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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

E(L,) = 10 keV, and E(L,) = 8.9 keV. An L, Auger spectrum (or x-ray spectrum) would be produced
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P. Auger (1925)

Wilson Cioud Chamber

Figure 1. Photoeiectron and Auger Electron Tracks

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

dependence on the photon energy.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

interest to explore how this type of correlation will change when the nuclear charge increases along the
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isoelectronic series. Would this effect be as pronounced for Ar"+ as for Be? In the second example,10

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

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

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

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

experiments done at lower photon energies.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

to this effect.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

sources must be matched by improved users' apparatus to optimize the opportunities.

196



OWHL-PM «T-«»H

N.K1WU.I

A"
/ \... J - V

N»KIA

/ \
/
1

\ /

V h\K\
ENEHGY

SOLID LINES: ' f c .

C — • — - 7 - ;

3 j0 _^/l ^

2 0 - —

/ # SOLID LINES:
. / / JI».A.aiX».8 iinJ i

30 60 90 120 150 HO JO 60 90 120 150 iBO
9. ANGLE !«ql

Figure 18. The effect of the ellw* Figure 19. As for Fig.18 but in
term in the angular dis- the case of Kr M Shell
tribution of photoelectron
in Ne K Shell

y

Figure 20.

(Note: the angle <t>
corresponds to $
in Fig. 16 and0
in Figs. 17 to 19.)

t

197



1500

O
C
CO 1200

00
JO

900

0.9960

£j 0.9955

D
# N 0.9950 •

JO

o
a.

0.9945 r

2.008 •

2.004

CD 2.000 r

m
1.9S6 f

58.65 59.15 59.65 60.15 60.65

Photon Energy (eV)

J j c . c d

61.15

Figure 21. The photon profile and polarization of radiation
emerging from an undulator (SRC, 1989), and the
resulting high accuracy in the 0 parameter as shown
for He 1s ionization

198



References

Note: This list is far from exhaustive and is meant to simply serve as a guide.

1. P. Auger, Compt. Rend. (Paris) 177, 169 (1923); Ann. Phys. (Paris) 6, 183 (1926).

2. M. O. Krause in Synchrotron Radiation Research, Plenum Publ. Corp. N.Y. (1980).

3. W. Mehlhorn in Atomic Inner-Shell Physics, Plenum Publ. Corp. N.Y. (1986).

4. Atomic Inner-Shell Processes, B. Crasemann, editor, Academic Press (1975);

S. L. Sorensen, et al., Phys. Rev. A39, 6241 (1989).

5. H. W. Haak et al., Phys. Rev. Lett. 41, 1825 (1978).

6. M. O. Krause, J. Phys. Chem. Ref. Data 8, 307 and 329, (1979).

7. G. B. Armen et al., Phys. Rev. Lett. 54, 1142 (1985).

8. T. A. Carlson et al., Phys. Rev. 151, 41 (1966); M. O. Krause and T. A. Carlson,

Phys. Rev. 158, 18 (1967).

9. M. O. Krause and C. D. Caldwell, Phys. Rev. Lett. 59, 2736 (1987).

10. J. Jimenez-Mier et al., Phys. Rev. A40, 3712 (1989).

11. J. P. Briand et al., in Proceedings of Int. Conf. on Physics of X-Ray Spectra. NBS (1976), unpubl.

12. M. O. Krause et al., Phys. Rev. A6, 871 (1972); F. Wuilleumier in Proc. Int. Conf. on X-Ray

Spectra, Univ. Miinchen (1973), unpubl.

13. W. Bothe in Handbuch der Physik vol. 23.2, Springer (1933).

14. H. K. Tseng et al., A17, 1061 (1978).

15. M. O. Krause, Phys. Rev. 177, 151 (1969).

16. Y. S. Kim et al., Phys. Rev. A22, 567 (1980); A. Bechler and R. H. Pratt, Phys. Rev.

A39. 1774 (1989).

17. J. H. Scofield, Physica Scripta (1990), in press.

18. J. W. Cooper (Private communication).

Acknowledgement

Research sponsored by the Division of Chemical Sciences, Office of Basic Energy Sciences, U.S.

Department of Energy under contract DE-AC05-840R21400 with the Martin Marietta Energy Systems,

Inc.

199


