 proposals. The names of these ten beam lines, research 
projects, and their insertion devises are shown in Fig. 7. At least four beam lines among them 
will be ready at the time of commissioning of the storage ring, and the rest will be ready at the 
end of the Phase-I program at the latest. This committee also advised that these beam lines 
would be used not only by the groups listed in the Table 1 but also by other groups in order to 
get the experience for the beams of the Spring-8. About twenty scientific groups are preparing 
their experimental setups so that they can start their experiments in these ten pubIic beamIines. 
The Spring-8 facility is opened to the world. The Spring-8 Users Society was formally 
organized in 1993. The number of members is more than 920. 

, 

11. 1.5 GeV Storage Ring as Spring-8 Complex 

A 1.5 GeV storage ring named 'hew SUBARU" has been designed and the construction 
started this year at Laboratory of Advanced Science and Technology for Industry, Himeji 
Institute of Technology (LASTI/HIT). This project is supported by the local government: 
Hyogo prefecture. The new SUBARU will be completed by the end of fiscal year 1997 at the 
SPing-8 area, utilizing the 1 GeV LINAC of SPring-8 as an injector. SUBARU is a Japanese 
name expressing the Pleiades star-cluster. 

The intention of this facility is to develop the research work on new Iight sources and try to 
break the limits determined by damping and excitation as well as to promote industrial activities 
such as micro-machining of X-ray lithography and LIGA. 

The storage ring is designed as a race-track ring with the circumference of 118.42 m, being 
composed of 6 straight sections, of which two are 15 m long dispersion-free sections, and two 
4 m dispersion-free sections, and others are for electron injection and RF acceleration, as 
shown in Fig. 8. There are 12 bending magnets of 34-degree in each and 6 inverse bending 
magnets of 8-degree in each. The main parmeters of the ring are given in Table 1 .[2] 

-0.001 to +0.001 without large change of emittance and Twiss parameters. This gives the 
following benefits and opens new research field; e.g. (a) short pulse of synchrotron radiation 
by short bunches, (b) beam dynamics in an isochronous ring, (c) stable and reliable cotrol 

Introducing inverse bending magnets, a momentum compaction factor % can be varied from 
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because such a ring is very sensitive to any errors, (d) lower RF power and (e) experimental 
study on beam intensity at ap < 0. 

The long straight section can be'used to study the performance of a very long undulator which 
experience is expected to give a very useful guide-line for Spring-8 to realize 30 m long straight 
sections. There are also the possibilities to study new light sources using such as opticd 
klystron or laser-beam interaction. Beam cooling to break the limits given by damping and 
excitation will be investigated by improving particle beam optics with adding other focussing 
elements or by-pass. 

We are planning to have eight photon beamlines. Four of those are from the bending magnets 
and other four are from the insertion devices which are an optical klystron for free electron laser 
study, a 15-m long unduIator, a 4-m undulator and a multi-pole wiggler operating at liquid 
helium temperature. 
, Fig. 9 shows synchrotron radiation spectra obtainable at new SUBARU, being compared 
with the spectra from the SPring-8 and the sun. Radiation from the bending magnets can well 
cover the wavelength range of soft x-ray and vacuum ultra-violet radiation with critical energy 
of 2.33 keV. The undulator spectra A and B shown in Fig. 9 are obtainable from the unduIator 
with the period length & = 6.0 cm and the number of periods Np = 200 when electron beam 
energy is 1 .O GeV and 1.5 GeV, respectiveIy. The spectra C and D are obtainable by using the 
same undulator as the Spring-8, which has the parameters of h, = 2.4 cm and Np = 125, when 
the electron beam is 1.5 GeV; C and D are the 1st and 3rd harmonics, respectively. Moderately 
intense photon beam of energy of up to about 1 keV can be usable at new SUBARU. 

111. Atomic Physics Program 

The objective of the atomic physics program at Spring-8 is the study of the characteristics of 
atoms including singly charged ions, multiply charged ions, molecules and ionized molecules, 
as well as the study of dynamic interactions between atoms and photons. In particular, by 
exploiting the characteristics of SPring-8, we will study the following subjects ; (1) Dynamic 
processes accompanied by photoabsorption of ions, especially multiply charged ions, (2) 
Precise studies of inner-shell processes of heavy atoms (atomic number > 10) where electron 
correlation and reIativistic effects will be studied most intensively.[3,4] 

the R&D program by means of a collinear merged-beam technique in order to clarify the effect 
of removal of outer-shells electron on atomic characteristics. Recently, we have extended our 
R&D program to the photoabsorption studies of multiply charged ions and succeeded to 
measure the photoionization cross section of Xes' ions (q=1-3) as a function of photon energy 
in vacuum ultraviolet region.[8] 

We have been studying the photoionization processes of singly charged ions [3,5-71 as one of 
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In the initial studies of this program at Spring-8, we will intensively study the 
photoabsorption (photoexcitation and photoionization) of multiply charged ions and subsequent 
processes to clarify the structure of multiply charged ions along isoelectronic, isonuclear, and 
isoionic sequences. Development of the experimental apparatus for such studies is in progress. 

The outline of the apparatus is shown in Fig. IO. The ions, produced in a compact electron 
cyclotron resonance ion source (ECRIS), are accelerated by an extraction voltage of lOkV and 
are focused by an electrostatic lens system: The specific ionic species is selected by a double- 
focus 90' magnet with an orbital radius of 300mm. The ions are transported through a 
collimator consisting of a pair of orifices 2mm in diameter (lOOmm apart), then introduced into 
the interaction region which is 12cm in length. The beam of Aq+ ions (A is the atomic symboI 
and q the charge state) will be collinearly merged with the monochromatic photon beam in the 
interaction region and ionized by the photons. The interaction region is biased to a certain high 
voltage in order to distinguish the higher charge-state ions produced in this region from those 
produced in other regions which becomes "background". In this region, the beam properties of 
both ions and photons are desired to be as parallel as possible. The intensity of the primary 
ions is.expected to be higher than 100pnA/mm2. When an inner-shell electron of an Aq+ ion is 

ions are produced. These ions are accelerated by a high voltage applied to the 
interaction region and they have different energies according to their charge state (q+n). A 
cylindrical mirror analyzer equipped with a position sensitive detector is employed to analyze 
the charge state of the products. The intensive primary beam of Aq+ ions is detected by a ' 

Faraday cup. The intensity of the ions A (q+n)+ gives information about the dynamics of 
relaxation processes of excited As+ ions and the total photoabsorption cross section can be 
obtained fiom the summation of the A (q+n)+ ion yields. In order to determine absolute 
photoabsorption cross sections, the beam density overlap (form factor) should be measured 
throughout the interaction region. This will be done at three points dong the beam axis by using 
a couple of beam scanning devices. It will also be necessary to measure the absolute flux of the 
monochromatic photon beam using a specific photon monitor which is designed for the soft x- 
ray region. The background pressure downstream from the interaction region is required to be 
maintained to better than 5~1O-**Torr during the measurement in order to increase the signal to 
noise ratio, since the main part of the noise can be attributed to charge-exchange processes of 
primary ions with the residual gas. 

As a first trial, photoion-yield spectroscopic studies will be performed near the K absorption 
edge of multiply charged argon ions; that is, Ar2+, A?+ and so forth. A relatively intense be& 
can be provided for such low charge Arq+ ions. The count rate of this kind of experiment is 
d p F &  (counts/sec), where o is the photoionization cross section (cm ), f the photon flux 
(photons/sec), I the length of the interaction region (cm), p the target ion density (cmm3), F the 
form factor and E the detection efficiency. The photoionization cross sections of Arq+ ions 

excited by photons, it emits electron in autoionization processes and A (q+I)+ , A(q+2)+ , . . . . ., 

2 
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-20 2 (q=2-4) are expected to be -7.5~10 cm . The intensity of the charge-analyzed Ar2' beam is 
expected to be 20OpnA/mm . When.photon fluxes of l~lO~~photons/sec are achieved, count 
rates of -2Ocounts/sec are expected for the measurements mentioned above. In this estimate, 
the form factor and the detection efficiency were assumed to be 0.25 and 1, respectively, where 
values of 2mm$ and lmm$ were used for the sizes of ion and photon-beam. 

Autoionizing states in the photoexcited Arq+ ions will be surveyed by means of photoion- 

2 

yield spectroscopy. The branching ratio of the excited primary ions into each product charge 
state will be deduced from the observed spectrum, and the dynamics of relaxation processes 
will be discussed by considering the branching from the excited states of multiply charged ions 
as a function of incident photon energy. Systematic studies along an isoelectronic- and 
isonuclear-sequence will provide information on the changes in the characteristics and dynamics 
of multiply charged ions as the nuclear charge or ionicity is changed. The electronic structure 
of multiply charged ions will be also studied by comparing with theoretical results. 
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Figure captions 

Table 1 A list of "new SUBARU" storage ring parameters 

Fig. 1 Recent photograph of the SPring-8 cite 

Fig. 2 Specifications of the Spring-8 

Fig. 3 The concept of Spring-8 including 1.5 GeV storage ring proposed by Himeji Institute of 
Technology 

Fig. 4 A list of light sources under construction 

Fig. 5 The photograph of an in-vacuum planar undulator 

Fig. 6. Brilliance as a function of photon energy of an in-vacuum planar undulator 

Fig. 7 A list of Spring-8 public beamlines showing the names, research projects, insertion 
devices and so on 

Fig. 8 Itnew SUBARU" storage ring and beamline lattice structure 

Fig. 9 Spectral distribution of.tha radiations from "new SUBARU" bending magnets and 
undulators. For reference are shown SPring-8 spectra and the sun spectra. 

Fig. 10 The outline of the apparatus for a collinear marged-beam experiment 
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Figure  4 

Light Source Devices ( under construction ) 
Periodic Period Magnetic. Kmax E (1 st) Gmin PTmax Total 
Length Number Field (keV) mm kW Number 

Devices , 

(mm) (TI 

32 140 0.78 2.3 5.1 - 18 8 11.0 5 In-vacuum 
Undulator 
(Linear Polar.) 

In-vacuum, hybrid 
undulator 
(Linear Polar.) 

2.4 188 ' 0.9 2.0 8.3 - 24.0 5 14.7 1 

0 

Soft X-ray Helical 
Undulator 
(Circlar Polar.) 

*120 1 2 x 2  0.57 6.4 0.1 2 - 4.8 20 7.2 1 

Figure 8 type 
Undulator 
(linear Polar.) 

100 44 1.0 
0.25 

.20 1 

120 Elliptical Wiggler 
(Ellip. Polar.) 

37 By=l.l 
Bx=O. 1 * 

12.3 
1.1 

EC = 47 20 21.6 1 

In-vacuum Vertical 
Undulator 
(Vertical Polar.) 

37 40x2 0.45 1.55 7.4 - 15.7 8 2.4 1 

Bending Magnet 0.68 EC = 29 4 
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I 
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Spring-8 Public Beamlines 
Figure 7 

Scientific Source 8t X-ray Optical Ex pcri m en  tal Beamlinc Beamline 
Number Name Application Energy Range Elements Devices 

n1-41 XIJ 

BL25 SU 

BL08 W 

BL09 XU 

BL10 XU 

nl.39 X U  

BL27 SU 

BL02 D l  

nL04 n l  

BLO1 B1 

Bio-Crystallography 

Soft X-ray Spectro- 
scopy of Solid 

High Energy Inelastic 
Scattering 
Nuclear Resonance 
Scattering 

Extremely Dense State 

Physicochemical 
Analysis 

Sof t  X-ray Photo- 
chemistry 
Crystal Structure 
Analysis 

Iligh Temperature 
Research 

XAFS 

Protein Crystallography IV-u  DC Mono 
Small-Angle Scattering 9 -18 keV(1st) 

Spin Polarized Photoemission HU 
Circular Dichroism (CD) 0.5-3keV 
Magnetic CD 
Compton Scatteting (CS) EMPW 2D BCMono 
Spin Dependent CS 60-300 keV 1D BC Mono 
Time Domain Mossbauer IV-U DC Mono 
spectroscopy 5-15 keV( 1st) 
Nucl. Reson. S a .  Spectro. 
.Ultra-high Resolution Specuo. 
Structure Analysis under I V - u  DC Mono 
High Pressure 5-75 keV 
Time Resolved XAFS 

27 -54 keV (3rd) 
Grazing- Incidence 

X-ray magnetic Absorption IV-U DC Mono 
and Scattering 4 -20 keV 
X-ray Micro-Analysis 

Molecular Spectroscopy ' Figuer-8 U Grazing incidence 

Struvtual Phase Transition BM DC Mono 
High Resolution Powder 5-60 keV 
Diffraaion 
Critical Diffuse Scattering 
Structure of Expanded Fluids BM DC Mono 
Smctual Studies at Extremely 10-70 keV 
High temperature 

0.5-3 keV Grating Mono 

XAFS BM DC Mono 
3.5-90 keV 

K-cy.pe Gomiometer 
Full Automatic Diffraction Data Aqui- 
sition System 
2D Display Electron Energy Analyzer 

Multi-Eye Solid State X-ray Deteaoc 
Fast Flipping Superconducting Magnet 
High Precision Diffractometer . 

Ultra-High Pressure & Low 
Temperature X-ray Diffraction Sysem 
Cryostat for XAFS, High Density 
Multi -PHA, S,SD for X-rays 
X-ray Diffractmeter foc Magnetic 
D iffraction/Scsttering 
High-Energy-&-Spacial Resolution 
Trace Element Analysis System 
Photochemical Experimental System 

S e w  Axisis X-ray Diffracmmeter 

X-ray Diffractometa- 

XAFS 



New SUBARU Storage Ring, and Beamline Lattice Structure 

FEL V I Y Y Y  w --- 
Material Science Optical Crystron 

I'B" m e a n s  bending  magnet. 
Figure 8 
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Table 1 

Characteristics 

injector Spring - 8 1 GeV LINAC 
Energy 1.5- GeV 
Circumference 118.716 m 
Straght Sections 4 m X 4, 1 5 m  X 2 

EN 67 nm 
./y y 6.21 12.17 

- 0.001 -E 0.001 a P  
c . x /  E y -15 / -7 -131-13 

-I Long Straight Section (15 m for C-120m) 
2. Negative and Variable Q! 

Bending magnets 

Angle 34 - 8  deg 
# 12 6 
O B  1.91 - 0.45 m 
P 3.21 9 3.223 m 
critical y 2.33 keV, 0.53 nm 
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High-Resolution VUV Spectroscopy: New Results 
from the Advanced Light Source* 

Fred Schlachter and John Bozek 

Advanced Light Source 
Lawrence Berkeley National Laboratory 

Berkeley CA 94720 

Third-generation synchrotron light sources are providing photon beams of unprecedented 
brightness for researchers in atomic and molecular physics. Beamline 9.0.1, an undulator 
beamline at the Advanced Light Source (ALS), produces a beam in the vacuum-ultraviolet 
(VUV) region of the spectrum with exceptional flux and spectral resolution. Exciting new 
results from experiments in atomic and molecular VUV spectroscopy of doubly excited 
autoionizing states of helium, hollow lithium, and photoelectron spectroscopy of small 
molecules using Beamline 9.0.1 at the ALS are reported. 

Figure 1. The Advanced Light Source at Lawrence Berkeley National Laboratory produces America's 
brightest light in the ultraviolet through soft x-ray range. Researchers from around the world use this 
facility to conduct experiments in everything from materials science and protein crystallography to 
atomic and molecular physics. 

*This work was supported by the Director, Office of Energy Research, Office of Basic Energy Sciences, 
Materials Sciences Division, of the U. S. Department of Energy, under Contract No. DE-AC03-76SF00098 
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Overview 
The ALS is one of the first third-generation light sources producing high-brightness x rays for user 
research. Several undulator beamlines using spherical-grating monochromators produce photon 
beams of exceptional flux and spectral resolution. Beamline 9.0.1 utilizes a 1 0-cm-period undulator 
(8-cm-period prior to 1996) to produce a high-brightness beam of radiation which is  
monochromatized with a spherical-grating monochromator using one of three water-cooled grat- 
ings. This beamline was designed to produce intense photon beams with a resolving power (E/AE) of 
10,000 [l]. Characterization of this beamline found the flux to be approximately 1 0l2 photons per 
second with the design resolving power over the energy range 20-300 eV [2]. 

Excellent design and fabrication of the beamline and optics, and careful attention to operating 
conditions have allowed a resolving power of 64,000 (1 meV at 64 eV) to be obtained-significantly 
exceeding the design requirements 13/41. This resolution, a factor of four better than previously 
achieved in this energy range, coupled with the very high flux of the beamline, have allowed 
unique results to be obtained. These results are described in the following pages. 

The ultimate resolving power of the beamline using the 925 lines/mm grating is about 160,000 as 
determined by the number of grooves on the grating. Factors which degrade the theoretical resolu- 
tion of the experimentally obtained values include the finite entrance and exit slits (typically in the 
range 2-20 pm), the coma aberration, figure errors of the optical surfaces, and the stability of the 
mechanical and optical systems of the beamline. The coma error is  very small at 64 eV, because the 
Rowland-circle condition is  nearly fulfilled for this energy. The excellent resolving power achieved 
shows that the optical quality of the grating is excellent, with a figure error better than 
0.5 pad  rms 151. 

The following pages provide information about high brightness, third-generation light sources, and 
Beamline 9.0.1 at the ALS. Examples of recent results obtained in atomic and molecular physics 
using undulator Beamline 9.0.1 are also presented. 
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Figure 2. The x rays produced from ALS undulators are many orders of magnitude brighter than the 
sun or an x-ray tube, and several orders of magnitude brighter than those emitted from bend magnets 
of second-generation light sources. 
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Figure 3. X-ray brightness has increased dramatically since the early 1960's; i f  the land speed record 
had kept pace with this increase, cars would now travel nearly one million times the speed of light 
(1 015 km/hr). 
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Ring Energy 
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Figure 4. High-energy (6-8 GeV) and low-energy (less than 2.5 GeV) third-generation light sources are 
in the planning, construction or operational stages in many parts of the world. 
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Bend-Magnet Radiation 
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Figure 5. Synchrotron light sources produce photon beams from bend magnets, undulators and 
wigglers. Radiation emitted from an undulator is spatially contained in a narrow cone, producing an 
extremely bright and essentially monochromatic (with harmonics) photon beam. 
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Very high brightness in the ultraviolet 

'High spectral resolution (-10,000) 
High spatial resoluFon (50 pm - 500 A) 

and soft x-ray region 

/ - High flux 
1 10" - 
E Variable polarization 5 10'0 - 
9 ,i 
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u) 
m 

CcnvenUonal Linear 
x-ray tube 

Circular 

Partial coherence 

*Tunable over a wide energy range 

Short pulse (-35 ps @ 500 MHz) 

m nl 

(c 10 eV to > 10 keV) 

- 
factor E 

L 
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lev 10eV 1M)eV l k e V  10keV lOOkeV 
Photon Energy 

Figure 6. The characteristics of the radiation produced at the ALS make it an exceptional tool for new 
research in the fields of atomic and molecular physics. Radiation emitted from high- and low-energy 
third-generation light sources cover a wide range of photon energies and offer many research 
possibilities. 

Photon energy (ev) 

Figure 7. High photon flux is obtained on Beamline 9.0.1 using three gratings. With the exception of 
the 21 00 line/mm grating, this system performs to design expectations. (Heimann, Mossessian, and 
Bozek, LSBL-239,1995). 
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Figure 8. A resolving power of 10,000 or more is calculated in the 20-300 eV energy range on 
Beamline 9.0.1 (Heimann, Mossessian, and Bozek, LSBL-239,1995). Sources of limitation to resolving 
power include spherical aberration, the contribution of the finite slit widths, optical finish of the 
grating, mechanical vibration, and the total number of illuminated grooves on the grating. 

Kinetic Energy (ev) 

Figure 9. Beamline 9.0.1 at the ALS provides an opportunity for a new look at atoms and molecules 
using the exceptional photon energy resolution. [Ultra-high resolution spectroscopy of N e  2p using 
Baltzer‘s electron spectrometer; Baltzer and Bozek, (1 996); vibrational and ligand-field splitting of 
core-level photoelectron lines, Bozek, Schlachter, Lubell, Morgan, and Cisneros, (1 9951.1 
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Figure 10. Photoemission from neon 2p level, demonstrating excellent photon and electron energy 
resolution possible at the ALS. (1 992 spectrum from J. Krause et al., 1996 ALS spectrum obtained 
using ALS Beamline 9.0.1 and P. Baltzer's electron spectrometer; measurement by P. Baltzer and 
J.D. Bozek.) 
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Figure 11. Photoemission from xenon showing the 4d16p + 5p26p Auger resonant Raman transition. 
(1 994 spectrum from Akesela et al., 1996 ALS spectrum obtained using ALS Beamline 9.0.1 and 
Peter Baltzer's electron spectrometer; measurement by P. Baltzer and J.D. Bozek.) 



Canadian Grashopper at 
Canadian Synchrolron Radialion Facility 
Synchrolron Radialion Center (Aladdn) 

Madison, WI 

hv = 160 eV 

143 142 141 
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Figure 12. Photoemission from PF, showing fine structure splitting and (ALS spectrum only vibrational) 
ligand-field splitting. (Canadian Grasshopper spectrum courtesy of Ron Cavell; ALS spectrum obtained 
by Bozek, et al., 1995.) 
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Figure 13. Photoemission from PF, showing vibrational and ligand-field splitting. (Bozek et al., 1995.) 
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Figure 14. Photoemission from SiF, showing fine structure splitting and vibrational splitting. (1 990 
spectrum from Bozek e t  al.; 1995 ALS spectrum from Bozek et al.) 

Doubly Excited Autoionizing States of Helium: "Hollow Helium" . - I 
I A DrototvDical two-electron system for the studv of electron-electron correlation.1 

Pioneering work of Madden and Codling (1963) and Cooper et al. (1963). 

Only minor progress for 30 years awaiting development of high-resolution 
monochromators in the soft-x-ray spectral range. 

SX-700 at B E S S Y  (PGM): Domke et al. (1991-6). 
= Resolving power of 16,000 (EIAE) with low flux. 

Striking improvement in resolving power: B L  9.0.1 at ALS (1996-6). 
= Resolving power as high as Scr,OOO with low flux, 10,000 with very high flux. 

Spectral features a s  narrow as a few peV allow optimization of beamline. 

New Rydberg series and resonances observed. 
= All three series converging to Ip. 
= Four out of five converging to 13. - -  - 

Excellent agreement with theory. 
I I * * I I  1 * * I I  
64.1 15 64.120 

Figure 15. Doubly excited autoionizing states of helium are a prototypical two-electron system. The 
high degree of electron corrdation leads to a very complicated spectrum. The ultra-high resolving 
power of Beamline 9.0.1 allows very small spectral features to be observed. 
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Figure 1 6. Photoionization yield measurements of doubly excited autoionizing states of helium 
showing improved performance going from first- to third-generation light sources. Increasing spectral 
resolution allows ever-smaller spectral features to be observed. (1963 spectrum from Madden and 
Codling; 1992 spectrum from Reich et al.; 1995 spectrum from Schulz, Kaindl, Domke, Bozek, 
Heimann, and Schlachter.) 
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Figure 17. Energy levels of helium showing doubly excited states. Increased electron correlation in 
these doubly excited states and the overlap of bound states with continuum states results in a 
complicated spectrum. 
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Figure 18. Photoionization yield measurements of doubly excited autoionizing states of helium. A 
resolution of 1 meV at 64 eV is obtained for the very narrow (few peVl 2p3d (2,-13) state. (Schulz et 
al., 1996.) 

n = 4  

Figure 19. Photoionization yield'in helium: n=2 series. (Schulz et al., 1996.) 
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Figure 20. Photoionization in helium: n=3 series. Many resonances are observed for the first time. 
(Schulz et al., 1996.) 
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Figure 21. Photoelectron emission in helium, showing partial cross sections and asymmetry parameter 
in the region of interfering resonances. [Spectra obtained on ALS Beamline 9.0.1 by Menzel et al., PRL 
75, 1479 (1 995)]. 
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Figure 22. Hollow lithium (triply excited lithium with an empty K shell) is the prototypical three- 
electron system for the study of electron correlation. 
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Figure 23. Energy levels of lithium showing multiply excited states. 
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Figure 24. Photoelectron spectra for emission from a hollow lithium state. Data from SuperACO bend 
magnet and undulator, and from ALS undulator showing the improved resolution on ALS Beamline 
9.0.1. Photon and electron energy widths are reduced for the ALS measurement due to the high flux 
and spectral resolution on Beamline 9.0.1. [SuperACO bend magnet spectrum from F.J. Wuilleumier, 
private communication; SuperACO SU7 undulator spectrum from Journel et al., Phys. Rev. Lett. 76, 
30 (1996); ALS undulator spectrum from Diehl, et al., Phys. Rev. Lett. 76,3975 (199611. 

Theory Experiment 

Photon Energy (EV) Photon Energy (ev) 

Figure 25. Hollow lithium: photoelectron emission to Li+ ls2s 3s state, showing excellent agreement 
of theory and experiment. (Diehl et al., 1996) 
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Figure 26. Hollow lithiurn: even-parity states from laser-excited lithium atoms. Photoemission and R-matrix 
calculations for photoionization ofthe Li 1 s22p 'Pa state into the 1 s2p 3P and 1 s2p 'P states of the Li+ ion. (D. 
Cubaynes, S. Diehl, L. Joumel, B. Rouvellou, J.-M. Bizau, S. AI Moussalami, F. J. Wuilleumier, N. Berrah, L 
Voky, P. Faucher, A. Hibbert, C. Blancard, E. Kennedy, T. J. Morgan, 1. Bozek, and A. S. Schlachter, submitted to 
Phys. Rev. Lett) 



Photon Beam Polarization and Non-dipolar Angular Distributions 

Murray Peshkin 
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ABSTRACT 
I ,  

Angular distributions of ejecta from unorientated atoms and molecules 
depend upon the polarization state of the incident x-rays as well as upon 
the dynamics of the physical systems being studied. I recommend a 
simple geometrical way of looking at the polarization and its effects 
upon angular distributions. The polarization is represented as a vector 
in a parameter space that faithfully represents the polarization of the 
beam. The simple dependence of the angular distributions on the 
polarization vector enables easy exmction of the dynamical information 
contained in those angular distributions. No new physical results 
emerge from this geometrical approach, but known consequences of the 
symmetries appear in an easily visualized form that I find pleasing and 
that has proved to be useful for planning experiments and for anlyzing 
data. 

This work was motivated by the opportunity to make quantitative measurements of 
cross sections and angular distributions at synchrotron-lightsource energies, where non- 
dipolar terms in the angular distributions of scattered x-rays and ejected electrons are 
significant [l]. Angular distributions depend upon dynamical parameters of the target 
atom and upon the polarization of the x-ray beam. The goal is to get at the dynamical 
parameters with minimum confusion due to the possibly incompletely known polarization, 
which at worst may depend upon energy, time, and position in the target. 

In principle, nothing new can be said about the connection between photon beam 
polarization and angular distributions of final-state x-rays or electrons. Poincare knew how 
to treat that classically [2]. In quantum mechanics, especially in the absence of multi- 
photon coherence, it's a matter of standard angular-momentum coupling. Anyone who 
carries out a dynamical calculation automatically includes it [3]. A systematic analysis of 
the restrictions imposed by symmetry also exists [4]. Nevertheless, there are practical as 
well as esthetic advantages in having some added geometrical insights into the symmetries. 

The geometric description of polarization that I give here has the advantage that it is 
easily visualized, and it has been useful to some of my colleagues for data analysis and for 
planning future experiments involving non-dipolar angular distributions of scattered x-rays 
or ejected electrons. 

I will start by describing the polarization state of the beam by a geometrical 
parameteiization of the spin density matrix of the photons. Following that, I'll give some 
practical results for angular distributions. Throughout, I will assume no multi-photon 
coherence effects. All interactions are initiated by one photon at a time and all processes are 
proportional to the beam intensity. I will confine the discussion to situations where the 
incident x-rays strike spherically symmetric targets, spinless or unorientated atoms or 
molecules. Extensions are possible but the results will be less attractive. 
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THE SPIN DENSlTY MATRIX AND THE POLARIZATION SPHERE 

Of the many ways of representing the polarization state of an x-ray beam, the spin 
density matrix most directly shares the physical symmetries of the polarization state. A 
photon is a particle with unit spin and odd intrinsic parity, like any other except that one of 
the three spin states is missing because of the tranmersality condition. Take the incident 
beam to be a plane wave moving in the +z dir.ection. In the helicity representation, the spin 
wave function for any pure state can be written as 

2 where [q[ + lc-1f = 1 and the helicity eigenstates obey 

S beiig the spin operator for unit spin. The missing state is the one with Sz 4. 

The helicity eigenstates, y~ = 1+1) and YR = 1-1) , are called states of left-circular 
and right-circular polarization, rsp. The plane polarized pure states1 are given by Eq.(l) 
with 

c l=  -c-1* = exp(-i6} , d1 (3) 

where 6 is the angle between the polarization direction and thex axis. Thus, 6=0 
corresponds to plane polarization in the x direction, h L 2  corresponds to plane polarization 
in they direction, and the polarization direction for small 6 lies in the fmt and third 
quadrants of the xy plane. AU other choices of cl and c-1, namely those for which lc1I2 is 
neither 0 nor 1 nor 1/2, correspond to elliptically polarized pure states. The wave function 
is in every case periodic in 6 with period n, except for an overall change of sign. 

In matrix notation, the general, circular and plane polarized pure states are given by 

and the helicity operator for a beam in the z direction is Sz, given by 

A pure state is one that has a wave function, in contrast to a mixed state, which is a statistical, or 
incoherent ensemble of pure states. 
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The other two components of the spin operator are 

0 1 0  

1 0  

The density matrix for the general pure state is given by is 

For pure circular or pure plane polarization, that becomes 

(0 0 0 

O 0 1  OI 

(7) 

(9) 

A photon beam is most often a mixed state. That is represented by an average of 
individual pure state density matrices pi , with non-negative weights Wi whose sum equals 
unity. 

p = C i  Wipi 

The individual pure-state density matrices pi have the form given in Eq.(8). They are not 
necessarily all plane or circular. 

Any average density matrix (1 1) can be expressed as 

209 



where Pz , and PI, and q are real numbers obeying 

- l<Pz  < 1  
O l P , S l  

O S P ,  +PI <1 
O<q<n. 

2 2  

Since the middle row and column always vanish because of the transversality 
condition, the density matrix can be condensed to the form 

= -(1+ c * P), 1 l+Pz  -Pie 
p = - (  2 -Pie +2iq 1- Pz 

where the components of 0 are the usual Pauli matrices, 

and 

Px = -PI cos&) 
with x=2q .  

The conditions (13) are equivalent to 

Py = -PI sin(x), 

2 OSP <l, (17) 

with p2 = 1 for the pure states only. 

The vector P defines the parameter space of the density matrix2, values of P being 
one-to-one with the density matrices p. P-space is an ordinary three-dimensional Euclidean 
space. The condition (17) restricts possible density matrices to the unit sphere in 
P-spac$,with the pure states lying on the surface of the sphere and mixed states in the 
interior. Averaging pure or mixed states Pk with weights wk is accomplished by taking 

In particular, an average of two states is represented by a point on the line between the two, 
at distances from the two inversely proportional to their weights. 

This kind of parameterization of the density matrix is not new. For instance, the components Of P are 
the same as the parameters used by Huang [3] .  What’s new here, as far as I know, is the emphasis on the 
geomeny/topology of the parameter space. 
This sphere is different from the Poincare sphere [2]. Here, the magnitude of P measures the purity Of 

the state. In the Poincare sphere, the magnitude of P measures the intensity of the beam. 
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Figure 1. The polarization sphere. The azimuth x vanishes in the xz plane shown here. 

Figure 1 shows the intersection of the polarization sphere with the xz plane. The 
unit circle contains pure states, as follows: L represents left-circular polarization (positive 
helicity, i.e. o,=+l). Points on the unit circle between L and X represent pure states of 
elliptical polarization with narrowing ellipses converging to plane polarization in the x 
direction at point X. Points on the circle from X to R represent states of widening elliptical 
polarization, reaching right circular at R. Points on the top half of the circle go through 
elliptical polarizations to plane polarization in they direction at Y, and finally back to L. 
Points within the circle represent statistical mixtures of pure states. The point U at the 
ongin represents "unpolarized" x-rays. It can be thought of as an equal mixture of R and 
L, or of X and Y, or any pair of opposite points. The differences between those 
descriptions are only words. Physically, they are indistinguishable itom each other. Any 
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interior point (mixed state) can be obtained as an average of other states, pure or mixed, in 
an infinity of ways. For example, C is an equal mixture of the pure elliptical states A and 
E, or an unequal mixture of B and E, or a mixture of the two pure circular states R and L 
with some of the plane polarized pure state X. C cannot be obtained from R, L, and Y 
because that would require negative weights. The general state P can be obtained as a 
mixture of the unpolarized state U and a pure elliptical state F, or in countless other ways. 

The polarization sphere is completed by rotating the circle around the z axis 
through angle x, counter-clockwise in the xy plane. All ure states of plane polarization f appear, one-to-one, as points on the equator at z = 0, x + y2  = 1. Pure elliptically 
polarized states lie on lines of constant latitudes, with 0 c z2 c 1, x2 + y2  = 1 - z2. Mixed 
states within the volume obtained by rotating the square LYRXL around the z axis can be 
obtained as mixtures of pure circular polarization states with pure plane polarization states. 
Mixed states outside that volume cannot be so obtained; they are intrinsically elliptical. 

The topology of P-space is simple because the polarization is periodic in x with 
period 2.n. In real space, by contrast, rotations of an ellipse around the z axis have period 
n . The quantities cs and P are vectors in P-space but not in real space, and cs generates the 
P-space rotations in the usual way. The rotations about the z axis are generated by csz and 
they correspond to rotations in real space through half the angle. Rotations about other 
axes in P-space exist and they carry polarization states into polarization states, but not 
generally into states obtained by any rotation in real space. 

ANGULAR DISTRIBUTIONS: G E N E W  

The most general consequences of symmetry for angular distributions are widely I 

hown. I include them here both for completeness and to demonstrate how the polarization 
vector expresses the unity between the geometrical symmetries of the polarization and those 
of the angular distributions. 

The angular distribution of anything ejected from an atom by the x-ray beam has the 
form 

For unorientated targets, the coefficients b m  are equal to some invariant quantities that 
include all the dynamics multiplied by the coefficients of a tensor operator TLM in the 
photon spin density matrix, with the same M but not necessarily the same L . The photon's 
full density matrix also contains an orbital part which contains all values of L. However, 
the plane wave contributes only M=O, so the M of the entire density matrix is that of the 
spin density matrix alone. In particular, any b m  vanishes in the absence of a tensor with 
the same M in the density matrix. All this applies when (19) represents the distribution of 
any vector or axial vector, as long as no selection of other quantities spoils the invariance 
under rotation. The angular distribution may, for instance, be that of an elastically or 
inelastically scattered x-ray, of an electron, or of the difference p1- p2 or the product 
p1 x p2 of the momenta of a photon and an electron. Selection may be made by energy, by 
time as in the case of an Auger electron, or by helicity, but not by any angle. 
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The only tensor operators in p are the three components of o. Of those, o, is the 
same as S,, so it is a tensor component with L=l and M=O. The other two, ox and or, are 
part of a second-rank tensor T2 in real space. Sx and Sy are not represented because of the 
hsversality; they would mix in the forbidden state with S,=O, as is apparent from Eq.(7). 
In real space, 

= T22 + T2,-2 

Similarly, 

1. The values of M in the angular distributions (19) are limited to 0 and 3. 

Proofi This follows immediately from the previous para,gaph. The only M values found 
in p are 0 and 32. 

Because the angular distribution I is real, there is a further restriction that b ~ , 4  = ( b ~ 2 )  *. 
Therefore, there are only three real parameters for each L. 

2. All angular distribution coefficients are linear in P. 

Proofi All measurement results are linear in the density matrix, and therefore in P. 

3. Ifparity is conserved, angular distributions of vector quantities may depend upon Px 
and Pr, but not upon Pz. 

Proofi Consider a left-circular polarized incident photon and the measurement of some 
final-state vector p. Under space inversion followed by 180” rotation around the axis 
normal to both p and the z axis, p and the incident momentum are preserved but the photon 
spin is reversed and the polarization becomes right circular. If the reaction is invariant 
under rotation and space inversion, the cross section must be unchanged, so for states of 
pure circular polarization, the angular distribution is independent of the helicity. For the 
general case, consider states on the line segment BD in Figure 1. Points on that segment 
can be obtained from point C by adding and subtracting equal amounts of right-circular and 
left-circular polarization. Therefore all points on BD have the same angular distribution. 
However, all points on BD are linear mixtures of A and E, so angular distributions at A and 
E must be equal, and then the skne applies to all points on the line connecting A and E. 
These results have the consequence that any vector’s angular distribution has only to be 
calculated for pure plane polarization in the x direction. For any other polarization state P: 
a) Obtain the angular distribution for polarization in they direction by a 90” rotation about 
the z axis in real space. b) Average X and Y to obtain the angular distribution for the 
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unpolarized point U. c) Average U and X with appropriate weights to get the right Pland 
rotate to the azimuth of P. . 

Conversely, no set of angular distribution measurements for any vectors can fully 
determine the polarization of the beam. Pz will always be unknown unless some axial 
vector, such as some p1 x p2 or a spin variable is also measured. In particular, a state of 
pure elliptical polarization cannot be distinguished from a state of partial plane polarization 
except by measuring an axial vector in addition to a vector (always assuming spherically 
symmetric targets). 
If parity is not conserved, or if one is studying the angular distribution of an axial vector, 
the projection of P on the z=O plane is not enough. In those cases, the angular distribution 
may contain a term proportional to Pz, so complete information requires known angular 
distribution for some non-vanishing value of Pz. 

4. If I( 6, p) for any vector quantity is averaged with I(  6, Q> -k goo), the resulting angular 
distribution is independent of the polarization state of the beam. 

ProoJ Rotating 90" in real space is equivalent to counter-rotating the polarization by 90" in 
real space or 180" in P-space. Averaging the original P with the rotated one gives a point 
on the diameter RL in Figure 1, and that leads to the same angular distributions as the 
unpolarized state U. 
It will be seen below that no dynamical coefficient is lost in the averaging process, although 
statistical errors may be incr&ed. 

These general results are, as I said above, widely hown. One did not need the 
geometry of the polarization vector to get them, although it is at least pleasant to have a 
proof which is both intuitive and rigorous. 

It is also.pertinent to invert the question and ask whether there are any other general 
symmetries, independent of the dynamics. Any such symmetry of the angular distribution 
would have to be reflected in a corresponding symmetry in the polarization space, where it 
should be quite obvious. I do not see one that is valid in all cases. 

The famous symmetry of the electric dipole approximation, that all angular 
disrtributions are symmetric under rotations about the plane polarization axis (x), is 
obvious for pure plane polarization because the electric field direction is the only one 
represented in the Hamiltonian or the photon's wave function when exp(ikz) is replaced by 
unity. It can of course be formulated in terms of the spin density matrix, although little is 
gained thereby except completeness. One quick way to do that is rotate pp(0)  of Eq.(lO) 
90" about they axis and note that it then contains only tensors with M=O with respect to the 
x axis. For more general elliptical polarization, the same remains true with respect to the 
projection of the polarization vector P on the xy plane, provided the quantity bekg 
measured is a vector, not an axial vector. 
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PLNGULAR DISTRIBUTIONS: THE LOWEST MILTPOLES 

The full wave function of the photon consists of a spin wave h c t i o n  times a plane 
wave exp(ikz). That product can then be expanded in multipole states y& with definite 
angular momentum and parity, and the angular distribution coefficients bm can be 
obtained as invariant quantities that contain all the dynamics times angular momentum 
coupling coefficients. That has been done quite generally elsewhere [4]. Here, I will 
simply make use of those results in the case where the electric dipole amplitude dominates, 
magnetic dipole and electric quadrupole enter only through their interference ~ t h  electric 
dipole, and all other contributions are negligible. My purpose is to emphasize certain 
practical consequences of the symmetries for analyzing data and for designing experiments. 
I'm sure these things have long been known to many experimenters, but I think it will be 
useful to have them in one place and as part of a systematic treatment. 

Under the stated conditions, keeping only E12, El-Ml, and ElE2, the angular 
distribution with plane polarization in the x direction contains L values from 0 through 3. 
Writing out the Y m  as polynomials in (x,y,z) on the unit sphere gives 

I, (6, q) = 4 ( 3 x 2  - 1) + + %z(1- 5x2)].  

The angles 6, q are the usual polar angles with respect to the z axis4. Eq.(22) was 
obtained from Table III of Ref.[4]5. 

The invariant dynamical coefficient B2 is proportional to the square of the E l  
amplitude for creating the final state. B3 is proportional to the EleE2 interference, and B1 
receives contributions both from E16E2 and from El-M1. Those dynamical coefficients are 
independent of the polarization state and depend only upon the dynamical model. There are 
two famous special cases: for elastic x-ray scattering from a spinless target, B2=1/2 
independently of other specifics, and if an elCctron is ejected from an atom with L=O, 
leaving a frnal atomic state with L=O, B2=-l. 

To r e m  to the polarization dependence and the extraction of the dynamical 
parameters from data, the intensity Iy for pure plane polarization in they direction is 
obtained from Eq.(22) by substituting y for x, or for the general rotation by substituting . 
xcos( VI>.+ ysin( 7) for x. For unpolarized x-rays, averaging I,andIy gives 

In principle, when one is measuring a vector quantity and parity is conserved, all the 
available dynamical information can be obtained from Eq.(23) by measuring the cross 
section at two azimuthal angles, ninety-degrees apart, for each of four values of z. In the 

41t has been conventional in the absence of non-dipolar terms to refer angles to the polarization axis, which 
offered gryter symmetry. However, in the general case, the the beam axis is more convenient. 
%n terms of spherical harmonics, the coefficient of E2 is 
d m [ Y z o  - m ( Y z  + Y2,-2)], that of E 1  is d m Y l 0 ,  and that of E 3  

is d w [  y30 - m ( y 3 2  y3,-2)]. 



best case, with known pure plane polarization, the same information can be obtained from 
Eq.(22) by measuring at four points instead of eight. The sensitivity of the angular 
distribution to‘& and B3 is improved in the pure case by a factor two, but no coefficient is 
washed out by going from Ix to IW 

In practice, for experimental reasons, eight points related in pairs by a 90” rotation 
may not be available. For instance, in the experiment reported by B. Kriissig in this 
workshop, the polarization was approximately pure plane in approximately the x direction 
and the cross sections were measured around the circle at the “magic angle” x = m 
where the pure dipole term in Eq.(22) vanishes. Then 

with some uncertainties due to the imperfectly known polarization. One interesting way to 
analyze data of that sort is to fit the measured cross sections, corrected for counting 
efficiencies and other experimental asymmetries, with the help of Eq.(22) and thereby to 
deduce the cross sections at the four angles defined by a square with corners at the “doubly 
magic” angle&, 

‘1: x = m  y = z = + m  

‘2: x = + m  - y = z = + m  

r3: x = + m  - y = z = - m  

r4: x = m  y=z=-JiE. 

Then, exactly and independently of the true polarization, 

and 

Eqs.(26) and (27) require only that two corners of the square have z = +m and 
two have z = -a, but the square can otherwise be rotated about the z axis. That is, x 
does not have to be the polarization direction. By measuring at four “doubly magic” angles 
which have projections equal to &m on three axes, the polarization question has been 
eliminated 

The quantities B1 and B3 can be determined separately for known polarization by 
fitting the data on the circle at the magic angle with Eq.(22). To measure those parameters 
independently of the polarization requires leaving that circle. For example, B1 can be 

angles are magic with respect to two axes, and perforce to the third. Thek merit in this application 
is that they lie on the measured magic circle but still appear in pairs related by a 90’ rotation about the z 
axis. 
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found by measuring the cross sections at four additional points si chosen so that si and s2 
have z = m, s2 and s4 have z = m, and each pair is separated by a 90" rotation 
about the z axis. Then, 

I&= I(S1) + I(s2) - I(s3) - I(s4). 
The pure dipole parameter B2 can never be found from data taken at the magic angle 

with respect to the direction of plane polarization, but B2 can be determined independently 
of the polarization by adding the intensity at any value of z to that at -z, with z2 # 1 / 3 and 
using the q + 90" trick. To avoid near cancellation, z2 should be as far as possible from 
the magic-angle value, 1/3. 

Finally, if the polarization is reliably known and has non-vanishing PI, all the 
dynamical parameters can be obtained by measuring the intensity on any magic Circle 
whose axis lies in thexy plane but is not the direction of the plane polarization. The 
polarization-independent resdts in Eqs.(26) and (27) also remain valid 
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Non-dipolar: effects in the alignment of photoions and angular 

distribution of Auger electrons 
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Institute of Nuclear Physics, Moscow State University, iWoscow 119899, Russia 

Abstract 

Non-dipolar corrections to the alignment of photoions and to the angular distri- 

butions of Auger electrons produced in photoionization by high-energy photons 

are discussed. Two types of experiments are considered: (a) when only the 

Auger electron is detected and (b) when the photoelectron and the Auger elec- 

tron are detected in coincidence. In non-coincidence measurements the lowest 

order quadrupole correction leads to an  axial asymmetry in the angular distri- 

bution with respect to the photon polarization vector. However, in contrast to 

photoelectron angular distributions, there is no forward/backtvard asymmetry 

with respect to the photon beam. In coincidence measurements the lowest or- 

der correction is given by the dipole-quadrupole interference term. It leads to  

a forward/backward asymmetry in the angular correlation function between 

the photoelectron and the Auger electron. The behaviour of the anisotropy 

parameters in the region of autoionization resonances is discussed. 

PACS number: 32.80.Fb, 32.80.Hd 

Typeset using R E V W  
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I. INTRODUCTION 

Atomic photoionization at low photon energies ( E  < 1 keV is well described in the dipole 

approximation. At higher energies a contribution of higher r ultipoles becomes important. 

Although the deviations from the dipole approximation were discussed in literature for a long 

time [l,2], only recently, with the advent of high-brilliance X-ray sources, this problem has 

become of practical importance attracting additional attention. In particular the non-dipolar 

effects in the photoelectron angular distributions have recently been studied both theoretically 

[3-71 and experimentally [8,9]. (For earlier studies see references in these papers.) Meas- 

urements of the Ar 1s and Kr 2s, 2p photoelectron angular distributions [8,9] using linearly 

polarized X-rays with energies in the range of 2 to 5 keV have revealed a forward/backward 

asymmetry with respect to the photon beam direction. The measured non-dipolar asym- 

metry is in excellent agreement with theoretical calculations [7] which include interference 

between the electric-dipole and electric-quadrupole photoionization amplitudes. 

Another important characteristic of photoionization is the alignment of the photoion, 

which can be obtained by measuring the angular distributions of subsequent Auger electrons 

or X-rays [10,11]. The value of the alignment depends on the ratios of photoionization 

amplitudes and thus gives additional independent information about the process. As it was 

demonstrated by V.Schmidt and coworkers, measurements of the alignment of photoions in 

non-coincidence [12] and coincidence [13] experiments, combined with the measurements of 

the partial cross section and the asymmetry parameter of photoelectron angular distribution, 

provide complete information on the photoionization amplitudes (in dipole approximation). 

It is of interest to consider the non-dipolar effects in the alignment of photoions. This is 

necessary in order to obtain reliable information from the above-mentioned experiments. On 

the other hand, there is a practical interest in studying the non-dipolar effects in Auger 

electron angular distributions since Auger lines are sometimes used for correction of an 

instrumental asymmetry in measurements of the photoelectron angular distributions [8,9]. 
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11. ANGULAR DISTRIBUTION OF AUGER ELECTRONS IN 

NON-COINCIDENCE EXPERIMENTS 

A standard approach to the problem of the angular distribution of Auger electrons is the 

two-step model [14], where the ionization of- an inner atomic shell 

7 + A(J0) + A+*(I) + eph 

and the subsequent decay of the excited ionic state by Auger electron emission 

A+*(I) + A2+(J/)  + e, 

are considered as independent processes. (Here Jo, 1 and Jr are total angular momenta of the 

atom, singly ionized ion and doubly ionized ion, respectively.) This approximation is even 

more justified for high-energy photons, far from the threshold region. The fast photoelectron 

leaves the atom in a short time, much shorter than the lifetime of the vacancy state. Therefore 

the intermediate vacancy state can be considered as a well defined quasistationary state 

with definite total angular momentum and parity. The most general form of the angular 

distribution of Auger electrons ejected from such a state and measured with a spin-insensitive 

detector is [15] 

Here PVo is the total Auger rate, Ykq(9,y) are spherical harmonics. The factor CYI; is the 

anisotropy coefficient for a particular Auger transition which depends only on the Auger 

decay amplitudes and is completely independent of the characteristics of the photon including 

its multipolarity. The second factor in sum (3) &,(I) is a normalized statistical tensor 

characterizing the anisotropy of the decaying state, &,(I) = p k q ( I ,  I ) / p o o ( I ,  I ) .  Note that 

due to parity conservation in Auger transitions only even rank statistical tensors (alignment) 

determine the angular distribution. The alignment parameters depend on the photoionization 

ampIitudes and thus may be affected by the non-dipolar contributions to the amplitudes. In 

221 



the dipole approximation for the photon-atom interaction only the term with k = 2 can be 

non-zero in the sum (3) [ll]. If higher multipoles are taken into account, terms with IC > 2 

can contribute, however the range of the summation in equation (3) is always limited by the 

conditions: k 5 21; -IC 5 q 5 k. From the above consideration it follows immediately that 

independent of any multipole contributions the decay of the I = 1/2 state is isotropic. Only 

states with I 2 1 can give non-isotropic angular distribution. In this case the alignment 

parameters and the angular distribution may be affected by non-dipolar contributions. 

Consider for simplicity the case of closed-shell target atoms (Jo = 0). If the photoelectron 

is not detected, then the statistical tensors of the photoion can be expressed as following: 

LL' Y &(I ,  I )  = c BOkkPk,(L, L') = c (-1)'+k+L'+j 
LL' IjLL' 

This expression is a generalization of the known expression in dipole approximation [11,16]. 

Here C is a normalization constant, &(L, L') are the statistical tensors describing the photon 

beam, B&& are generalized anisotropy parameters which are bilinear combinations of the 

photoionization amplitudes (71, (Zs)j : JIIRJJaJo, Lp : J )  for a photon of multipolarity L and 

parity p ( p  = ( - l ) L  for electric and p = (-l)L+' for magnetic multipoles), J = L is the 

total angular momentum of the system, which in the final state consists of the photoion with 

angular momentum I and the photoelectron with the angular momentum j .  

At small photon energies the dipole approximation is commonly used. In this case the 

statistical tensors of the photoion (p2, and d2,) are determined only by squares of the dipole 

amplitudes. If higher multipoles should be included up to Lma,, then the following inequal- 

ity limits the number of alignment tensors k 5 min{21,2Lrna,}. The first correction term 

beyond dipole approximation comes from magnetic dipole and electric quadrupole contri- 

butions. However the magnetic dipole term is usually small and may be neglected [17,7]. 

From equation (4) it can be seen that the contribution of electric multipoles of different 

parity is incoherent. In fact, due to the integration over the photoelectron emission angles 

the contribution of different electron partial waves is incoherent. It then follows from parity 
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conservation that the interference terms of different-parity multipoles vanish. At not very 

high photon energies the dominant non-dipolar term is the electric-quadrupole term which 

is of the order cr2 with respect to the electric dipole term (a is the fine-structure constant). 

This is in contrast to the case of photoelectron angular distributions, where the dominant 

non-dipolar term is an interference term between the electric-dipole and electric-quadrupole 

terms being of the order CY. Therefore the non-dipolar effects are expected to be smaller 

in the angular distribution of Auger electrons than in the angular distribution of photoelec- 

trons. Nevertheless, at sufficiently high photon energies the quadrupole contribution can be 

considerable. 

The photon statistical tensor &(L, L') can be expressed in terms of Stokes parameters 

SI, S2, S3 describing the polarization state of the beam [B]. If one chooses the z-axis along the 

photon beam direction and the z-axis along the principal axis of the photon linear polarization 

then S;! = 0. From the symmetry consideration it follows that the circular polarization 

component S3 does not influence the even-rank tensors and, therefore, does not influence the 

angular distribution of Auger electrons. Besides, the transverse nature of light restricts the 

values of q to q = 0 and q = f2. The reflection symmetry in the zs-plane which contains 

the photon beam and the polarization vector, leads to the relation p~2(L, L )  = pkE-2(L, L). 

Taking this into account, one can represent the angular distribution of Auger electrons for 

the case when the electric-dipole and electric-quadrupole contributions are considered as 

where PT (cos 6) are associated Legendre polynomials. 

The angular distribution ( 5 )  is symmetric with respect to 6 = 90" (i.e. there is no 

forward/backward asymmetry, which is characteristic for the leading non-dipolar effects in 

photoelectron angular distributions). The anisotropy with respect to the azimuthal angle 

9 is described by the cos2y dependence. A similar expression was obtained by Scofield 

[19] for the angular distribution of fluorescence radiation. The difference is only in the 
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anisotropy coefficients cy2 and cy4. The coefficients d 2 2  and d 4 2  are proportional to the degree 

of linear polarization SI. Therefore, for an unpolarized (or circularly polarized) photon beam 

(SI = 0,Sz = 0) the angular distribution of Auger electrons is described by the equation 

The third term in equation (6) arises due to the quadrupole contribution only. Note, that if 

a decaying state has an angular momentum I <  3/2, the A40 term vanishes and the angular 

distribution has the same general form as for the electric-dipole case [ll]. However, the value 

of the alignment parameter d 2 0  is affected by the electric-quadrupole contribution. 

To demonstrate the breaking of the axial symmetry about the polarization direction for 

linearly polarized X-rays, it is convenient to transform the angular distribution to another 

reference frame with the Z-axis along the polarization direction and the Z-axis along the 

beam. Naturally, the general expression (1) is valid also in this frame, and the angular 

distribution is expressed in terms of new variables 3 , ~  by the equation similar to ( 5 )  [20]. 

It is easy to show by direct calculations that for completely linearly polarized light only 

the electric-quadrupole contribution gives an axial asymmetry with respect to the photon 

polarization direction. 

In order to estimate the value of the non-dipolar effects consider the Auger decay of 

I = 3/2 vacancy states. In this case only terms with the second rank tensors survive, and 

the angular distribution has the form 

W(3, F) = !(3) + b(3 )  cos(2F). (7) 

The axial anisotropy about the polarization direction is determined by the ratio b(a)/u(g). 

We have calculated this ratio using the statistical tensors evaluated by Scofield [19] within the 

independent electron model with Herman-Skillman single-electron wavefunctions [21]. We 

used his data for photoionization of the 2p3/2 state of Zn and calculated the axial anisotropy 

coefficient in the angular distribution of the Zn L3n/[23M23 'So Auger line, for which cy2 = -1 

[%2]. As the energy increases, multipole terms higher - then quadrupole successively gain in 
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importance in Scofield's calculations. However, this does not affect the present discussion, 

because expressions (5),(7) are still valid in this case. The resulting axial anisotropy coeffi- 

cient for the polar angle a = 90" is shown in table 1 for the photon energy range 1-500 keV. 

At this polar angle the anisotropy effect is maximal. The non-dipolar asymmetry is small 

(less then 0.01) in the energy range up to 30 keV, but increases to the value of 0.3 at the 

photon energy of 0.5 MeV. 

111. PHOTOELECTRON - AUGER ELECTRON COINCIDENCE 

MEASUREMENTS 

Now consider the non-dipolar effects in the angular correlation between the photoelectron 

and the Auger electron detected in coincidence. The double differential cross section for 

atomic double photoionization considered in the two-step approximation may be written in 

the same form (3) as for non-coincidence experiments, but here the alignment parameters 

(statistical tensors) depend on the direction of photoelectron emission nl = (191, VI} [23]: 

In this equation -&(191,~1) is the differential photoionization cross section, w, is the par- 

tial Auger yield. The differential alignment parameters of the decaying state, d k q ( I ,  nl) = 

pkq( I ,  I ;  nl)/poo( I ,  I ;  nl) can be expressed using the following relation 

where the parameters B& are 
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Equations (9) and (10) are a generalization of equations (5) and ( 6 )  from [23] for the case of 

high energy photons. It is clear from (10) that the lowest order correction to .the alignment 

tensor is the dipole-quadrupole interference contribution, just as for the angular distribution 

of photoelectrons. Moreover, if only this correction is taken into account, every component 

of the statistical tensor can be presented as a s u m  of two contributions: 

From parity conservation it follows that the pure dipole contribution & ( I ,  I ;  nl) contains 

only even-rank spherical functions (bl = even), whereas the interference term pgQ ( I ,  I ;  nl) 

contains only odd-rank spherical functions. The last term introduces the forward/backward 

asymmetry of alignment parameters with respect to the beam direction. Its contribution 

becomes zero if the photoelectron is detected in the plane perpendicular to the photon beam. 

As an illustration consider the particular geometry of the experiment. Suppose that the 

Auger electron angular distribution is measured in the zy-plane perpendicular to the beam. 

The photoelectron is detected in the plane of beam polarization (zz-plane). Consider the 

Auger decay of the vacancy with I = 3/2. Then only two alignment parameters d20($,nl) 

and d 2 2 ( $ ,  nl) determine the angular distribution and from the reflection symmetry in the 

reaction plane it follows dz2(;,nl) = d2-2($,nl). The angular distribution of the Auger 

electrons has a simple form 

W(p) = u(291) + b(6,) cos 2p. (12) 

Coefficients a and b depend on the photoelectron emission angle 61. If only the dipole contri- 

bution is considered in (ll), the statistical tensors p k q ( I ,  I ;  nl) and therefore the parameters 

a(61) and b(61) are equal for four positions of the photoelectron detector: f91 and T f 291. 

When the dipole-quadrupole interference term is taken into account its contribution has dif- 

ferent sign for the angles fO1  and nfd l .  Therefore the anisotropy of Auger electron emission 

is different for forward and backward emission of photoelectrons. The value of p g Q ( I ,  I ;  nl) 

is of the order cr relative to the dipole term. Therefore this effect is not small and should be 

taken into account in angle resolved coincidence measurements. 
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IV. BEYOND THE TWO-STEP MODEL. ANGULAR DISTRIBUTION OF 

AUTOIONIZATION ELECTRONS 

When the photon energy is close to one of the inner-shell ionization thresholds the simple 

two-step approach is no more valid. There are several reasons for the breakdown of the 

two-step approximation. One of them is the existence of resonances. The peculiarity of the 

non-dipole corrections in the resonance region deserves a special consideration. Here we 

discuss the simplest case: the angular distribution'of photoelectrons in the vicinity of an 

isolated autoionizing state. The two-step model of excitation and decay of the autoionizing 

state is in general inapplicable because direct and resonance transitions to the final state are 

of the same order of magnitude. Their interference determines the shape of the resonance 

curve: Fano's profile [24]. 

It is well known that the angular distribution of photoelectrons varies dramatically in the 

region of an autoionizing state (AIS) [25]. The asymmetry parameter P displays a resonant 

structure, correlated with the structure in the cross section. Thii is due to the fact that P 
can be expressed in terms of photoionization amplitudes as follows 

where i and j indicate the exit channels. In the region of an AIS the photoionization amplitude 

can be presented in the form 

where q is the profile index, E = w, E, and r, are the position and the width of the 

resonance, M'(a) is the part of the direct photoionization amplitude which interferes with the 

AIS, and fbfjj(6) is the part which does not interfere with the AIS. Using(l4) one can reduce 

expression (13) to the form [25] 

c2 + b'E + c' 
e2 + bE + c ' P = Po (1.5) 

which explains a rapid variation of the asymmetry parameter 0 in the vicinity of the AIS. 
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The lowest order non-dipolar correction to the angular distribution of photoelectrons is 

the dipole-quadrupole interference term. With this correction the following expression for 

the angular distribution can be obtained [7] (z-axis is along the photon polarization vector) 

Here /3 is the dipole asymmetry parameter calculated according to (13) with the dipole 

amplitudes. Both non-dipolar asymmetry parameters y and S can be expressed in terms of 

photoionization amplitudes similar to (13). For example, 

Therefore one can expect the resonance behaviour of the parameters y ‘and b in the region 

of the AIS [26]. However due to the specific interference character of these parameters 

their behaviour near the resonance differs from that of p. In fact, the AIS has an angular 

momentum and definite parity. The strongest resonances are, naturally, dipole. Therefore 

only the dipole amplitude has the resonance form (14). The most striking difference 

in the behaviour of p and y(S) parameters can be seen for single-channel photoionization 

(for example, the photoionization of the s-subshell). In this case the Fano resonance curve 

for the cross section has a zero at E = -Q. The asymmetry parameter p is independent of 

energy, p = Po, because the only amplitude cancels from expression (13). In contrast, the 

parameters y and b depend on energy as 

E + t a n ( P  - SQ) 
!I+€ 

= 70 

They go to fca at E + -q, yet any small contribution from quadrupole or higher order 

photoabsorption causes these parameters to remain finite. However one can expect a dramatic 

change of the non-dipolar asymmetry parameters in the region of the AIS. 
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TABLES 

TABLE I. The asymmetry coefficient b/a for various photon energies. 

E, keV b/a E, keV b/a 

1 

10 

50 

100 

-0.003 200 

0.002 300 

0.022 400 

0.051 500 

0.122 

0.186 

0.239 

0.287 

C 



Photoelectron angular distributions beyond the 
dip ole approximation 

B. Krassig, M. Jung, D. S. Gemmell, E. P. Kanter,T. LeBrun, 
S. H. Southworth, and L. Young 

Physics Division, Argonne National Laboratory 
e Argonne, Illinois 60439, USA 

Abstract 

We report the measurement of non-dipolar asymmetry parameters for the angular 
distributions of argon Is, krypton 2s, and krypton 2p photoemission within 2-3 keV 
above their respective thresholds. Pronounced asymmetries with respect to the direc- 
tion of photon propagation are present even at low electron kinetic energies. The en- 
ergy dependence of the asymmetry is 2- and subshell-specific and causes the direction 
of preferred electron emission to change sign at least once in each of the cases studied. 
Towards higher energies the asymmetry increases and the photoelectron emission pat- 
tern is forward-skewed for all three cases. The measured asymmetry parameters are in 
good agreement with recent predictions from non-relativistic calculations which include 
the interference between electric-dipole and electric-quadrupole transition amplitudes in 
the photoabsorption process. 

. 

I. Introduction 
The  interaction of low-energy to  soft x-ray photons with matter has largely been studied within 
the framework of the dipole approximation. This approximation is used when the photon's 
wavelength can be regarded large in comparison to the atomic dimensions. Consequently, the 
photon momentum, being proportional to inverse of the wavelength, is considered small and 
the dependence on the photon momentum is neglected. The  photoelectron angular distribution 
in dipole approximation therefore remains unchanged if the direction of photon propagation 
is reversed. An extensive body of both theoretical and experimental work is concerned with ' 
the physical information that can be extracted from angular distributions in cases where the 
dipole approximation is valid (cf. the reviews [l, 21). 

With increasing energy the forward-backward symmetry in the angular distributions dis- 
appears. The  first measurements of photoelectron angular distributions in the 1920s, using 
high-energy x-rays, displayed ponounced forward peaking of the distributions [3, 41. It was 
shown that this could be related to the momentum of the absorbed radiation, however not in 
such a way, as one might assume, that  the emitted electrons are  simply kicked forward by the 
photon momentum [SI. The  dependence on the photon momentum is retained when the photon 
wave's exponential is approximated by the first two terms, eikmr - 1 + k r, rather than only 
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by the unit  term. This expansion of the exponential has a close correspondence to the multi- 
pole decomposition of the photon-atom interaction: the unit term leads to the long-wavelength 
limit of electric-dipole (El) interaction, and the term linear in kr is related to magnetic-dipole 
(Ml) and electric-quadrupole (E2) interactions. It is those additional contributions which are 
responsible for the observed forward-backward asymmetry in the angular distributions. In 
the early calculations, based on a hydrogenic-model, this “retardation” effect was found to be 
proportional to v/c, in agreement with the experimental observations (cf. [6]). 

Since the early papers relatively few theoretical and even fewer experimental studies have 
been reported on this subject. On the theoretical side, both relativistic and non-relativistic 
calculations were performed for a variety of cases using a more refined model [7, 81. On 
the experimental side, however, progress in this field had been hampered by the restriction 
to the limited spectrum and intensity obtained from the x-ray sources used (cf. [9]; for a 
listing of experiments before 1978, see [lo]). With the availability of intense and tunable x- 
ray radiation at high-energy synchrotron radiation facilities, renewed interest for the topic 
has emerged. Recently, theoretical predictions of non-dipolar angular distributions have been 
reported which differ significantly from the simpler retardation result, particularly for low 
photoelectron energies [11, 12, 131. Stimulated by these findings, we performed an  experiment 
to measure the angular distributions of photoelectrons from the Ar-K and Kr-L shells within 2- 
3 keV of the respective thresholds. In this brief report we present a summary of the experiment 
and the results. For details on the experimental procedure and the data treatment the reader 
may refer to the recent publications [14, 151. Similar results for the Ne-L shell have been 
obtained in a recent experiment [lS]. 

11. Photoelectron angular distributions 
The photoelectron angular distribution, described by the differential cross section da/dR, is 
proportional to the square of the matrix element for photon-induced transitions between the 
initial state $i and the final state $ j  

Here, 2 is the polarization vector of the photon, hk the photon momentum, and r and p 
are the position and momentum operators of the eIectron. The quantity f represents the 
combined cofactors in this expression. For simplicity, the matrix element in the following will 
be abbreviated by the symbol (0). Employing a decomposition of the interaction with the 
photon in terms of electric and magnetic multipoles (cf. [17]), the transition matrix element is 
replaced by a sum of individual multipole transition matrix elements, (0) = Xr, j ( r j ) .  Here, 
the multipole transition elements are characterized by their parity ‘IT and order j .  In terms of 
the multipole decomposition, the differential cross section breaks down into a sum of individual 
multipole interactions J(7rj)I2 and cross terms of combinations (‘~~j)(n‘j’)* where ‘IT’ # ‘IT and/or 
j’ # j .  As a result of the angular properties of the multipole components, this sum, e.g. for 
unpolarized radiation [lS], transforms according to 



I 

t 

Figure 1: The angular distribution of photoelectrons from an s subshell. (a) dipole 
approximation (pure E l  interaction); (b) including the El-E2 non-dipolar contribu- 
tion. 

In th is  expression the angle 0 represents the emission angle of the photoelectron with respect 
to the photon beam. The angular integrations in a term ( ~ j ) ( ~ ' j ' ) *  contribute Legendre 
Polynomials Pr, of orders ,lj - j'l 2 L j + j', and these orders L are exclusively even 
for T' = T and exclusively odd for ?r' # T. In the same manner, the corresponding radial 
integrations contribute to the respective coefficients BL [llJ. The BL are normalized such that 
Bo = 1 and Q = fC,,j I(rj)l2. 

Eq.(2) gives a convenient way of parameterizing the differentia1 cross section with a set 
of angular distribution parameters BL. The sum in L extends no further than to 2j ,  with 
j being the highest contributing multipole order. In general the angular distribution is well 
described by a small number of terms, because the multipole amplitudes decrease rapidly 
with increasing order. The Ml and E2 interactions are smaller than the E l  interaction by a 
factor of 20, and higher multipoles are further suppressed by higher powers of Zcr. The M1 
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Figure 2: Vertical and horizontal cuts through the angular distributions depicted 
in Fig.1. (a) dipole approximation (pure El interaction); (b) including the ElmE2 
non-dipolar contribution. 

interaction acts only on the angular and spin part, but not on the spatial part of the electron’s 
wavefunction, and thus, depending on the theoretical model, either vanishes or contributes 
very little. Consequently, the next-higher level of approximation to the dipole approximation 
includes the even-parity electric-quadrupole interaction up to terms of order Za [7, 12, 131. 
The parameterization of the angular distribution extends up to L = 3 and involves three 
angular distribution parameters B1, Bz, B3. 

The angular distributions for pure E l  interaction and for E l  with additional ElsE2 interfer- 
ence are juxtaposed in Fig.1 (a) and (b) for the case of ionization in ‘an s subshell with linearly 
polarized x-rays. It is clear that the E l  interaction is still the dominant feature in the angular 
distributions depicted in (b), which represents the strongest non-dipolar asymmetry that has 
been observed in our experiment. The degree of the asymmetry can be better appreciated in 
the cuts through the distribution shown in Fig.2. On the left, parts (a) and (b) each contain 
the cuts in the plane spanned by k and t ,  and on the right the cuts in the plane perpendicular 
to k are shown. The non-dipolar angular distribution is strongly asymmetric in the plane of 
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Figure 3: The set-up of the experiment and the coordinate frame used in the repres- 
entation of the angular distribution, Eq.(3). See text. 

the photon beam. In the plane perpendicular to the photon beam there is no difference between 
the dipolar and the non-dipolar angular distributions. 

111. Experiment 
The idea pursued in the experiment was to .probe the angular distribution by rotating an 
electron spectrometer on a circle around the polarization direction 2. Pure dipolar interaction 
results in an isotropic signal on this circle, and the non-dipole effect causes an asymmetry 
between the forward and backward directed semicircles. 

The experiment was performed using the monochromatized and highly linearly polarized 
x-ray beam from beamline X-24A at the National Synchrotron Light Source and an apparatus 
designed for angle-resolved electron spectrometry. A schematic of the experimental set-up is 
shown in Fig.3. The interaction region is defined by the intersection of the collimated x-ray 
beam and the target gas emanating from an effusive jet. A parallel-plate analyzer (PPA) is 
mounted such that it can be rotated on a cone with opening angle 0 = 54.7'. A stationary 
cylindrical mirror analyzer (CMA) and a downstream p-i-n diode (not shown in the Fig.3) 
were used to monitor the target density and the photon flux during the experiment. The 
photoelectron intensity was recorded with the PPA-angle setting varied in 15" increments over 
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a full 360' range. The dwell time per angle was 60-120 s, and several such angular scans were 
added up for each x-ray energy. 

The angular distribution measured with this geometry is more conveniently represented 
in the system of coordinates shown in the inset of Fig.3. In conjunction with this coordinate 
frame we employ an alternative parameterization to Eq.(2) and adopt the terminology for linear 
polarization used in Ref. [13]: 

The parameters p, 7 , S  and the ones used in the introduction, B1, B2, B3, are connected by the 
relations 

p = -2B2; = -5B3; S = B1+ B3. (4) 
The parameter ,tl describes the angular anisotropy of the E l  interaction, and y and S govern 
the non-dipolar part of the angular distribution. Positive/negative values of y and S signify a 
forward/backward-directed angular distribution. 

The angle 8 of the experimental set-up was chosen to be the so-called "magic angle", 
8, = 54.7', which is the zero of P ~ ( C O S ~ ) ,  to remove the influence of the dipolar anisotropy 
parameter p on the measurement. The photoelectron intensity as a function of the azimuthal 
angle q5 can then be expressed as 

It is clear that one can only determine a combined quantity y + 36 with this experimental 
geometry. 

There are two instrumental effects which cause the actually observed angular distribution 
to deviate from the form given Eq.(5). In this brief report these will only be summarized; for 
a detailed description of these effects and their incorporation in the data evaluation procedure, 
see Ref. [15]. 

The first effect pertains to the inherent anisotropy of the set-up depicted in Fig.3. It is 
caused by the oblong source volume formed by the -1 mm-diameter x-ray beam traversing 
the target gas. In order to assess this anisotropy, we measured the angular response of a 
variety of Auger electrons with different kinetic energies: Ar-LMM, N-IWV from N2,O-KVV 
from COS, Xe-MNN, Ne-II'L, Kr-LMM, Ar-KLL. Within the description of the two-step 
model, Auger electrons emitted in I'LL transitions are emitted isotropically [19], and any 
non-dipole terms related to the mixing of different parities, e.g. (El)(E2), vanish, rendering 
the remaining non-dipole contributions negligible [20]. As a result, all of the measured Auger 
transitions should emit isotropically on the cone with opening angle equal to the magic angle. 
The recorded intensity variation of Auger electrons therefore represents a good measure of the 
instrumental anisotropy. 

The second effect to cause a deviation from Eq.(5) is caused by non-complete linear polar- 
ization of the x-rays (here, PL M 0.95) and by any misalignment of the experiment's rotation 
axis with respect to the polarization vector of the x-rays (cf. [15, 211; see also [22]). Even a 
small tilt X between the rotation axis and the polarization vector Z (here, X M 1') creates an 



. .  
asymmetry between the upper (0' < # 5 180') and lower (180' < # 5 360') semicircles. The 
dependence on X can be essentially removed by averaging data points at azimuthal angles # 
and -4. This procedure gives the same result as would have been obtained for a measurement 
with perfect alignment of the rotation axis, but with a slightly reduced degree of linear polar- 
ization, P' = PL cos 2X. The experimental angular distribution for partially linearly polarized 
x-rays, after correcting for the instrumental anisotropy and averaging between the upper and 
lower semicircles, has the form 

When using Eq.(6) as fitting function, a reasonable choice of four fitting parameters is lo, [y + 
34, [(I - P')P], [(I - P')y], since their associated angular terms are distinctly different. In par- 
ticular, the polarization-dependent terms in Eq.(6) vanish at the angles + = 45', 135', 225', 315'. 
Just as in the case of complete linear polarization, a combined non-dipole quantity y + 36 is 
readily obtained from such a fit without knowing the quantities P' or p. Furthermore, if the 
dipolar anisotropy parameter ,8 is known, a fairly accurate determination of P' can be made. 
Conversely, however, the higher the degree of linear polarization and the smaller the tilt angle 
X (i.e. the closer the quantity P' approaches unity), the less accurate become any evaluations 
of either p or y from the fit parameters [(l - P')p] and [(l - P')y], respectively. 

For illustrative examples of raw data sets obtained in the angular scans, of the correction 
for the instrumental anisotropies, and of the corresponding fitting curves, see Refs. [14, 151. 

IV. Results 
The collected results of non-dipolar anisotropy parameters for Ar-ls,  Kr-2s, and Kr-2p pho- 
toionization are displayed in Fig.4. The experimental data points are plotted as open symbols 
with error bars, and theoretical predictions from Refs. [12] and [13] are given for comparison as 
dashed and solid lines, respectively. For the level of approximation used in these calculations, 
i.e. including terms (El)(E2), the quantity S vanishes for ionization from an s subshell. The 
results for Ar 1s and Kr 2s  are therefore given in terms of the non-dipole anisotropy parameter 
y, whereas the results of Kr 2p are given as the combined quantity y + 36. 

The agreement between the theoretical non-relativistic central-field calculations and the 
experimental data is very good in all three cases. The experiment confirms the prediction 
that the non-dipolar asymmetry neither approaches zero towards threshold nor is exclusively 
positive, as it would be expected on the basis of the simple retardation picture [SI. This 
difference is caused by the mutual screening of the electrons and would be absent in a simple 
hydrogenic model (cf. [7, 121). 

The energy dependences of y differ considerably for the Ar 1s and Kr 2s  cases (top and 
middle panels in Fig.4). Ultimately, this difference is caused by the different shapes and nodal 
structure of the wavefunctions in the initial states. The non-dipole asymmetry parameter y for 
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Figure 4: Energy dependence of the non-dipole angular distribution parameter y for 
Ar 1s (top), Kr 2s (middle), and of the combined quantity y+36 for Kr 2pj (bottom). 
Open circles/diamonds, experimental results; in the case of Kr 2pj the circles and 
diamonds refer to the j = 1/2 and j = 3/2 fine structure components. Dashed and 
solid lines, theoretical predictions from [12] and [13], respectively. 
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ionization from an nS subshell can be expressed as 
Q(ns + ~ d )  

7 = 3k cos(6c,d - 6cp).  D(ns + Ep) (7) 

The quantities Q(ns 3 ~ d )  and D(ns 3 ~ p )  are the radial quadrupole and dipole matrix 
elements, and Sed and ScP are the phase shift& of the continuum partial waves for quadrupole 
and dipole transitions, respectively. The zeros in the energy dependences for Ar 1s and Kr 2s 
reflect the zeros of the quadrupole matrix element and of the cosine of the phase difference. 
From Eq.(7) it is also clear that a zero in the dipole transition amplitude would create extremely 
enhanced non-dipolar asymmetries. 

The individual fine structure components, j = 1/2,j  = 3/2, could be resolved in the ex- 
periment for Kr 2p for all but the highest energy point (bottom part of Fig.4). No difference 
in the energy dependence of 7 + 36 for the two fine structure components was detected. The 
agreement between prediction and experiment is not quite as good as for Ar 1s and Kr 2s. At 
the lower energies the experimental data points are slightly, yet systematically lower than both 
of the theoretical predictions. For Kr 2p, too, backward directed non-dipolar asymmetries are 
detected towards threshold and steadily rising positive values for increasing energies. Expres- 
sions similar to Eq.(7) for both 7 and 6 are given in.Ref. [13]. Many more transition elements 
and phase differences have to be taken into account for the partial waves occurring in con-. 
junction with the ionization from p or higher-l subshells. It is an interesting observation that 
the two theoretical predictions agree closely in their result of + 36, even though they obtain 
somewhat different results for y and 6. For further tests of the theory, future experiments will 
have to make provisions that enable separate determinations of all three angular distribution 
parameters p, 7,s. 

V. Outlook 
As intense tunable x-ray beams ranging from 1-100 keV in energy are currently becoming 
available at third-generation synchrotron radiation sources in Europe, USA, and Japan, the 
study of non-dipole effects and their inclusion in the interpretation of photoionization data will 
increasingly become part of data acquisition and analysis. The non-dipolar asymmetries repor- 
ted in this paper, particularly in the cases of ionization from s subshells, are representative of 
rather straight-forward physical systems and hence the validity of non-relativistic central-field 
descriptions has  to some extent been expected. Just as for determinations of the p parameter 
in the electric-dipole interaction, it is the less straight-forward situations, for example the non- 
dipolar asymmetries in the threshold region, in the regions of resonances [?I and of Cooper 
minima [23], which represent interesting subjects for future experimental and theoretical in- 
vestigations. In addition, relativistic effects gain importance in studies with higher-2 elements 
and higher x-ray energies. The photoionization cross sections decrease significantly at higher 
photon energies and, consequently, experimental determinations of angular distributions be- 
come much more difficult. Nevertheless, further work is needed to explore the extent to which 
current theoretical descriptions are able to predict non-dipolar angular distributions in the. 
regime of high 2 and high x-ray energies, and the extent to which other multipole terms need 
to be taken into account in the photon-atom interaction. 

241 



Acknowledgments 
We thank C. A. I h r t z  and B. J. Zabransky for excellent technical support. We are indebted to 
P. M. Dehmer, J. L. Dehmer, and R. D. Deslattes for the loan of equipment. We are especially 
thankful to M. Peshkin for helpful suggestions and illuminating discussions. Measurements 
were carried out at the National Synchrotron-Light Source, Brookhaven National Laboratory, 
which is supported by the US. Department of Energy, Division of Materials Sciences and 
Chemical Sciences. This work was supported by the U.S. Department of Energy Office of 
Basic Sciences under Contract W-31-109-Eng-38. 

References 
[l] A. F. Starace, in Handbuch der Physilc, edited by W. Mehlhorn (Springer-Verlag, Berlin, 

1982), Vol. XXXI, pp. 1-121. 

[2] V. Schmidt, Rep. Prog. Phys. 55, 1483 (1992). 

[3] W. Bothe, 2. Phys. 26, 59 (1924). 

[4] P. Auger and F. Perrin, Journal de Physique 6, 93 (1927). 

[5] A. Sommerfeld and G. Schur, Ann. d. Phys. 4, 309 (1930). 

[6] H. A. Bethe and E. E. Salpeter, Quantum Mechanics of One- and Two-Electron Atoms 
(Springer-Verlag, Berlin, 1957). ' 

[7] M. Ya. Amusia, P. U. Arifov, A. S. Baltenkov, A. A. Grinberg, and S. G. Shapiro, 
Phys. Lett. 47A, 66 (1974); M. Y. Amusia and N. A. Cherepkov, in Case Studies in 
Atomic Physics (North-Holland, Amsterdam, 1975), Vol. 5, pp. 47-179; M. Ya. Amus'ya, 
V. K. Dolmatov, and V. K. Ivanov, Sov. Phys. Tech. Phys. 31(1), 4 (1986), and further 
references therein. 

[8] R. H. Pratt, A. Ron, H. K. Tseng, Rev. Mod. Phys. 45, 273 (1973); A. Ron, R. H. Pratt, 
and H. K. Tseng, Chem. Phys. Lett. 47,377 (1977);Y. S. Kim, R. H. Pratt, A. Ron, H. 
K. Tseng, Phys. Rev. A 22, 567 (1980). 

[9] M. 0. Krause, Phys. Rev. 177,151 (1969); F. Wuilleumier and M. 0. Krause, Phys. Rev. 
A 10, 242 (1974). 

[lo] H. IC. Tseng, R. H. Pratt, S. Yu, and A. Ron, Phys. Rev. A 17, 1061 (1978). 

[ll] J. H. Scofield, Phys. Rev. A 40,3054 (1989); Phys. Scr. 41,59 (1990). 

[12] A. Bechler and R. H. Pratt, Phys. Rev. A 39, 1774 (1989); Phys. Rev. A 42, 6400 (1990). 

[13] J. W. Cooper, Phys. Rev.'A 42, 6942 (1990); Phys. Rev. A 45, 3362 (1990); Phys. Rev. 
A 47, 1841 (1993). 



[14] B. Krksig et al., Phys. Rev. Lett. 75, 4736 (1995). 

[15] M. Jung e t  af., Phys. Rev. A 54, 0 (1996). 

[16] 0. Hemmers et af., 1996, to be published. See also D. Lindle's contribution to these 
proceedings. 

[17] M. Peshkin, Adv. Chem. Phys. 18, 1 (1970). 

[18] The corresponding expression for linearly polarized radiation for L 2 2 contains additional 
terms Pf)(cos 0) cos 2G, weighted by geometrical factors. Here Pf' are the second asso- 
ciated Legendre polynomials, and the azimuthal angle @ is measured from the direction 
of linear polarization (cf. [IiJ). 

[19] B. Cleff and W. Mehlhorn, J. Phys. B: Atom. Molec. Phys. 7,593 (1974); E. G. Berezhko 
and N. M. Kabachnik, J. Phys. B: Atom. Molec. Phys. 10, 2467 (1977). 

[20] N. M. Kabachnik and I. P. Sazhina, 1996, to be published. See also NMK's contribution 

[21] P.-S. Shaw, U. Arp, and S. Southworth, Phys. Rev. A 54, 0 (1996). 

to these proceedings. 

[22] M. Peshkin, 1996, see the contribution in these proceedings. 

[23] M. S. Wang, Y. S. Kim, R. H. Pratt, and A. Ron, Phys. Rev. A 25, 857 (1982). 

243 

b 



244 

, .  9 . .  - .  . :. 



Angle Resolved Study of the Xe 4d + 6p 
Resonant Auger Process with 

High Resolution 

B. Lanper, A. Farhat, B. Nessar, N. Berrah 
Physics Department, Western Michigan University, Kalarnazoo, MI 49008 

0. Hemmers 
Chemistry Department, University of Nevada, Las Vegas, NV 89154-4003 

J. D. Bozek 
Lawrence Berkeley National Laboratory, Advanced Light Source, Mail Stop 2-400, Berkeley, CA 

94720 

Abstract 
We studied the angular distributions and decay rates of the Xe 4d512+6p resonant 
Auger lines using the high resolution and high flux of undulator beamline 9.0.1 at 
the Advanced Light Source. The electron spectra were recorded by two time-of- 
flight (TOF) spectrometers with energy resolutions down to 43 meV. This allows 
us to determine the angular distribution parameters p of almost all possible final 
ionic 5p ( P, D, S)6p states. 4 3  1 1 

Introduction 

The resonant Auger decay of the Xe 4d512+6p resonance has been studied for almost two 
decades since the first spectrum was reported by Eberhardt et al. in 1978 [l]. Their work was fol- 
lowed by other experimental and theoretical studies [2-71. It was more than a decade after the first 
observation that measurements on the angular distribution were performed by Carlson et al. [8], 
who found anomalously negative p-values in the decay spectrum. Such behavior was first 
explained theoretically for the decay of the Ar 2p+4s resonance by Cooper [9], who applied 
angular momentum transfer theory, treating the resonant decay as a single-step process. Kimmer- 
ling et al. [ 101 and Becker [ 1 11 compared resonant Auger and normal Auger angular distributions 
experimentally and theoretically. These experimental studies were limited by the low resolution of 
the photon sources as well as of the electron spectrometers, making it difficult to compare the 
results with the various theoretical calculations [9,10,12-151. 

Recently, however, the development of new synchrotron sources and high resolution mono- 
chromators in' combination with high-resolution electron spectrometers has made it possible to 
study the energy positions and intensities of the peaks in the Xe 4d5,26p+5p46p decay spectrum 

245 



with a resolution better than the natural linewidth (106 meV [16]) of the 4dinner shell hole by uti- 
lizing the Auger resonant Raman effect [17,18]. Using this technique, we are now able to deter- 
mine the angular distribution parameters p of almost all of the possible final ionic 5p ( P, D, S)6p 
states. 

4 3  1 1 

A xenon atom in the ground state has a filled 4d inner shell as well as filled 5s and 5p valence 
shells. After absorbing a photon with sufficient energy, an electron may be excited out of the 4d 
shell (actuaIIy we studied the 4d512 component) into an unoccupied Rydberg state (here 6p), 
which then can decay into one of several possible final ionic states. Fig. 1 schematically shows the 

Autoionization Resonance 
Xe 4d -3 np 

several final ionic states for for each resonance 
5p main 5s main 

line line 
satellite 4d main 

lines line 

Xe+ ....-...--.... .-...-........ .....--_.._... 46' 8p 
46' 7p 

Xe 4d'05s%p6 ground level 

2 

Fig. 1: Schematic 
picture of the Xe 
4d + 6p autoion- 
ization resonances. 

excitation and decay into the 5p-' and 5s-' final ionic states (main lines) as well as the decay into 
the states (satellite lines). Note, that all of these final ionic states can also be reached via 
direct photoionization which could lead to interference effects. Integrating the intensity over all 
final ionic states, when scanning the photon energy over the resonance region, leads to the charac- 
teristic resonance profile of the total cross section shown in a simplified way on the left side of 
Fig. 1. 

As a remainder, when a photon with sufficient energy hits an atom, an electron may be emitted 
with a characteristic velocity and direction (Fig. 2a). As shown in the energy level diagram (Fig. 
2b), the energy of the absorbed photon is partly used to ionize the atom and the excess energy is 
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given to the electron as kinetic energy. A schematic photoelectron spectrum (Fig. 2c) shows a sin- 
gle (main) line at the characteristic energy. Due to electron-electron correlation, it may happen 
that during the photoionization process another electron is "shaken up" into a higher orbital (Fig. 
2d). The energy for the outgoing electron is reduced by the amount needed for such an excitation 
(Fig. 2e). Therefore, in the photoelectron spectrum the main line is accompanied by smaller satel- 
lite lines at lower kinetic energy (Fig. 20. Note, if the second electron also leaves the atom (shake- 
off) the two outgoing electrons can share the excess energy arbitrarily, thus showing a continuous 
intensity distribution in a photoelectron spectrum. 

Photoionization 
. .. man line 

hv- Esin 

satellite line 

main line 

Fig.2: The photoionization process of a 
main line and satellite lines depicted in "real 
space" pictures (a),(d), energy level diagrams 
(b),(e), and schematic photoelectron spectra 
(C),O. 

The angular distribution of the emitted electron is, in general, not spherically symmetric. For 
linearly polarized photons and randomly oriented targets the differential cross section &/dQ in 
the dipole approximation can be expressed by a 2nd order Legendre polynomial [19] (Fig. 3). 
Thus, only a single parameter p is ,necessary to describe the angular distribution. This parameter 
can take values between -1 and 2. p = 0 describes a spherically symmetric distribution of the 
emitted electrons, whereas positive p values stand for emission preferably in the direction of the 
electric field vector of the incident light. Negative p values describe emission patterns where the 
electrons are emitted preferably perpendicular to the electric field vector. In the extreme cases 
p = 2 and p = -1, no electrons are emitted perpendicular or parallel, respectively, to the electric 
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Angular Distribution 
P-Parameter (Anisotropy Parameter) 

differential cross section 

unpolarized atoms @ = f 0 = 0, = 51.7" 
linearly polarized light 

p=-1 ' I  
Differential cross section as a function of the in emission angle with respect to the 
Bvector of the synchroaon light (perpendicular to fhe drawing plane) in polar view 
for various ~parametm., 

The angular distribution of photoelectrons can be described 

In general, two angles are sufficient to determine the P-parameter. 
by a single parameter (p). 

Fig. 3: Angular distribution anisotropy 
parameter p. 
(3 is the (angle integrated) partial cross 
section and 0 is the angle between the 
outgoing electron and the electric field 
vector of the photon beam. 

field vector. Note, there is a certain (magic) angle 0, where all patterns intersect. Therefore, at 
the magic angle, the differential cross section is directly proportional to the angle-integrated par- 
tial cross section. If the linear polarization of the incident light is less than 100% the formula for 
the differential cross section in Fig. 3 has to be replaced by [20]: 

where P1 is the degree of linear polarization (here: P1 = 0.991(2)). The general patterns for differ- 
ent p parameters remain the same only that they are not as pronounced anymore. For polarization 
degrees P1 > 1/3 there is still a (quasi) magic angle different from Om, however. 

In order to determine the angular' distributions experimentally it is, in general, sufficient to 
measure the differential cross sections at two different angles, although more angles will always 
give more reliable results. 
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Experimental Setup 

Fig.4: Time of flight electron 
analyzer with a zoom-in part of its 
entrance. 

Our electron spectra were recorded using time of flight (TOF) electron analyzers. Fig. 4 shows 
one of the analyzers. Electrons created in the source volume fly straight to the micro channel 
plates (MCPs) where they are detected. In order to measure the flight time of the electrons we 
have to use a pulsed light source i. e. the synchrotron ring has to be operated in timing mode 
where there are only few bunches (here: two) of electrons in the ring. Electron of all kinetic ener- 
gies are detected simultaneously which allows measurements independent of the fluctuations of 
the target density or the photon flux. The kinetic energy resolution of our analyzers is about 1% of 
the kinetic electron energy. In order to improve the energy resolution we can apply a retarding 
voltage at the retarding cage and the inner nose. Raytrace calculations have shown that for the 
given setup the energy transmission is best when the potential of the inner nose is 75% of the 
retarding potential. The price to pay for the improved resolution (still 1% of the kinetic electron 
energy including retardation) is the loss of all electrons with lower kinetic energy than the retard- 
ing potential. The slower the electrons are the more they are effected by electric and magnetic 
stray fields. Therefore, we use a magnetic shield for drift tube of the analyzer. 

Two of these TOF analyzers were mounted to a rotatable chamber. This setup is similar to the 
one used by the Becker group in Berlin [21,22] which itself was an improvement of the original 
TOF analyzers developed by the Shirley group in Berkeley [23]. Fig. 5 shows our setup with two 
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View from the ba Experiment a1 Setup 
of the chamber 

simultaneous detection of 2 entire electron 

independent of photon or gas fluctuations 
energy resolution 1% of the kinetic energy 

(virtually)flat transmission down to 0.2 eV 
angular resolution 1/4000 of the solid angle 
chamber rotatable around the photon beam 

spectra under different angles 

(including retardhg/acceleration) 

Fig. 5: Schematic of the experimental setup 

analyzers in normal position where one analyzer takes spectra at the magic angle 0, = 54.7" 
and the other analyzer records spectra at 0" with respect to the electric field vector of the synchro- 
tron light. The whole chamber including analyzers, gas inlet, turbo pumps etc. can be rotated 
around the synchrotron beam allowing us to take sets of spectra at different angles. 

Normal Auger vs. Resonant Auger/Autoionization Resonance 

In most cases the normal Auger decay can be considered as a two step process. In the first step 
an inner shell hole is created. In the second step the inner shell hole is filled by a valence electron 
and the gained energy is transferred to another valence electron which leaves the ion. The final 
ionic state is doubly charged. In contrast to the simultaneous double ionization (shakeoff) where 
the energy of the two outgoing electrons is shared arbitrarily, the normal Auger process leads to 
discrete lines in an electron spectrum. Fig. 6a) shows the case where a Xe 4d512 electron is photo- 
ionized.The hole is filled by a 5p electron and another 5p electron is ejected. 

In the resonant Auger process, which can also be referred to as an autoionization resonance, 
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Fig. 6: Normal Auger vs. Resonant Auger/Autoionization Resonance process. 

the inner shell hole is created by resonantly exciting an inner shell electron into an unoccupied 
Rydberg level. Fig. 6b and Fig. 6c show the case of an excitation of the Xe 4d5,Z electron into the 
6p level. The decay of this resonance can either involve the excited 6p electron (Fig. 6b, participa- 
tor decay) or leave the 6p electron unaffected (Fig. 6c, spectator decay). In both cases the final 
ionic state is singly charged. The participator decay leaves the ion in a final state with one hole in 
the outer shell which is the state of a main line whereas the spectator decay results in a double 
hole in the outer shell and an excited electron which is the final ionic state of a satellite line. In this 
paper we focus on the spectator decay which is dominant in the Xe 4p + 6p case [24]. 

Fig. 7 shows schematically the energy distribution of electrons resulting from normal (Fig. 7a 
and b) and from resonant Auger processes (Fig. 7c and d) when photons with different energy res- 
olutions are used to respectively ionize and excite the Xe atom. In the upper part (Fig. 7a and c) 
we have a low photon energy resolution with a bandpass much larger than the natural linewidth of 
the inner shell hole. In contrast, the photon bandpass in the lower part (Fig. 7b and d) is much 
smaller than the inner shell linewidth. 
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Resonant Auger Process 
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photon 
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high 
photon 
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Fig. 7: Energy distributions of normal and resonant Auger decays. 

Fig. 7a: Low resolution photons are used to emit an electron out of the 4d512 inner shell. 
The energy resolution of the outgoing electron is given by the convolution of the 
photon bandpass with the natural life time width of the inner shell hole. In this case 
it is dominated by the photon bandpass. The linewidth of the Auger electrons cre- 
ated in the 2nd step only depends on the natural inner shell hole linewidth and is 
therefore smaller than the photoelectron linewidth. A fact which was utilized in 
Auger spectroscopy when the monochromator technique was less advanced than 
today. 

Fig. 7b: When high resolution photons are used the photoelectron linewidth - still given by 
the convolution of the photon bandpass with the inner shell hole width - is now 
limited to the natural life time width as is the Auger linewidth. 

Fig. 7c: In a resonant excitation with low photon resolution only that part of the photon 
bandpass is used to create the inner shell hole which fits into the resonance condi- 
tion. After the decay, the outgoing electron carries essentially the linewidth of the 
inner shell hole. In Fig. 7c the spectator decay is shown but the electron linewidth 
is the same in the participator decay. Note, since in this case the direct photoioniza- 
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tion with the large bandpass is also possible the resonant decay spectrum is super- 
posed with the low resolution photoelectron spectrum which complicates the 
analysis. 2: 

Fig. 7d: The excitation with high resolution photons creates an inner shell hole which is 
narrower than the natural life time width. Due to energy conservation there is no 
possibility to relax before the decay. Thus, the narrow linewidth is carried away by 
the outgoing electron. The outgoing electron then shows dispersion when the pho- 
ton energy is changed. In other words, if we detune the photon energy slightly 
above the mean resonance energy we create a hole which is "deeper" than the 
mean value. Therefore, the electron which fills the hole, gains a bit more energy 
that is transferred to the outgoing electron. Accordingly, if we detune the photon 
energy below the resonance, the outgoing electron will have less kinetic energy. 
Again, the direct photoionization is also possible. In contrast to the case in Fig. 7c, 
the resonant decay lines and the direct photolines are indistinguishable. 

The process described in Fig. 7d has been referred to as Auger resonant Raman scattering 
[25,26] since it has the following features [27]: i) linear dispersion of the outgoing electron, ii) 

on resonance 4d5E+6p Fig. 8: (a) Photoelectron spectra taken 
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intensity enhancement when tuning the photon energy, and iii) linewidth solely depends on the 
photon bandpass (narrowing). Note, in order to take advantage of the narrow linewidth, the elec- 
tron spectrometer must have a comparable resolving power. 

Results 

The experiment was performed at the Advanced Light Source (ALS) synchrotron radiation 
facility in Berkeley using double bunch operation. Xenon atoms were ionized by monochromatic 
synchrotronPadiation from an 8-cm, 55-period undulator and spherical grating monochromator on 
beamline 9.0.1. We used a 925 lines/mm grating with a 100 pm entrance slit and a 60 pm exit slit 
providing us with a photon resolution of about 15 meV at the energy of the Xe 4d5&6p reso- 
nance at 65.1 10 eV. 

Fig. Sa shows photoelectron spectra 
taken at the magic angle "on" the Xe 
4d5/+6p resonance and just below that 
resonance at hv= 65.00 eV. On reso- 
nance the intensities of the satellite lines 
are enhanced whereas there is almost no 
intensity gain in the 5p-' and 5s-' main 
lines. This indicates that the spectator 
decay dominates the participator decay. 
In order to focus on the 5 ~ - ~ 6 p  satellite 
lines we applied a 30 V retarding poten- 
tial to the analyzers. Fig. 8b shows the 
resonant decay spectrum in the kinetic 
energy range between 33 an 42 eV. 

In Fig. 9 the same energy range taken 
at the magic angle and at 0" is shown in 
the context of previous angle integrated 
measurements from Aksela et al. [ 181 as 
well as the first angle resolved data from 
Carlson et al. [SI. It clearly can be seen 
that with this retardation potential (30 
V), in the low energy side of the spec- 
trum (Fig. 9a and b) our resolution 
matches that of the so far best resolved 
decay spectra from Aksela et al. [ 181. 

In order to better resolve the 
-2 1 5p ( D > ~ P ( ~ L )  line group we took 

spectra using 32 V retarding. These spec- 

Xe 4dz-%p fiv = 65.1 lev 

34 36 38 40 42 
Kinetic energy (eV) 

Fig. 9: Decay spectra of the Xe 4d512 3 6p resonance 
taken at the magic angle: a) Aksela et al. [18] and b) 
Langer et at. [28]. Resonance spectra taken at 0': c) 
Langer et al. [28] and d) Carlson et al. [SI. 
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-2 1 2 Fig.lO: The 5 p  ( D)6p(  L )  line 
group of the Xe 4dSn+6p resonant 
Auger spectrum taken at (a) o', (b) 54.7', 
and (c) 90" with respect to the polariza- 
tion of the incident photons. The spectra 
were measured with a 32-V retarding 
potential corresponding to a spectrometer 
resolution of between 43 and 50 meV in 
the displayed region. (d) shows the angu- 
lar distribution parameter p for the 

5 p  ( D ) 6 p  spectatorlines. -2 1 

2 1 1 1 1 1 I 

- 4  ' *  4d-'6p + 5p4('D)6p 
- 

- - 

F6/2 
2 -  

2D6/2 2D3/2 2 F7/2 fl Q -  

0 

36.4 36.5 36.6 36.7 36.8 36.9 37.0 
Kinetic energy (eV) 

p3/2 
w2  - h / Z  2 - 

I I 1 1 1 I 

tra were taken at 3 different angles (0"' 54.7"' 90"). We fitted Gaussian curves to our data to deter- 
mine the areas under the peaks. The relative line positions were taken from Aksela et aZ. [18] and 
kept fixed during the fitting procedure. The linewidths for all lines were connected in a way that 
the relative resolution remained constant (about 1.0% of the final kinetic energy of the electron 
including the retarding potential). From the lines' areas at the different angles we derived the 
angular distribution parameters p for each final state shown in Fig. 10d. 
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Table 1: Intensities and p parameters of the electron spectrum of Xe after 4 d 5 ~  + 6p excitation (65.1 1 eV). 
Intensities are normalized relative to the well separated (3P)6p(2P3n) line (line 26). The identification of the peaks 
from Chen [14] was done with respect to their calculated energies. Peaks where the leading LS terms differ from that 
given by Aksela et al. [18] are marked with an asterisk (*). 

P Line in Final ionic state Inten. 
Line in 

experi- 
Carlsonf mentce K m e r -  Tulkki' Chend experi- Core 

Term menta thisworkb MCDF MCDF this workb linge 
5P4 

4 

4 

2 

p3n 

PSI2 

Dsn 
2sIn 

4 

2 
DID 

p3n 

2PlL2 

4Pln 

D3R 

D5l2 

s3n 
D3n 

2 

4 

4 

4 

4Dln 

FSl2 

P3R 

Flt2 

D3n 

D5n 

2Pln 

2P*n 

2 

2 

2 

2 

2 

2 P3n 

19 

20 

22 

23 

24 

26 

28 

30 

31 

32 

33 

34 

36 

39 

41 

42 

43 

44 

46 

65 

67 
68 

2.0 

23.7 

37.5 

17.1 

100 

5.0 

7.1 

42.8 

I;3 

24.0 

22.1 

19.5 

2.1 

82.7 

24.3 

39.0 

51.0 

63.1 

1.6 

98.9 

1.4 

-0.85 

-0.967 

-0.69 

1.30 

1.03 

-0.13 

0.73 

0.3 

1.13 

-0.14 

0.52 

-0.85 

0.47 

-0.11 

-0.66 

-0.65 

1.66 

0.73 

1.17 

1.045 

-0.994 

-0.994 

-0.448 

-0.588 

1.030 

0.984 

0.233 

0.656 

-0.188 

0.745* 

-0.536* 

0.593 

-0.875 

0.175 

0.246 

-0.553 

-0.888 

1.503 

0.130 

0.928 

0.984 

-1.000 
-0.66 -0.60 -0.84 la 

-1.000 

0.215* -0.88 -0.90 -0.97 lb 

-0.974 

1.018 1.30 1.31 0.96 IC 

0.962* 

0.774* 0.65 0.58 0.33 2a 

0.653* 

-0.33 1 

0.955 

-0.860* 
0.52 0.54 0.18 2b 

0.935* 

-0.860 

0.073 0.36 0.23 0.06 3a 

0.052 

-0.529 

-0.882 0.28 0.33 0.01 3b 

1.307 

-0.139 

0.847 1.17 0.83 0.5 1 4 

a. 
b. 

d. 
e. 
f. 

C. 

According to Aksela et al. [18]. 
Langer et al. [28]. 
Tulkki, Aksela, and Kabachnik [15]. 
Chen [29]. 
Kammerling et al. [lo]. 
Carlson et al. [SI. 



Scan over the Xe 4d5,2 3 6p resonance 

I 
I I 1 1 I 1 1 

200x10' Photon 
energy 

65.195 eV 
h 65.180 eV fn 
*E 150 65.165 eV 
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0) 
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Fig.ll: Scan over 
the Xe 4 d 5 ~  3 6p 
resonance. The same 
line group as in Fig. 
10 is shown together 
with neighboring 
peaks which are not 
resonantly enhanced. 
The individual spectra 
are only shifted verti- 
cally in order to dem- 
onstrate the linear 
dispersion 

In Table 1 the relative intensities and angular distribution parameters for the 6p spectator line 
are shown together with the latest theoretical calculations from Chen [29] and Tulkki, Alksela and 
Kabachnik [30]. Also included are previous, lower-resolution experimental data from K m e r -  
ling et al. [lo] and Carlson et al. [SI. A more comprehensive table can be found in Ref. [28]. 

In order to map out the resonance, we took several photoelectron spectra in the resonance 
region. Fig. 11 shows a part of the decay spectrum which contains the same line groups as in Fig. 
10. The linear dispersion of the outgoing electron can clearly be seen since the individual spectra 
are only shifted vertically. Fig. 11 also shows that there are lines which are almost unaffected by 
the resonance whereas the lines in the center show clearly the resonant enhancement. These spec- 
tra, again, were taken with a 32-V retarding potential. 

The spectra shown in Fig. 11, taken under the magic angle, were simultaneously recorded with 
spectra under 0" with respect to the polarization of the synchrotron light. Fig. 12 shows the (pre- 
liminary) results of the resonance profiles in the intensity as well as in the angular distribution for 
a line and two line groups. The intensities for the selected lines as a function of the incident pho- 
ton energy show Lorentzian profiles sitting on top of a small non-resonant background (Fig. 12b). 
The width of the profile are in good agreement with recently published data [16]. The p parameter 
Fig. 12a shows strong fluctuations in the low energy range which might be artifacts caused by 
instable beam conditions at that time. For the other energies, the angular distributions of the line 
groups 41-42 and 4347 are essentially flat or slowly varying as can be expected since the reso- 
nant intensities are much stronger than the non-resonant satellite intensities. The p parameter for 
line 26 [(3P)6p(2P3/2)] seem to show a step in the vicinity of the maximum of the resonance which 
might indicate an interference of the resonant with the non-resonant path to the same final ionic 
state. 
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ferent lines or line groups. The solid 
curves in (b) are Lorentzian profiles fit- 
ted to our data. The linewidth was mea- 
sured to be 105 meV which is good 
agreement with recent published mea- 
surement for the natural linewidth of the 
Xe 4 d 5 ~  + 6p.resonance [16]. 
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Conclusions 

Time of flight electron spectroscopy in combination with tunable synchrotron radiation pro- 
vided by a 3rd generation storage ring has been used to study the angular distributions of the Xe 
spectator lines following Xe 4d5,+6p excitation. The high resolving power of the monochroma- 
tor as well as of our electron analyzers allowed us to determine the p parameters of almost all pos- 
sible final ionic 5p ( P, D, S)6p states with many of them being much closer than the natural 
linewidth of the 4d inner shell hole. At least for one line (line 26), the resonance profile of the 
angular distribution parameter seem to indicate an interference of the resonant with the non-reso- 
nant path to the same final ionic state. 
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Photoion Measurements by Photon-Ion 
Merging-Beam Technique 

Yoh Itoh 

Physics Laboratory, Faculty of Science, Josai University, Sokudo, Saitama 350-02, Japan 

Our project * to study photoionization of 
free ions was started in 1990 as one of an 
R&D program of the SPring-8 project. The 
purpose of the R&D program is to establish 
an experimental technique and to search 
possibilities to examine ionic electronic 
structures systematically along isoelectronic, 
isoionic and isonuclear sequences. 

' For the study of free ion-targets, 
photoabsorption measurements using a Iaser- 
produced plasma technique [ 1-31; photoion 
measurements using a trap technique [4] or a 
merging-beam technique [a, and 
photoelectron measurements [6] have been 
done. As the target density of ion-targets is 
only one millionth of normal gas-target, we 
empIoyed the photon-ion merging-beam 
technique to increase the target-thickness and 
to specify the charge-state of the target-ions. 

So far, we have reported the 4-ionization 
of Ba" ions [6] and 3d-ionization of Sr+ ions 
171; the energy region studied was about 50-200 
eV. Measurements were done at the BL-3B 
in the Photon Factory. It should be noted that 
we found different tendency of the 
photoionization cress section in Ba+ Case, 
though ours was relative measurements, in 
comparison with that reported before [l]. It is 
often said that the difference of the 4d- 
photoionization cross section of neutral Ba and 
Ba' ion is small; a very drastic change happens 
in Ba 2* ions due to the collapse of 4f 
wavefunction. We measured many discrete 
lines which may correspond to the 4f-orbital 
collapse already in Ba' target. This agrees also 
with the results reported by Kennedy [SI. 
Therefore, we remember that the orbital 
collapse is very sensitive to the electron- 
electron correlation effect or the effective 
nucIear-charge. 

In this workshop, 1 report about the relative 
photoionization cross section of Xe - + 

measured very recently in the energy region 
from 50 to 150 eV. 

A schematic diagram of the apparatus used 
is shown in Fig. 1. The experimental detail 
has been described in Ref. 6. Briefly, it consists 
of an ion-source, a Wien-filter as a mass- 
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selector, an electrostatic quadruple-deflector, 
an interaction-region and an electrostatic 
charge-state analyzer. Two channel-electron- 
multipliers are set on the analyzer so that two 
different product-ions are detected 
simultaneously. The most important point to 
perfom this kind of the measurement is to 
prepare good vacuum to reduce the counting- 
rate of the noise which may be produced by 
the collision of the primary-ion with the 
residual-gas. We found that the counting rate 
of the noise is proportional to the background 
pressure: The pressure at the workin condition 
of the apparatus is about 3 X 10.' Torr, we 
still have strong background of a few hundred 
cps. 

We used an electron-impact ion-source 
instead of the surface-ionization source to 
produce Xe ions in this study. The impact 
energy was about 250 eV. Therefore, low-lying 
metastable ions are included in the ion-beam. 
For example in the Xe" ion beam, it is expected 
that the intensity ratio of 5.?5ps zP3,2 to 5sz5ps 
Prn is 2:1, the statistical ratio. [9] 

( Xe + Xe %) from photoionization of Xe + 

in the energy-range from 60 eV to 150 eV 
together with the calculated oscillator-strength 
[lo] are shown. Very recently, we extended 
the energy-region studied down to 50 eV and 
measured with somewhat higher energy 
resolution. The unculibruted results obtained 
is shown in Fig.3. The 4d-photoionization of 
the neutral Xe [ll] is characterized by a few 
lines below the 4d-threshold and a broad 4d - 
Ef giant resonance peak. Whereas in Figs. 2 
and 3, many discrete lines are observed below 
75 eV (region A), a shoulder from 75 eV to 
87 eV is seen (region B) and a large structure 
is observed above 87 eV (region C). A multi- 
configuration Dirc-Fock code (GRASP') [E]  
is used for the analysis: In the region A, the 
configurdtions 4d95sb5p' nl (nl = 5-7p, 4-70 
were considered. This calculation shows that 
the strong lines observed around 55 eV 
correspond to the transition 4d->5p, which is 
of course due to the existence of 5p vacancy 
in Xe' ion. Othcr lincs arc shown to bc 

In Fig. 2, relative total photoion-yield 



constructed by the overlap of many lines. While 
main processes for these lincs arc 4d -> np 
transition, 4d -> nf components, which is not 
observed in the case of neutral Xe, arc shown 
to be included also. 

These differences in4d-ionization of neutral 
Xe and Xe+ ion can be understood from the 
different behavior of the excited nl 
wavefunctions. In Fig 6(a) and 6(b), radial 
wavefunctions for Xe*(4d95?5p6 nl) and 
Xe+*(4d95s25ps nl) are shown. In the case of 
neutral Xe, the overlap of 4d and 4f 
wavefunction is almost zero, 5p orbital is 
occupied, therefore only4d -> 6p,7p transitions 
are possible. In Xe" case, it is seen that the nf 
orbital begins to collapse in to the 4d-rigion. 
This is considered to be due to the increase of 
effective nucIear-charge by the removal of the 
outer 5p-electron. In Fig. 6(c), wavefunctions 
of Xe+**(4d95s25p4 4f nl), two-eIectron excited 
states, are shown. The 4f-wavefunction 
collapses very strongly due to the slight 
increase of effective nuclear-charge, which 
results in alarge overlap with 4d-wavefunction. 
The oscillator strength for the excitation from 
the ground state and the energ -position of 

(4&5s25p4 4f 7p) are seen around 100 eV in 
Fig. 2. Therefore the broad structure observed 
in the region C is now considered to be due to 
the excitation to very short-lived shake-up 
states, and the shoulder in the region B to the 
4d -> Ef  transition. To confirm these 
assignments, it is of course necessary to 
perform calculations taking into the continuum 
Ef wavefunction. 

As asmall changeof effectivenuclear-charge 
even inside Xe" ion causes a strong variation 
of 4d excitation process. Therefore, further 
removal of outer electrons is expected to affect 
the excitation processes considerably. Relative 
total photoion-yield Xes + Xe ") from 
photoionization of X b +  and photoion-yield ( 
Xe* + Xe %) from Xek in the energy-range 
from 80 eV to 140 eV are shown in Fig 4. and 
Fig. 5. Discrete lines below broad structure 
are much more prominent and some lines 
esceed the broad peak. The origin of these 
strong lines are not clear at present, it is 
supposed to be owing to further collapse of nf 
wavefunction. The analysis using the GRASP 
code is now in progress. 

the shake-up states Xe+**(4d95 sy 5p44f 6p) , 
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Figure 1. Schematic diagram of the photon-ion merging-beam apparatus. 
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Figure 2. Relative total photoion-yield from Xe+ ion. Calculated oscillator strengths 
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are also plotted 



Photon energy ( eV ) 
Figure 3. Relative total photoion-yield from Xe+ ions. 
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A Stored-Ion Target for X-ray Spectroscopy of 
Multicharged Ions 

E. P. Kanter* 
Physics Division, Argonne National Laboratory 

Argonne, IL, 60439, USA 

Abstract 

With the evolution of the new third generation synchrotron radi- 
ation sources providing intense beams of hard x-rays, it is natural to 
consider exploiting these to investigate one of the central problems 
in atomic and molecular physics: the 3-body Coulomb problem. The 
atomic physics community could advance this field considerably by 
developing general techniques to investigate the x-ray spectroscopy of 
heliumlike ions. To do so, however, requires the development of a 
target of such ions with sufficient density to permit photoexcitation 
studies in the hard x-ray regime. A possible scheme to achieve this 
is described. Such a target system would permit x-ray investigations 
with exotic species such as highly-charged atomic ions, size-selected 
cluster ions, and atomic and molecular negative ions which have hith- 
erto been impractical to study with conventional techniques. 

One of the current frontiers of atomic physics is in understanding atomic 
structure in the regime where relativistic effects and electron-electron cor- 
relations are simultaneously important.[l] A good testing ground for this 
regime is the study of heliumlike ions at intermediate Z. In particular, it 
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has long been recognized that doubly-excited states of heliumlike ions pro- 
vide a unique handle on electron-electron correlations just by the very fact 
that they can be reached by photoexcitation from the ground state despite 
the single-particle nature of the photon-electron dipole operator.[2] Further- 
more, because such systems deviate so strongly from the independent particle 
approximation, they are governed by very different quantum numbers and 
selection rules from single-particle states[3] leading to spectral patterns more 
closely-related to molecular spectra than atoms.[4] 

For helium (and heliumlike ions), the energy of any state in which both 
electrons are excited is higher than the ionization threshold and thus such 
states appear as autoionizing continuum resonances. The autoionization con- 
tinuum of He has been studied in great detail for over 30 years. In fact, the 
pioneering work of Madden and Codling[2] on the doubly-excited autoioniz- 
ing states of He is generally considered to mark the start of the Synchrotron 
Radiation era in atomic physics.[5] Despite this long history, and the great 
interest in the 3-body Coulomb problem,[6] there is little experimental infor- 
mation available on such states in systems heavier than helium. Beam-foil 
experiments[7] have observed some doubly-excited states in heliumlike ions 
up to oxygen, though the only high-resolution data that exists on heavier 
systems comes from dielectronic recombination measurements in heavy-ion 
storage rings.[8] While there have been several recent theoretical attempts to 
predict the Z-scaling for double photoionization[9], there are no data avail- 
able with which to test such theories. The fact remains that despite more 
than 30 years of effort in this field, long “families” of doubly-excited states 
have only been observed in H- and even then only for limited excitation 
regions. [I 0] 

The importance of extending these investigations to heavier members 
of the helium isoelectronic sequence is simple to understand by looking at 
the form of the perturbative term employed in the Hylleraas-Scherr-Knight 
variational procedure[ll]. In this commonly-used perturbative method[l2], 
after scaling energy and length by Z2 and 2-l respectively, the nonrelativistic 
2-electron Hamiltonian is written in the form: 

H = H~ + z-lv 
where HO represents the summed hydrogenic Hamiltonians of the two elec- 
trons and V = l / q Z  is the perturbative electron-electron term. In the limit 
Z += m, the correlation term vanishes and the independent particle approx- 
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imation would become exact. However, with increasing 2, relativistic inter- 
actions become increasingly important with terms growing as Z2 and Z4.[l] 
Thus, the ability to experimentally follow trends with Z in the heliumlike 
sequence would provide theorists an important new tool. 

Third-generation synchrotron radiation sources such as the Advanced 
Photon Source present us with a remarkable opportunity to address this 
problem because of the high brilliance which will be available. Though the 
investigation of heliumlike ions is the principal motivation behind the idea 
of developing a stored ion target for use at the APS, such a facility would be 
far more general. Given suitable ion sources, such a stored ion target would 
represent a major breakthrough for synchrotron-related research with other 
exotic targets such as negative ions and cluster ions as well. Thus, the success 
of this project would considerably enhance the capabilities of researchers in 
several different fields. 

Perhaps the biggest challenge in carrying out these experiments is making 
sufficient numbers of heliumlike heavy ions and then constraining them in 
a high-density region to interact with the photon beam in a cost-effective 
manner. Several groups around the world are either developing, or have 
already constructed, facilities for photon-ion merged beam experiments with 
synchrotron radiation (see e.g. [13] and references therein). These are all 
variants of the apparatus for photoion spectrometry on singly-charged ions 
pioneered by West ,and his collaborators at Daresbury.[14] At least two of 
these groups plan to upgrade these single-pass systems to study multiply- 
charged target ions by the addition of Electron Cyclotron Resonance (the 
ICARIOS project at Super AC0[13]) and Electron Beam Ionization Source 
(MERGING a t  Spring-8 [15]) ion sources. 

None of .the single-pass apparatuses however will produce sufficient den- 
sities of heavy heliumlike ions for spectroscopic studies. We propose instead 
to accomplish this' by means of ion trapping techniques. Such methods can 
provide long interaction times with the radiation over extended interaction 
lengths thus compensating for the lower densities in comparison to neutral 
targets. Previously, synchrotron studies with ion traps have employed sta- 
tionary ions in small localized structures such as Penning traps.[l6]. In such 
experiments, charge state distributions have been limited by charge-changing 
with the residual gas in the trap. This problem can be suppressed consider- 
ably by forming the ions external to the trap and by introducing a relative 
velocity between the ions and the stationary neutral background gas in a 
storage ring geometry. 

I 
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Figure 1: Possible geometry for racetrack rf-quadrupole trap. 

For example, one promising method currently being considered utilizes a 
“racetrack” storage ring[l7, 181 (see Fig. 1). In this geometry, ions circulate 
in a closed loop rf-quadrupole (RFQ) filter[l9] designed with long (N 1 meter) 
backstretches for interaction and probing regions. This could serve both to 
form the heliumlike ions by photon (and possibly also electron) impact of few- 
times ionized ions injected from inexpensive rf- or Penning (PIG) sources. 

The basic operating characteristics of a quadrupole mass filter derive from 
the motion of a particle in a rotating 2-dimensional quadrupole field.[20] In 
an electrostatic quadrupole, a charged particle is bound in one direction ( x  
in Fig. 2) though unbound in the transverse direction (2). By adding a 
time-depedent rf component, this saddle potential rotates to exchange these 
directions and consequently leads to a time-averaged parabolic pseudopo- 
tential forming a 2-dimensional harmonic trap which can be used to bind 
particles to the rotation axis. The equations of motion in the x - z plane 
then take the form of Mathieu equations[21] which can be written: 

d2x 
- + (a+ 2qcos2r)a; = 0 ,  dr2  

d2z 
-- ( a  + 2q cos 2 ~ ) z  = 0 dr2  

in terms of the dimensionless parameters 

Rt  
and T = - 4QU 2QV 

Mro2R2’ ‘= Mro2R2’ 2 a =  



Figure 2: Saddle potential formed by electrostatic quadrupole field. 

where U and V are the dc and rf field strengths respectively, ro the radius 
of the quadrupole field, and R the rf drive frequency. These equations have 
both stable and unstable solutions. The question of stability depends only 
upon the parameters a and q, which in turn depend upon the mass to charge 
ratio of the ion ( M / Q )  but not  on the initial conditions such as velocity. 
Consequently, the a - q space consists of regions of simultaneous stability 
separated by regions of 2- and/or z-instability (see Fig. 3). For fixed values 
of the field parameters (U,V, and R), all particles with the same M / Q  will 
be trapped by a unique combination of a and q known as the operating point. 
Because the ratio a/q (= 2U/V) is independent of M and Q, all masses and 
charges will lie along an operating line with fixed a/q. For fixed mass, the 
charge states are dispersed along this line (Fig. 3) with neutrals at  the origin 
up to a maximum charge state determined by the parameters. Because of 
the triangle-like shape of this region of stability, when operated with a low 
value of a/q (small dc component), all charge states (up to some maximum) 
can be trapped simultaneously. However, as this ratio increases toward the 
limiting value 0.336, the trap becomes increasingly selective and can trap a 
single charge state. Thus, by slowly ramping the dc voltage U from zero, the 
ring can be changed in character from a broad acceptance with all charge 
states present to a highly selective filter with a unique charge state confined. 
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q (rf field strength) 

Figure 3: Lowest region of stability for the RFQ trap as a function of a (the 
dc field strength) and q (rf field strength). Three typical operating lines are 
shown with respective charge states of Kr up to 36+ indicated. In the broad- 
band filter mode (a/q=.02), all charge states are trapped simultaneously 
while for higher operating lines, trapping becomes increasingly selective. 

In a linear RFQ mass filter, ion motion along the longitudinal axis (y) is 
free. In the storage ring geometry however, a centripetal force is supplied in 
the bend regions (radius R) by the radial component of the pseudopotential 
and consequently, the field and geometric parameters determine a maximum 
kinetic energy E,,, that can be confined by the storage ring given by: 

QVRa Em,, = - 16r0 

Finally, we consider the maximum ion density which can be confined. 
This can be estimated by comparing the space charge potential of a closed 
cylinder of radius ro to the value of the time-averaged pseudopotential on 
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that cylinder.[19] This yields the limiting density 

V 2  
4nMro4a2 . nmax = 

This is of course a theoretical limit, and in practice most experimenters 
have usually operated at lower densities.[l8] Such. densities could however be 
approached with improved mechanical structures.[22] In fact, Walther and 
collaborators recently employed a circular RFQ ring to trap sufficient ion 
densities to observe ordered ion structures. [23] 

As an example, consider the case of 20-keV Kr34+ in Fig. 3. Such ions 
could be accumulated up to a theoretical space-charge limit of 1O'O total par- 
ticles (at a density of 108/cm3). With an orbital period of 4 x 104/sec, this 
produces an effective current of 70 particle-microamperes. Assuming a pho- 
ton brilliance[24] of 1017 photons/sec/0.1%BW/mrad2/mm2, the expected 
luminosity for photon-ion interactions would be C = 2 x 1026/sec - cm2. 
Based on practical experience however, we would expect to achieve only 1-2 
orders of magnitude less density than this theoretical limit because of field 
imperfections.[25] Resonances as weak as 5 x cm2 could be observable 
with a production rate in excess of lo3 per second and thus there provide 
sufficient signal for a wide variety of experiments involving realistic atomic 
cross sections which are generally several orders of magnitude larger. [9] Fur- 
thermore, with the possibility of employing non-destructive analog resonant 
detection techniques that are practical in such traps,[l8] near-unit detection 
efficiency should be achievable for experiments involving ion detection. 

By developing such a system to study the interaction of x-rays with 
highly-charged ions, we will have a unique opportunity not only to observe 
doubly-excited states in intermediate-2 ions but, for the first time, to follow 
the trends of the doubly-excited states in iso-electronic 2-electron systems. 
This would provide the first truly comprehensive test of the various theoret- 
ical descriptions of these basic 3-body Coulomb systems that are central to 
many fields of physics and chemistry.[lO] Futhermore, such studies could nat- 
urally be extended to the so-called "triply-excited" states in 3-electron ions 
which have recently been reported in lithium.[26] These lithiumlike systems 
provide the opportunity to excite both doubly-excited bound and autoioniz- 
ing states and follow the ionization threshold with increasing atomic number. 

Such a novel apparatus will be extremely promising for a variety of other 
interesting experiments with ionic targets. For example, complementary to 
our proposed studies of heliumlike positive ions, this facility would also be 
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adapted to study negative alkali ions, which are analagous to the 2-electron 
ions in terms of electron correlation phenomena. With the addition of a Cs 
sputter source for negative ions, similar techniques could be used to investi- 
gate such species. 

Other proposed uses for such a facility include high resolution spec- 
troscopy of hydrogenlike species by photoexcitation. - In contrast to exist- 
ing emission spectroscopic investigations of such species which are plagued 
by weak signals, we could take advantage of the monochromaticity of the 
incident beam and exploit efficient non-dispersive detection techniques. In 
addition, the accumulation and storage of size-selected cluster ions would, 
permit studies of photofragmentation with tunable size-selected beams. 

We believe that such a facility, because of its unique characteristics, will 
open up a wealth of new areas of research which have hitherto been either 
difficult or completely inaccessible. 
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Radiationless Resonant Raman Scattering in Free Atoms 

Brad Armen 
Department of Physics, University of Tennessee, Knoxville TN, 37996 

Auger spectra excited by near-threshold 
radiation show a number of interesting features. 
Just above threshold, the Auger lines are 
distorted and shifted from their high-energy 
forms by post collision interaction (PCI) effects 
between the escaping photo- and Auger electron. 
Just below threshold, narrow 'spectator' lines 
appear which are associated with the resonant 
excitation of Rydberg states. As threshold is 
approached from either direction these two 
regimes are blended. In recent years the 
theoretical understanding of such processes has 
evolved to the point where the whole can be 
described within the context of radiationless 
resonant Raman scattering (RRRS)'. However, 
the scope of the subject is so broad that the term 
'RRRS' can mean quite different things to 
different researchers, as dictated by individual 
interests. When discussing the subject then, it's 
important to define one's terms. This is the 
intent of Figure 1: 

/ 

Figure l shows schematically the RRRS 
process which gives rise to [iJ-[f' Auger 
decay, in which an inner-shell vacancy [d is 
transformed into two vacancies in the outer 
shells f and f. RRRS describes the absorption of 
a photon of energy a, resulting in an atomic 
'core' with two holes [f' and the excitation of 

two electrons. Assuming that direct double- 
excitation is negligible, the process proceeds 
through virtual intermediate states associated 
with the [il vacancy. These states resonantly 
enhance the cross sections for double excitation. 
In discussing threshold effects, it's convenient to 
measure fhe incident photon energy relative to 
the threshold for i-shell ionization by defining 
the excess energy E,,, = w -I[!]. 

One of the two excited electrons can 
remain bound to the residual ion in some 
Rydberg orbital nZ, leaving a singly ionized ion 
[fflnl. These states are referred to as spectator 
Auger states. Because a single electron is 
ejected (the 'spectator Auger' electron), it's 
obvious from energy conservation that the 
spectator Auger line exhibits linear dispersion 
with incident photon energy. The .line is 
'narrow' in the sense that it reflects the natural 
width of the final V-SJnZ state. Since these states 
arise due to matrix elements with bound 
intermediate states [dmZ and low-energy 
continuum states [zJEZ (with =O), the spectator 
lines have significant intensity only near 
threshold. 

The double ionization case is more 
complex. Here, the two ejected electrons share 
the available energy Eexc + EA, where EA is the 
nominal [iJ-vfl Auger energy. This two- 
electron distribution evolves with E,,, : At 
negative E,,, (below threshold), the distribution 
is smooth, taking on a 'shake-off character. As 
E,,, is increased, two peaks arise, a 'photopeak' 
near WE,,, and an Auger peak with E = E ~  At 
low excess energy these lines are PCI distorted 
and shifted. As E,,, is increased further, the PCI 
effects eventually disappear and the peaks 
become Lorentzian, with widths which are a sum 
of the [il- and WJ-state widths. 

While there are numerous details to 
pursue, the present talk is focused on a simple 
question: What are the relative probabilities for 
observing the various final states outlined in 
figure 1, and how do these change with incident 
photon energy across threshold? Of particular 
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interest here is the relative probabilities of single 
verses double ionization. This topic is explored 
by examining the results of two quite different 
experiments, analyzed in light of RRRS Hartree- 
Fock (HF) calculations2 based on the lowest- 
order scattering theory formalism3. Both 
experiments were performed at the NSLS on the 
NIST X-24A beam line. The frst involves the . 
measurement of Ar ion yields in coincidence 
with electrons emitted with energies near to the 
K-&,3L2,3 energy, and with incident-photon 
energies near the Ar K-shell threshold. The 
second experiment investigates the spectra of 
L3-M4,5M4,5 'Auger' electrons emitted from Xe 
when excited with photons near the Xe L3 edge. 

Figure 2 shows the calculated 
photoionization cross sections for creating the 
final K-L2,3L2,3 spectator states Ar [2$]np, 
enhanced by the creation of virtual [Is] states. 
Here the excess energy scale refers to the K-shell 
threshold of 3206 eV. A number of features are 
of interest: First, the peaks in the cross section 
are not Lorentzian, as would be the case if 
isolated resonances were involved. This reflects 
the coherence between a number of intermediate 
states. Second, the cross section is not (except 
for the 4p case) maximum at the corresponding 
intermediate state resonance energy. For 
example, the cross section for producing 5p final 
states is largest at the 4p intermediate state 
-energy. This feature can be envisaged in terms 
of shake-up of intermediate state spectator 
electrons 'during' the Auger decay. Finally, all 
cross sections -- especially those pertaining to 
larger-n final states -- show a decaying tail in the 
above-threshold region. The major contribution 
to the RRRS amplitudes in this energy range 
comes from the PCI-induced 'recapture' of . 
intermediate state continuum electrons. In terns 
of a classical picture, the slow outgoing 
photoelectron is recaptured due to a sudden 
increase in the screening charge when the Auger 
decay occurs. 

After creation by the RRRS process, 
each of the 2p-holes decay by L-MM cascade 
leaving a 3+ ion: Ar + o + [Zslxp + 
([2$]np)*+ + ([h&~'p>~+. By summing all 
spectator cross sections one would therefore 
expect to reproduce the Ar3+ ion yield as a 
function of incident energy. This corresponds to 
the dashed line in Figure 3, which is compared 
with the experimental results. The discrepancy 
between the dashed line and experiment arises 
because the np spectator electron can be lost in 

the ensuing decay cascade. The predominant 
mechanism for this loss is found to be an 
additional cascade step in which the n b  electron 
participates: ([M']n9)3+-+ ([M])4+ + e- . The 
energy for such transitions derives from the 
multiplet splitting of the four-hole final state4. 
When the individual spectator cross sections are 
weighted by the statistical probability that such a 
final step will not occur for that state, the 
theoreticaI curve (solid line) is in good 
agreement with experiment. 

The cross section for double ionization 
to [2$] final states is difficult to calculate 
directly, but can be calculated by subtracting the 
total spectator cross section from the total photo- 
absorption cross section. Figure 4(a) shows the 
total calculated photoabsorption cross section. 
Figure 4(b) shows the decomposition of the total 
into single ionization (spectator) and double 
ionization cross sections. The feature of interest 
here is that the onset of the double ionization 
process is shifted above the K-shell threshold to 
higher energies by approximately 1.4 eV. This 
is a consequence of PCI recapture: if the 
intermediate-state photoelectron is too slow, it is 
recaptured by the ion and observed as a spectator 
final state. 

Figure 5 shows the experimental yield 
of the remaining charge states of Ad', with 
4=4+ and 5+. The theoretical curve (solid line) 
is derived from the double-ionization cross 
section added to the sum of spectator cross 
sections, each weighted by the probability of 
spectator loss in the cascade. The individual 
single and double ionization contributions are 
also indicated. 

In the comparisons .of Figures 3 and 5 
between experiment and theory, the only 
adjustable parameters were an overall scaling 
factor, and to some extent the spectral bandpass. 
The agreement is quite good, indicating that the 
calculated RRRS partition between double- 
ionization and single-ionization probability is 
fairly accurate. 

The measurement of charge-state yields 
(in coincidence with electron ejection) as a 
function of photon energy provides one means 
for partitioning the probabilities of final states 
which result in specific charge states. As we've 
just seen, the analysis is somewhat complicated 
by cascade effects. For the most part, such 
complications are unavoidable in the threshold 
region since, for almost any system of interest, 
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participator channels will open for large enough 
values of n. 

In principle, the problem of subsequent 
decay can be circumvented by looking directly at 
the spectrum of electrons ejected in the RRRS 
process. To see what is involved in such an 
analysis, we turn now to examining the spectra 
of electrons ejected from Xe with energies near 
the nominal L3-M4,5M4,5 energy, and excited by 
photons with energies near the Xe L3 threshold. 

Figure 6 sketches the constraints on the 
ejected-electron spectrum imposed by energy 
conservation. The horizontal axis (Eexc) defines 
the photon energy relative to the Xe L3 threshold 
(4786 eV), and the vertical axis defines electron 
energy relative to the nominal value (high 
energy limit) of the L3-M4,5M4,5(1G4) diagram 
Auger line ( EA" 3382 eV in this work, including 
experimental offsets). 

E-t> 

Spectator lines are emitted with 
energies which obey the energy conservation 
(linear dispersion) relation En-E~' Eexc+b, , 
where n specifies the residual ionic core [3dz]nd 
and b, is the (positive) binding energy of the nd 
electron to the core. The energy of a specific 
spectator Auger peak thus appears as an offset, 
diagonal line in Figure 6. 

For the case of double ionization, since 
two electrons share the available energy, the 
'Auger' electron can (in principle) have any 

relative energy below the n = 03 spectator curve; 
that is E-EAI E,,, . 

For an electron spectrum excited by 
photons of a specific energy (represented by the 
vertical line in Figure 6) we expect a series of 
sharp spectator lines at higher relative energy 
converging to a point (E-EAT E,,,) below which 
the double-ionization continuum begins. This 
continuum develops into a PCI-shifted diagram 
Auger peak as Eexc is increased from negative 
values. The location of this peak is indicated by 
the dashed line, and converges to 0 as 
E,,, becomes large and the PCI shift vanishes. 

A fundamental limit to experimental 
resolution is imposed by the lifetime of the final 
state. The spectrum implicit in figure 6 must 
thus be convoluted 'vertically' by a Lorentzian 
function with final state width rfJ. In addition, 
experimental averaging must also be taken into 
account from additional 'smearing' by the 
spectral width r, of the monochromator and the 
spectrometer bandpass These convolutions 
are all interrelated, and thus somewhat 
complicated. A number of interesting effects 
can result from such averaging5. 

To make sense of the Xe Auger data, 
input from theory is necessary. In analyzing the 
Auger spectra, we take the line shapes, computed 
at each excitation energy, as a basis for a least- 
squares fit to the data. To restrict the number of 
free parameters, the relative intensities of all nd 
spectator lines for n>5 are fixed by the 
theoretical values. The intensity of the 5d line is 
allowed to float, as is the overall intensity of the 
n>5 spectator group. A 'diagram' or 'Auger' 
(double ionization) line is also included in the fit 
with floating intensity. The line shape employed 
for this peak is not the result of a HF calculation, 
but approximated by a hydrogenic model. The 
Auger energies (relative to a fit parameter EA) of 
all lines are fixed by the theoretical values. 
Additionally, the (fixed) multiplet structure of 
L3-M45M4,5 transition is also imposed on each 
group b f  lines. 

Figure 7 displays the results for a 
number of such fits to the Xe data, excited at 
various excess energies both above and below 
threshold. The solid curve indicates the total 
least-squares fit to the data. The individual 
components of the fit result are also shown: The 
5d spectator multiplet is the dashed line, 
dominant at low E,,,. The dotted line indicates 
the contribution from the nd, n>5 spectator lines. 
The double ionization ('diagram Auger') line is 
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indicated by the dash-dot line, and is dominant at 
large Eexc. Also, a flat background is included 
in the fit, but not shown in the plots. 

The relative intensities of each group of 
lines to the total can be compared with the 
theoretical predictions. To do so, the total 
integrated intensity of each fitted line group is 
divided by the total intensity (not including - 
background). These ratios give the percent of 
the total signal due to the process under question. 
These can be compared with theoretical results 
that are derived from ratios of partial cross 
sections to the total cross section. This is done 
in Figure 8 for the three line groups. In all cases, 
the fit results agree well with theory, except that 
the experimental curves are consistently shifted 
lower in excess energy relative to the theoretical 
curves. This may well be due to the systematic 
errors in experimentally defining E,,,. 

However, these preliminary results 
certainly indicate a self consistency between the 
theoretical predictions and the data analysis 
which they guide. In particular the cross section 
for double ionizzition is, as in the Ar case, seen to 
become very small near threshold due to the 
recapture amplitudes. In the.Xe case, the double 
ionization cross section is shifted by about 3.8 
eV above threshold (averaged theory). 

The conclusion drawn from the above 
considerations is that, for excitation energies at 
and below threshold, it is likely that almost all 
the observed Auger intensity originates fiom 
spectator decay. The creation of large-n 
spectator states cannot be ignored in the analysis. 
It is only when the excitation energy exceeds 
threshold by roughly the intermediate-state width 
that the 'true' Auger line obtains appreciable 
intensity. 

This situation is likely to change quite 
drastically if the atoms under study are in a solid. 
In this case, the atomic Rydberg states are 
replaced by the crystal band structure, and the 
ability of a given crystal to screen either totally6 
or partially7 will be likely to have large effects 
on recapture amplitudes. 
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iiumerical calculation for the PCI spectral profiles of Ar. 
And further on, we discuss in sectioll 4 the cliaracteristics 
of PCI in the case of long A~~~~ cascadillg steps. 

Post-collision interaction has been studied theoretically for 
Auger cascade following the near-threshold deep inner-shell 
photoionization of atoms. Threshold photoelectron spectra 
from argon atoms are calculated numerically. Agreement with 
experiment by Hayaishi et al(J. Phys. B27, L115 (1994)) is 
satisfactory. For three-step Auger cascade, the spectral peak 
shifts due to the post-collision interaction are theoretically 1.8 
eV and experimentally 1.7 eV. The theory has been further 
examined numerically for very long Auger cascades using 
simple model atom. The shift and width of the post-collision 
interaction spectral profile have turned out to increase quite 
moderately with the increase of the number of Auger cascad- 
ing steps. post-collision interaction. 

32.80Hd 

11. THEORY 

In a pevious Paper, Iioike [3] (referred to 1 from now 
On) 1ias very briefly introduced a theory of PCI in tlie 
mUltieleCtrOn escape. The theory iS an eStellSiOl1 O f  a 
Work bY ICoike [?] (referred to 11 from now 011) who has 
proposed a wavepacket formalism on the usual single step 

We firstly estend the theory in paper I to lower escess- 
energies. It is essential to  understand how an electronic 
wavepacket works in tlie theory of PCI if we want a for- 
mula that works in tlie Auger cascade. Therefore, we 
briefly review the corresponding part of paper I before 
going into tlie extension. We take rl as tlie pliotoelec- 
tron coordinate and ri as the Auger electron coordinate, 
both measured from tlie atomic nucleus. Here, tlie indes 
i represents the order of tlie electroil emission. Presently. 
the index i should read 2. Ho\vever, we retail1 the 11ot.a- 
tion ri for a convelliellce to extend the tlleory to the 
111ulti-electro11 case. lqre approsimate tile i1lter-electro11ic 

I. INTRODUCTION 

When we Plloto-ionize an atom bY hitti% one of the 
deep inner-shell electrons, we  times have multiple 
electroil einissioiis by Auger cascade of atomic ions. If 
We tune the ~llOtOllS to  the ellergies Slightly higher than 
tlie ionization threshold, we obtain a slow photoelectron 
suffering serious effect by the post-collision interaction Couloiiib interaction potential by tlie lowest order ternis 
with lnultiple Auger electrons. Accordingly, the plloto- in its multipole expalisions retaiiiiiig its correct behavior 
electron carries information about many electron corre- in the asyniptotic region; we approsimate l/lrl - ril 115- 
1atiOnS Out Of  atomic ions. Ill this report, We presellt a l/Jrll = when > and by l/lril = l / r i  
novel method for obtaining energy spectral profiles which f i  > tl (atomic units e = = f i  = 1 are used 
suffers nlodificatioll by the PCI  ullder the lnultielectron tlirougliout unless otlierwise stated). \Ve represent tlie 
escape realized by Auger cascade of atoms. potential of tlie two-electronic system, U ( q ,  T i )  by 

Recently, an extensive experimental study lias been 
carried out by Hayaislii and his collaborators [l] [2] on 

Ar and Xe atonis. Hayaishi et a1 [l] have measured zero- 
energy electron-ion coincidence spectra produced follom- 
iiig tlie I<-shell pliotoioiiizatioii of argon atonis. They ob- 
served a PCI effect wliich is sharply differelit fro111 that of 
the single step Auger electron eli1issions. When tile 11U1n- 

increases less significantly than the peak sllift does. 

is always accoinpaiiied by tlie peak broadening. 

1 2  
f l  ri 

U(r1,ri) = s ( q  - ri)(-- - -) the PCI effects under the cascade of Auger transition of 

(1)  

where the function S(Z) is a step function that gives 1 
for noli-negative E and gives 0 for llegatilye x. Wc take 
this simple potential because of the following reasoiis. 
Firstly, we can gG1i a clear insiglit of the PCI effect. 
Secolidly, tlie potential is coiitiiiuous aiid sliiootli owr 
the entire radial coordinate space (q, ri). Xiid. lady.  
the tlicory bZWd 011 this potelitid agrees quite WCll  Wit11 

esperimeiits [4]. Tlie corrcspoiiding two-clcctroiiic WLSC- 

fuiiction ¶ Ti)  with ellcrgy E must. satisfy a11 al>pro- 
priate boundary coiiditioii a t  rl = Ti, wliicli dct.criiiiiics 
tlic relatioii of tlic two-elcctroiiic bcliaviors 1xt.wccii the 

1 2  
rl 

+ .(Ti - n ) ( - Z  - -)¶ 

her of tile Auger transitioiis ilicreases, the peak widtll 

is ill quite a colltrast to usual PCI ill wllicll tile peak shift 

111 tile following sections, lye study tile tlleory of pCI 
in tile C M ~  of lllultielectroli escape realized ill Auger cas- 
CR& aftcr the deep inncr-shell pliotoionization. 111 scctioll 
3, carry o,,t a (lcscri1)e tile tlieory. 111 sect.io11 3, 
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region r1 > ri and ri > rl. Let us assuiiie tliat tlie pho- 
toioiiizatioii takes place at time tl = 0. Tlie pliotoelec- 

. troii finds an electron emerging out of the atomic ion just 
after tlie Auger transition at time point ti > tl = 0. 
The time-dependent two-electronic wavefuiictioil at time 
t > t i ,  q ( t  ; ti), includes a two-electronic wave packet 
Gl(r1 -d vl(t')dt')Gi(r;-Lt vi(t' - ti)dt') wliicli is run- 
ning away from tlie atomic system; GI is for tlie photo- 
electron and Gi is for tlie Auger electron, respectively. 
Tlie total wavefunction is given by 

.i 

J O  

where v1, and vi are the electronic group velocities of 
the photoelectron and the Auger electron, respectively. 
The wavefunction @ E ( r l ,  ri) must be continuous and 
smooth on the line rl = ri at tlie point of non-vanishing 
GIG;. We obtain the energy-spectral profile of tlie Auger 
electron as a function of its energy deviation, ~ i ,  from the 
nominal position. That  is 

where ri is tlie energy width of tlie inner-shell-hole state, 
and F; is tlie solution to  

($ - d r  = t. (4) 

Now, we extend tlie theory to the case of many electroii 
escape. We consider tlie system with a photoelectron of 
wliicli radial coordinate is r1 and n - 1 Auger electrons 
of whicli radial coordinates are r2, r3, ..., f ir  ..., and rn. 
We shall here formulate PCI of the photoelectron with 
all tlie Auger electrons. 

For the n-electronic system, the n-dimensional coor- 
dinate space ( P I ,  r2, ~ 3 ,  ..., P i ,  ..., rn) can be divided into 
n! sub-spaces according to  the order of electroiis nearest 
froiii tlie center of tlie atomic ion. For tlie case of n = 3, 

a permutation ( 2' :) cliaracterizes one of sucli tlie 

sub-spaces; tlie upper raw represents tlie identification 
number of tlie electrons and tlie lower raw represents the 
order number of tlie electrons. And, tlie second column 

(:) tells us tliat an electroii numbered 2 is tlie far- 
thest from tlie ionic center aiiioiig tliree electroiis 1, 2, 
aiid 3. As pointed out previously, tlie PCI effect is tlie 
correlation of electrons wlieii they run out of the atoinic 
system. To obtain the PCI effect, we have to give a 
propcr relation between the wavefunctions in every pair 

of the 1ieigliboriiig sul>-spaces. Let US coiisitlcr a si1 b- 
space Dj(rl ,r i ,  ..., r n )  that is characterized by a pcriiiii- 

sub-space Dj(r l ,  r;, ..., r,2),  we can define a potmtial of 
tlie n-electronic system as 

whicli is tlie lowest order term out of tlie multipole es- 
pansioii of the exact potential. Tlie n-electronic potciitial 
of tlie total coordiiiate space is given by a linear conibi- 
nation of Vi similarly to  Eq.(l). 

The photoelectron finds a number of electroiis einerg- 
ing out of tlie atomic ion after tlie Auger traiisitioiis at 
time points t, > t,-l > ... > t 2  > tl = 0. 
Consequently, the corresponding time dependent elec- 
tronic wavefunction includes tlie n-electronic wave packet 
G l ( q  - $vl(t')dt')Gz(r2 - ff v2(t' - t2)dt') ... Gn(tn - 
J:* vn(t'- tn)dt'), where vi (i = 1,2,...,n) is tlie 
group velocity of tlie i'tli electron. Tlie PCI effect 
can be derived by a continuity requirement of the elec- 
tronic wavefunction on the every border of tlie suh- 
space Dj(r l ,  r2, ..., r,) at the points of lion-vanishing 
G1G2 ... G,. Let us take ~i as tlie deviation of tlie i'tli 
electron energy from tlie nominal position, and I'i as tlie 
energy width of the i'th Auger transition. We define 

n 

i=2 

q 1  
and 6, = c E' 

i=2 

i= 

where Si is again tlie solution to Eq.(4). Tlie quantity 
1/  F; is normally a real value and gives tlie measure of 
tlie energy exchange between tlie photoelectron aiid the 
i'th Auger electron. Therefore, tlie function 6,(t) gives 
tlie measure of tlie energy shift of tlie photoelectron at 
a given tiine t. We further define tlie functions y ( t )  aiid 
w> by , 

y ( t )  = y, aiid 6 ( t )  = 5, 
for t,-1 < t < t, with q = 2, 3,..,, 71. (7) 

We call 6 ( t )  tlie shift function froiii now on. We coiisider 
tlie case that tlie photoelectron eiicrgy is lower tlian any 
of \lie Auger electrons. By tlie straightforward est.ciisioii 
of tlie nietliod obtaining Eq.(3) to the ca5e of the liiai~y 
electroil escape, we can obtain tlic energy-spectral profile 
P(c), wliich is given by ai1 ( R  - I)-fold multiplc inrcgrnl 
over t 2  tlirougli t,, in tlie form 
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total radiative decay rate is calculated separately using 
GRASP2 [SI, and it is found to be 0.07 eV. We, then, 
have a number 0.55 eV for the total K-hole decay rate. 
We use therefore 0.55 eV for the value of r2 in Eq.(8). 
and also we use 2660 eV as the Auger transition energy 
for the evaluation of 212 in Eq.(4). (8 )  

Recall, here, that both 7(t)  and 6 ( t )  depend on t as in 
Eq.(S) and, therefore, that  they are time dependent. 

111. PCI IN ARGON K-SHELL 
PHOTOELECTRONS 

In this section, we perform a series of numerical calcu- 
lations on argon atoms. We consider the case of Auger 
cascade after the K-shell photoionization of argon atoms. 
To perform a numerical calculation of Eq.(8), we firstly 
have to calculate the energy widths of the Auger tran- 
sition and the Auger transition energies. We carry out 
a series of ab-initio calculations following all the Auger 
cascading paths using an Auger code by Fritzsche [SI. 
For example, Ar4+ ions are produced by the following 

Auger cascade after the K-shell photoionizations. Say 

K - L23&3 4 L23 - M M  4 L23 - MM. (9) 

In Figures 1, 2, and 3, we show energy widths of the 
Auger transitions and the Auger transition energies by 
bar diagrams. 
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0.93 el?. Fig. 4 illustrates the second step L23 - M M  
which follow one of the representative first step L23 - 
M M  Auger transition indicated by an arrow in Fig. 2. 
The representative Auger transition is found to 168 .eV 
and the total decav rate is estimated to be 0.27 eV. 

n 

h i Theo. 

0 2 4 6 (ev) 

Excess Energy 
FIG. 4. Theoretical PCI profile for the three step Auger 

cascade of Ar atoms. Non-empirical calculation has been car- 
ried out using Eq.(8)(see text). Experimental spectrum by 
Hayaishi et al is also illustrated for comparison. 

Substituting these numerical values, we calculate the 
PCI spectral profile of photoelectrons in case of Ar4+ for- 
mation. A numerical calculation of Eq.(8) has been made 
for the so called excess energy E1 = 0.015 eV. As for the 
electronic group velocities vi(i = 1,2, ..., 6), we take the 
corresponding velocities of the classical Coulombic tra- 
jectories. The curves in Fig. 4 show the calculated spec- 
tral intensities of the cascading events as functions of the 
total energy gain E summed over for all the Auger elec- 
trons with the corresponding experimental spectra ob- 
tained by Hayaishi et al. The overall agreement between 
the theory and experiment is excellent. 

We can evaluate also the spectral peak shifts and the 
spectral widths(FMHM, Full Width an Half Maximum). 
In Table 1, we compare our result of calculation with the 
experimental data  by Hayaishi et al. 

IV. PCI IN LONG AUGER CASCADING STEPS 

To understand the characteristics of PCI in long Auger 
cascading steps, we carry out a couple of numerical calcu- 
lations of the profile function P ( E )  for atoms with several 
selected sets of atoniic parameters. We consider an arti- 
ficial model atom with -4uger transition energy 2700 eV 
and Auger transition energy width 0.5 eV for the first 
step of Auger cascade and with Auger transition energy 

100 eV and Auger transition energy width 0.5 eV for all 
the succeeding steps in Auger cascade. The energy value 
2700 eV is actually the one for the h-LL Auger transition 
energy of an argon atom. We assign a large energy value 
for the first step considering the fact that the I<-shell or- 
bital is far deep compared with other higher electronic 
shells in atoms. 

We give two examples. Fig. 5 shows the PCI pro- 
files in the cases with an excess energy E,, = 2.0eV, 
which is the difference between the incident photon en- 
ergy and the threshold energy of photoionization. The 
profiles for the cases from 1, 2, -, to 20 steps are illus- 
trated in steric view. Note that those profiles belong 
to  different independent Auger cascades, which end up 
with different ionic charge states; for example, the pro- 
file curve for the number of cascading steps 3 is for the 
one that ends up with the final ionic charge 4. In other 
words, the profile curves from 1, 2, -, to 19 steps are 
not the ones for the intermediate stage of a single Auger 
cascade that ends up with the ionic charge 21. Fig. 6 
shows the PCI profiles in the cases with an excess energy 
E,, = 5.0eV. The profiles from 1, 2, .e, to 20 steps are 
illustrated in steric view. 

In the cases of 20 steps of Auger cascade, for example, 
we have the correlations between one photo-electron and 
20 Auger electrons. Those long cascading steps of suc- 
cessive Auger transitions are realized only in the cases 
of deep inner shell photoionization of heavy elements. It 
is worthy to study such the systems even qualitatively, 
because they provide us with one of the good platforms 
for the study of correlations among real many continuum 
electrons, and no one has ever stepped into this field as 
far as we know in the literature. n o m  Figs. 5 and 6, we 
can find that the spectral profile becomes almost sym- 
metric for larger most numbers of Auger cascading steps. 
The spectral widths are more or less constant, and the 
spectral peak shift moderately increases along with the 
increase of the number of the Auger cascading steps at 
their larger numbers. 

We may note that these tendencies of the spectral pro- 
files are in good agreement with the recent experimental 
result by Hayaishi et al[2]. This suggests that the present 
theory have a validity for a wide range of the PCI effects 
in Auger cascade. 

TABLE I. Shifts i d  troadcnings of thc PCI profilcs of 
photoclcctroris in Aiigcr cificiidc after thc K-shcll photoion- 
ization of Ar atoms. Espcrimcrit: Expcrinlcntid data by 
Hayi+ihi ct id. Thcory: Prcscnt cdculation. 
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Abstract 

X relation is proposed to compare data for the ratio R of cross sections. a' 

and a*, for two electron to one electron iiansitions caused by charged particles 

(Z), photoannhilation (PE) and Compton (C) scattering. The relation is. 

Here, R ( E )  = $/%, R = a*/a' and RC,nd(€) is the ratio of non-dipole cross 

sections for Compton scattering; E is the energy transferred to the system by 

the projectile; and f z , d ( c )  is the dipole fraction of the energy distribution 

PZ(E) = z/d~ for single ionization. At high photon energies R c , ~ ~ ( E )  

Rc(E) .  1% have evaluated f ~ , d ( ~ )  so that only ratios of cross sections at  high 

energies need be observed experimentally to test this new relation. 

do?, 



On one hand it is intuitively obvious that photoionization (PE),  .Compton scattering 

(C) and scattering by charged particles (2) are somehow related since both photons and 

charged particles interact with atomic matter via electromagnetic fields. On the other hand 

photoionization. Compton scattering and scattering by charged particles are all different 

processes. The operators, (3, for these processes are different, namely in lowest order, 

OPE = p'. .q, c 3 ~  = A2 and 0 2  = 2/18 - f l .  respectively. Hence. it is remarkable that 

the first order matrix element for Compton scattering and scatterins by charged particles 

depend on the same matrix element, and photoionization is a similar matrix eiement that 

is the same in the dipole limit [l-31. Here the central matrix element is the atomic form 

factor, < floli >-< fle'Q.'li >, where d is the momentum transfer of the projectile. This 

occurs in the Compton term because < j lA']  i ,--< - ~ I ~ - ~ Z , - F ~ ~ & G  li > with Q = & - Z,. The 

charged particle term follows from the Fourier t.ransform of Z/li - f l  which is $e-i4*ReiQ*' 
which leads to < fleiG"li >. In this paper photoionization is treated in the dipole limit 

where e'@' 'v 1. For total cross sections from s states the dipale limit is surprisingly accurate 

in photoionization even up to relativistic photon energies [4]. Thus in the dipole limit all of 

the above processes may be expressed in terms of the same dipole matrix element, < flqi >, 
with < f l i  >= u. In this paper we develop a new relation between ratios of double ionization 

(or ionization-excitation) to single ionization which is now being tested by experiments [5] 

differential in the energy transfer, E ,  for charged particle impact. 

. 

- -  - 

In the past few years there have been a number of observations [6-141 of the ratio of 

double to single ionization for all the processes discussed 'above. These observations give 

information about the dynamics of the electron-electron interaction which dominates cross 

sections for two electron transitions at high energies. For example. photoionization probes 

the effects of the electron-electron interaction dose to the target nucleus, while Compton 1151 

and charged particle [16,17] scattering probe larger distances. Ratios are observed because 

experimental errors often cancel in the ratio and the difficulty of absoiute normalization is 

avoided. Furthermore, since these ratios often tend to a constant at high energy, the dy- 

namics of electron correlation may be represented by an energy independent number, which 

varies from process to process. The emphasis in this paper is on cross sections differentid in 

the energy transfer rather than total integrated cross sections which have been considered 
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previously [1-3]. 

We begin by separating the dipole from the non-dipole contributions in a conventional 

multipole expansion of the cross section for double ionization or ionization-excitation differ- 

ential in the energy transfer, e, namely, 

da2 ( e )  O3 da: ( E )  -- 
de -h- k 0  

=- d+) + c --- d&) - d 4 d  + W d ( 4  
(1) de - de de de f # l  

where 'd' and 'nd' represent the dipole (G = 1) and non-dipole (e # I )  contributions to the 

cross sections. 
d d  (e)  It is useful to define an energy distribution for singly ionized states, pf (e )  E 5 *, 

Sote that Jpf (e )de  5 1, but where a1 is the total cross section for single ionization. 

J p(e)de = J p((e)de = 1. The fraction of this energy distribution for each partial wave 

is defined by ff(e) = p f ( e ) / p ( e ) .  Clearly, the non-dipole fraction is related to the dipole 

fraction by fnd(e) = 1 - fd(e). 
The ratio of double to single dipole cross sections differential in e for each partial wave 

is defined here as, 

It is then easily shown that, 
03 

R(e) = f f (e )Rf(e)  = f d ( e ) R d ( c )  + fnd(C)&d(c) * (3) 
f=O 

Relation (3) holds for any process, including photoionization, Compton scattering and scat- 

tering by charged particles, This relation is a simple mathematical identity which follows 

from the definition of & ( E )  introduced in (2). It does not depend on perturbation theory. 

It is not approximate. 

We now apply (3) to scattering by charged particles and then introduce approximations. 

From (3) we have for the ratio of cross sections differential in E by charged particles. 

which is still exact. 
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The dipole term of [-I) may be related to the ratio of cross sections for photoionization 

using first order perturbation theory for both charged particles and photoionization [ 181, 

namely. 

with E = E, - I where E7 is the energy of the incident photon and I is the binding energy of 

the target eIectron(s). Xote that the ratio R ~ E  is a ratio of total cross sections. This holds 

for weak photon fields and fast charged particles, i.e. Z/v << 1. where v is the velocity of 

the particle of charge 2. 

The non-dipole term of (4) may be related to the ratio of cross sections for Cornpton 

From scattering using first order perturbation theory, as noted in the first paragraph. 

Burgd6rfer et al. [2] one has, 

where Q' is the square of the momentum transfer of the projectile. This relation is valid for 

arbitrary transitions, including both single and double ionization. We note that Compton 

scattering tends to dominate over photoionization when k7rlnrget > 1 where the multipole 

expansion breaks down and many partial waves contribute. Integrating over the momentum 

transfer, using a peaking approximation valid at high energies [2], one obtains, 

This holds for each partial wave, so that 

In Compton scattering the backscattered photons transfer an energy E = 2E,2/cz, corre- 

sponding to the maximum value of AA = A,( 1 - cos0) in the standard formula for Cornpton 

scattering [19]. This estimate of E is often reasonable [15) since many photons are scattered 

at large angles and the cross sections do not depend strongly on e. 

Using ( 5 )  and (8) in (4), one has 



IO0 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 - 

1 o2 IO’ I o4 
Energy transfer E (eV) 

Figure 1. Dipole fraction of the energy distribution for single ionization as a function of 

the energy transfer. E ,  for pf + H e  + pf + He+ + e- at several incident proton energies. 

There is a minimum at the binary encounter peak where many partial waves contribute. 

For e past the binary peak. fewer partial waves contribute to the total energy distribution 

50 that the dipole fraction rises. 

. 
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This is our main result. This relation provides a way to check the self consistency of data 

for scattering by charged particles, photoannhilation and Compton scattering. Xote that 

the energy transfer E is defined somewhat differently for each process. as described above. 
, 

At high photon energies Compton scattering is dominated by non-dipole scattering. In 

helium, for example, our calculations of Rc and R C , n d  (not shown) indicate that the dipole 

contribution is less than 3% at incident energies of 60 keV for E > 4v keV in both single 

and double ionization. In this case R C , n d ( E )  2c Rc(E)  and & ( E )  = f z , d ( E )  + (1 - 
f Z , d ( E ) )  & ( E ) .  This relation can be soon tested with experiments now in progress for 

photoionization, Compton scattering and scattering by charged particles. 

In principle f Z , d ( E )  may be measured experimentally. However, it is relatively easy to 

evaluate this accurately since f Z , d ( E )  depends only on a single electron transition. This 

fraction can be computed to a accuracy of a few percent or better. Results of calculations 

for helium at a variety of incident energies for charged particles are shown in figure 1. There 

an increase in f Z . d ( E )  when E passes the bir.-:ry encounter peak as seen in figure 1. We do not 

emphasize this feature since it comes from a very small contribution to total cross sections. 

In summary we have presented a relation between ratios of double ionization (or 

excitation-ionization) to singIe ionization cross sections for charged particles, photoioniza- 

tic;: (the dipole term) and non-dipole Comrton scattering valid a t  high energy which may 

be tested with emerging experiments using particle accelerators and synchrotron radiation. 

This relates observable information about the dynamics of electron correlation coming from 

different distances from the target nucleus, giving some unification to the important, but 

difficult, problem of understanding the dynamics of electron correlation. 

*Work supported in part by the National Science Foundation and by the U.S. Department of 
Energy, Office of Basic Energy Sciences, Division of Chemical Sciences, under Contract No. 
DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc. 
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Workshop on Atomic Physics With Hard X-Rays from 
High Brilliance Synchrotron Light Sources 

Bldg. 402 Conference Center 
Advanced Photon Source, Argonne National Laboratory 

Argonne, Illinois 60439 USA 
May 20 - 21,1996 

MONDAY, May 20 

7:30 Buses leave Budgetel Inn for Argonne Bldg. 402 

7:45 Registration and Continental Breakfast in Bldg. 402 

8:OO Buses leave Budgetel Inn for Argonne Bldg. 402 

Sess ion  1 Chair, Steve Southworth 

8:30 Gopal Shenoy, ANL, 10 rnin 
"Welcome to the Advanced Photon Source" 

8:40 Bernd Crasemann, University of Oregon, 30 rnin 
"High-Energy Frontiers in Atomic X-Ray Physics" 

9:lO Peter Langhoff, Indiana University, 30 rnin 
"Theory of Molecular X-Ray Photophysics" 

9:40 Miron Ya. Amusia, loffe Institute, 30 min 
"Atomic Photoionization in High Frequency Region" 

1 O : l O  Coffee break, 30 rnin 

Sess ion  2 Chair, Gordon Berry 

10:40 Uwe Becker, Fritz-Haber Institute, 25 rnin 
"Atomic Physics at the ESRF" 

11 :05 Dennis Lindle, University of Nevada, Las Vegas, 25 rnin 
"The X-Ray Atomic and Molecular Spectroscopy Program at the ALS" 

11 :30 Yoshiro Azuma, Photon Factory, 25 rnin 
"Atomic Physics at the Photon Factory" 

1155 Joseph Dehmer, ANL, 25 min 
"Frontiers of X-Ray Research at the APS--a Broad View" 



12:20 Buses to cafeteria for lunch 

1 :15 Buses'from cafeteria to Bldg. 402 

Sess ion 3 Chair, Rupert Perera 

1:30 Richard Deslattes, NIST, 30 rnin 
"Prospects for X-Ray 'Emission Spectroscopy" 

2:OO Takeshi Mukoyama, Kyoto University, 30 rnin 
"Multielectron Excitation in Photoabsorption of Atomstt 

2:30 Richard Pratt, University of Pittsburgh, 30 rnin 
"What Can One Learn About Atomic Physics and Quantum Dynamics from 
X-Ray Photoionization and Scattering?" 

3:OO Coffee break, 30 min 

Sess ion  4 Chair, Tom LeBrun 

3:30 Kiyoshi Ueda, Tohoku University, 25 rnin 
"Coincidence Studies on Atoms and Molecules" 

3 5 5  Albert Macrander, ANL, 25 min 
"High-Resolution X-Ray Scattering" 

4:20 Mititaka Terasawa, Himeji Institute of Physics, 25 rnin 
"Status of Spring-8 and the Atomic Physics Program" 

4:45 Fred Schlachter and John Bozek, ALS, 25 rnin 
"High-Resolution VUV Spectroscopy: New Results from the Advanced Light 
Source" 

510 Gopal Shenoy, ANL 
Tour of the Advanced Photon Source 

6:OO Cocktails 

6:45 Dinner in the Bldg. 402 Gallery 

8:45 Buses from Bldg. 402 to Budgetel Inn 



TUESDAY, May 21 

7:30 Buses leave Budgetel Inn for Argonne Bldg. 402 

7:45 Continental Breakfast in Bldg. 402 

8:OO Buses leave Budgetel Inn for Argonne Bldg. 402 

Session 5 Chair, Ivan Sellin 

8:30 

9:oo 

9:30 

Bernd Sonntag, Hamburg University, 30 min 
"Inner-Shell Photoionization of Polarized Atoms" 

Murray Peshkin, ANL, 30 min 
"Polarization and Angular Distributions in X-Ray Scattering and Electron 
Emission" 

Nicolai Kabachnik, Moscow State University, 30 min 
"Non-Dipolar Effects in the Alignment of Photoions and Angular Distribution of 
Auger Electrons" 

1O:OO Coffee break, 30 min 

Session 6 Chair, Nora. Berrah 

10:30 Bertold Krassig, ANL, 25 min 
"Photoelectron Angular Distributions Beyond the Dipole Approximation" 

1055 Burkhard Langer, Western Michigan University, 25 min 
"Angle Resolved Study of the Xe 4d 4 np Resonant Auger Processes with 
High Resolution" 

11:20 Yoh Itoh, Josai University, 25 min 
"Photoion Measurements by Photon-Ion Merging-Beam Technique" 

11:45 Elliot Kanter, ANL, 25 min 
"Spectroscopy of Multiply Excited Ions" 

12:lO Buses to cafeteria for lunch 

1 :I 5 Buses from cafeteria to Bldg. 402 



Sess ion  7 Chair, Jim McGuire 

1 :30 

2:oo 

2:30 

3:OO 

3:30 

3:40 

Brad Armen, University of Tennessee,  30 min 
"Radiationless Resonant Raman Scattering in Free Atoms'! 

Fumihiro Koike, Kitasato University, 30 min 
"Theory of Post-Collision Interaction in Many-Electron Escape Realized by 
Deep Inner-Shell Photoionization" 

Joachim Burgdorfer, University of Tennessee,  30 min 
"Photoionization and Compton Scattering at High Energies" 

Horst Schmidt-Bocking, Frankfurt University, 30 min 
"Recoil Momentum Spectroscopy" 

Bernd Crasemann, University of Oregon, 10 min 
" S um ma ry " 

End of Workshop 
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