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Atomic physics
with synchrotron radiation
A powerful probe of the structure and dynamics of atoms promises
not only to help solve problems in applied physics, but to test our understanding
of quantum electrodynamics, relativity and many-body phenomena.

Bernd Crasemann and Frangois Wuilleumier

Atomic and molecular science has
grown dramatically in the last two
decades. Today, the combined mem-
bership of the APS Division of Electron
and Atomic Physics and Division of
Chemical Physics rivals that of the
society's largest Division, Condensed
Matter.

The renaissance of atomic physics
can be traced to two developments: the
advent of new research tools and the
increased relevance of atomic physics
to important interdisciplinary prob-
lems. The primary new research tool
for atomic theorists is clearly the large
computer. It would have been impossi-
ble to reach the present state of the
science without elaborate numerical
techniques and the means to carry
them out. On the experimental front,
lasers have opened possibilities for
extraordinarily precise spectroscopy.
Yet lasers operate at relatively long
wavelengths and can be tuned only
over quite narrow intervals, limiting
their use to investigations of outer
electrons with low binding energies.
Lasers are now complemented by
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synchrotron radiation, which extends
from laser wavelengths down to those
of x rays or even gamma rays. As we
will see in this article, synchrotron
radiation is bringing about a revolution
in the study of inner-shell processes.

Significant scientific problems whose
solutions are beginning to come within
reach motivate the current vigorous
pursuit of atomic physics. On the
applied side, these problems range
from plasma diagnostics and atmo-
spheric reactions to energy conversion
and laser arid accelerator technology.
With a view toward such other fields as
surface physics, condensed-matter
physics and materials science, we
should note that a thorough under-
standing of the properties of an atom in
the free state is required for interpret-
ing the complex structures observed in
the solid state.2 In the most fundamen-
tal research, atoms are the ideal prov-
ing ground for our understanding of
quantum electrodynamics, relativity
and many-body phenomena. Such ef-
fects as the screening of the self energy,
the influence of the Breit interaction
on multiplet splittings, and aspects of
the electron-electron Coulomb correla-
tion are subjects of intensive current
investigations that are likely to yield
results of broad generality.

History. The impact of x rays upon
science, medicine and technology has
been profound, starting almost immedi-
ately upon their discovery by Wilhelm
Conrad Rontgen during the Christmas
holidays of 1895. Applications to mili-
tary medicine were among the first.
For a British expedition in Africa in

1896, the medical department of the
War Office ordered two sets of Rontgen-
ray apparatus to be sent up the Nile, to
help army surgeons locate bullets in
soldiers. In the battle of Tsushima
during the Russo-Japanese war, the
renowned cruiser Aurora carried a
laboratory in which the naval doctor V.
S. Kravchenko is said to have used x
rays for diagnoses on 40 wounded
sailors.

The key role of x rays in the develop-
ment of modern physics is well known.
Highlights include Max von Laue's
1912 discovery of x-ray diffraction;
William Lawrence Bragg's application
of x rays to the analysis of crystal
structure, also in 1912; Henry G. J.
Moseley's unequivocal determination
of atomic numbers of the elements
through his 1913 law relating those
numbers to x-ray spectra; Pierre Au-
ger's discovery of radiationless transi-
tions and Arthur H. Compton's conclu-
sive demonstration of the particle
nature of photons, both in 1923.

The primary limitation on the use of
Rontgen-tube x rays as a tool for
research in atomic physics is that their
intensity is appreciable only at a few
fixed frequencies characteristic of the
anode material. The advent of synch-
rotron radiation facilities (figure 1) in
the last few years has vastly enhanced
the potential for the use of photons,
from the vacuum ultraviolet to hard x
rays, for investigations of atomic struc-
ture and transitions. In the first article
in this series on synchrotron radiation
(June 1983, page 48), Arthur Bienen-
stock and Herman Winick detail the
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Evolution in the generation of x rays. Inset is a photograph of
Wilhelm C. ROntgen's chambers in the Physical Institute of the
University of Wurzburg, where he discovered x rays 89 years ago.
Below is the storage ring ACO at LURE in Orsay, France. Between
bending magnets 2 and 3 in the foreground, an undulator is operated
on occasion. (Photograph of Rontgen's laboratory from Otto Glasser,
Wilhelm Conrad ROntgen und die Geschichte der ROntgenstrahlen,
Springer-Verlag, Berlin, 1931.) Figure 1
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Atomic absorption spectrum of helium
near 60 eV, and corresponding

densitometer trace. Observation of these
resonances in the helium absorption

continuum led to the discovery of
autoionizing two-electron excitations. Five

are labeled. (Figure courtesy of Keith
Codling, University of Reading.) Figure 2

characteristics of these powerful new
sources and describe their wide range
of application.1 In the present article,
we look at the use of synchrotron
radiation in a specific field—the study
of free atoms.

After a brief discussion of synchro-
tron radiation itself, we examine some
of the spectroscopic techniques that use
it to study the electronic structure and
dynamics of atoms. Then we look at
some of the fundamental physics prob-
lems that are yielding to these tech-
niques. Among the problems we dis-
cuss are many-body effects in atomic
structure, the dynamics of atomic exci-
tation and deexcitation, resonant Ra-
man scattering, the effect of Auger
emission on a slowly receding photo-
electron, and photoionization of excited
atoms.

Synchrotron radiation
The electromagnetic radiation emit-

ted by relativistic electrons under
transverse acceleration in storage rings
has unique properties that make it an
ideal probe of atomic structure. Inten-
sity and tunability are the most impor-
tant of these properties.

Free atoms generally need to be
studied in the gas phase, and the low
density of the target must be offset by a
high incident photon flux. Electrons
traversing the bending magnets of stor-
age rings radiate considerable power; it
is proportional to the fourth power of
the electron energy and inversely pro-
portional to the radius of curvature of
the orbit. Thus, 100 mA of 3-GeV
electrons confined to a circular path of
10-m radius emit more than 70 kW of
electromagnetic radiation. The elec-
trons radiate in the forward direction
in a tight cone of root-mean-square
aperture me2IE, or 0.2 milliradians for
electrons of energy E = 3 GeV. Thus,
one can bring substantial flux to ex-
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perimental apparatus well removed
from the ring. A 5-milliradian segment
of the orbit in the foregoing example
emits more than 3xlO13 photons/sec
within a 2-eV bandwidth at 1.8 keV,
sufficient radiation for a typical experi-
ment. Formidable as this flux is, inser-
tion devices can enhance it yet further
by several orders of rnagnitude, as
described below.

The spectrum of synchrotron radi-
ation from the bending magnets of a
storage ring is made up of many
harmonics of the fundamental frequen-
cy of revolution of the electrons. The
individual harmonic lines are smeared
out into a continuum that extends from
the visible through the vacuum-ultra-
violet and soft x-rays into the hard x-
ray regime. The spectrum is character-
ized by a "critical photon energy" ec.
Half the radiated power is contained in
photons of energy less than ec, and half
above. The photon flux peaks at 0.4 ec
and falls off nearly exponentially above
ec. The critical photon energy is pro-
portional to the magnetic field and to
the square of the energy of the stored

electrons.
For virtually all applications, experi-

menters select a monochromatic slice
of the synchrotron-radiation spectrum,
using diffraction gratings at the longer
wavelengths and Bragg diffraction for
x-rays. These methods give resolution
better than 1 eV at 5 keV and 0.1 eV at
100 eV, and they allow computer-
controlled tuning of the photon energy
over a wide range of the spectrum.

The intensity of synchrotron radi-
ation can be greatly enhanced, and its
spectral distribution modified, through
the use of insertion devices—wigglers
and undulators—that are now coming
into widespread use.3 These devices
are periodic arrays of dipole magnets or
bifilar-wound solenoids inserted in a
straight section of a storage ring. They
can be made with conventional or
superconducting electromagnets or
power-saving and compact permanent
magnets. The spatially alternating
magnetic field causes the electrons to
oscillate about their straight paths,
and, therefore, to radiate.

Last year we saw the first report4 of
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Absorption edge. Colored curve is the L, absorption edge of xenon,
measured under high resolution with synchrotron radiation at the
Stanford Synchrotron Radiation Laboratory. The analysis shows
contributions from partial cross sections for the excitation of 2s

electrons to np states; the limit of the Rydberg series leads to an
accurate Z., energy level. (From reference 6.) Figure 3 _
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the generation of stimulated radiation
from the interaction of a circulating
electron beam and the spatially oscil-
lating magnetic field of an undulator.
This successful operation of a storage-
ring free-electron laser makes it rea-
sonable to predict the realization,
within the next few years, of a free-
electron laser that is continuously tun-
able from about 1800 A to the infrared.

While intensity and tunability are
the most important properties of synch-
rotron radiation for the purposes of
atomic investigations, there are other
extremely useful features.3 These in-
clude a sharp time structure—typical-
ly, nanosecond pulses separated by as
much as a microsecond. (Dennis Mills
describes this in his article on time-
resolution studies using synchrotron
radiation, April, page 22.) This makes
it possible to conduct time-of-fiight
electron and ion spectrometry. Syn-
chrotron radiation has a very high
degree of polarization, reaching 100%
in the orbital plane at the critical
energy. This property has become par-
ticularly useful for angle-resolved pho-
toelectron spectrometry. It may be
possible to superimpose radiation from
two undulators to produce circularly
polarized x rays, which would open
intriguing additional possibilities for
experimentation.

Spectrometric techniques
Absorption spectrometry is the sim-

plest and oldest method for determin-
ing atomic energy levels. It was first
used with ultraviolet synchrotron radi-
ation in a pioneering program at the
National Bureau of Standards in the
early 1960s. This work led to the
discovery of a wealth of discrete reson-
ances in the photoionization continua
of rare gases. The first atomic absorp-
tion spectrum obtained with synchro-
tron radiation, that of helium in the

200-A region, revealed5 a series of
autoionizing states, as figure 2 shows.
This discovery is of crucial importance
for the understanding of electron-corre-
lation effects because it represents the
simplest possible example of the highly
correlated motion of two excited elec-
trons.

More recently, x-ray absorption mea-
surements have revealed the structure
of inner-shell edges in rare gases, lead-
ing to precise determinations6 of hole-
state energy levels. (See figure 3.)
Total photoabsorption cross sections,
such as the one in figure 4, reflect the
deviation of the atomic potential from
the Coulomb potential, and they dem-
onstrate the inadequacy of indepen-
dent-particle central-field models by
clearly showing the influence of corre-
lations and extra-atomic effects. The
scope of absorption spectrometry is
limited, however, in that the spectra
normally reflect the undifferentiated
response of the atomic electrons as a
whole. Clearly, if we are to understand
the complex gross features,7 we must
make measurements that enable us to
distinguish between the various chan-
nels through which the excited atom
can decay.

Photoelectron spectrometry provides
the necessary discrimination between
final states. Using tunable incident
light, this technique has proven an
extremely valuable tool for the study of
electronic structure and dynamics.8 To
exploit fully the unique properties of
synchrotron radiation, it is important
to measure the photoelectron intensity
as a function of three independent
variables: the wavelength of the inci-
dent radiation; the photoelectron kinet-
ic energy, which is characteristic of the
atomic level structure; and the angle of
emission. In addition, one must moni-
tor the polarization of the incident
radiation if one wants to determine the

energy-dependent asymmetry param-
eter from the angular distribution.
This parameter is important to the
complete description of the photoioni-
zation process because it is very sensi-
tive to many-body effects such as cou-
pling between channels of excitation.
A number of synchrotron radiation
centers in the United States, France,
Germany (see figure 5), England and
Japan can perform photoionization ex-
periments in which all three variables
are measured.

A last step toward the complete
characterization of an atom's final
state is to determine the spin polariza-
tion of the photoelectron. Thus, experi-
ments at the Bonn 2.5-GeV synchro-
tron have used circularly polarized
ultraviolet light to study the variation
of the spin polarization with the pho-
toionization cross section; this vari-
ation is strong as the energy of the
incident photon sweeps through auto-
ionization resonances.

Other techniques that can take ad-
vantage of synchrotron radiation in-
clude Auger spectrometry and fluores-
cence spectrometry, both of which
permit study of the details of atomic
and molecular deexcitation following
photoexcitation. Finally, one can use
x-ray scattering to probe the distribu-
tion of charge in atoms. Using synchro-
tron radiation, x-ray scattering, in its
inelastic part, becomes a sensitive indi-
cator of Coulomb correlation in few-
electron systems.9

Many-electron effects
We now turn to some interesting

problems that physicists are studying
with synchrotron radiation and the
spectroscopies mentioned above. One
goal of much experimental work is to
understand the role of many-body ef-
fects in atomic structure and atomic
transitions, to guide theoretical ap-
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Sodium's absorption spectrum. These data on solid and gaseous sodium (black curves) were taken at DESY. They
illustrate the inadequacy of independent-particle central-field models, which give the curve shown in color. (From Bernd
Sonntag, Universitat Hamburg.) Figure 4

proaches to describe these effects. The
many-body problem pervades all of
physics, to be sure, but the atom is an
ideal system in which to investigate it
because here the potential is known,
and the dominant charge of the mas-
sive nucleus makes the central-field
model quite a good first approximation.
Thus, one can study and treat many-
electron effects selectively—often by
perturbative techniques—and gain in-
sights that carry over into the much
more difficult situations encountered
in nuclear matter and elsewhere.

Many-body effects often manifest
themselves very distinctly, not only in
outer-shell photoionization cross sec-
tions, but also in the photoelectron
spectra of shallow core levels. For
example, the photoionization cross sec-
tions of transition-metal 3d levels go
through an enormous excursion near
the energy needed to excite an inner 3p
electron to an empty orbital. Such a
phenomenon is not at all predicted by
independent-particle models of the
Hartree-Fock type; it arises from inter-
ference with the 3p to 3d excitation,
which is activated at this energy. The
interference causes autoionization,
thereby enhancing the photoionization
cross section.10

A striking example of the power of
tunable synchrotron radiation to eluci-
date many-body effects is found in
recent measurements of the asymme-
tric angular distribution of xenon 5s
photoelectrons, conducted at the DORIS
storage ring in Hamburg and at the

Tantalus I ring in Wisconsin.11 The
scarce data that were previously avail-
able seemed to indicate that the relativ-
istic random-phase approximation
adequately predicts the angular distri-
bution if the correlation between chan-
nels of excitation is taken into account.
However, the new measurements show
that more extensive many-body effects
come into play and that one must take
into account channels of excitation that
involve two electrons, a process that
goes beyond the capabilities of the
relativistic random-phase approxima-
tion calculations in their present form.

"Correlation satellites" in photoelec-
tron spectra arise when a single inci-
dent photon causes the promotion of
two atomic electrons, at least one of
them into the continuum or to an
autoionizing state imbedded in the
continuum. We have already men-
tioned (figure 2) the discovery5 of such
autoionizing doubly-excited states in
the absorption spectrum of helium.
For atoms of higher atomic numbers,
core-level photoelectron satellite spec-
tra can yield unique information about
the correlation of the atomic electrons
in the ground state. Use of the "sud-
den" approximation has led to pro-
gress12 in calculating some double-
excitation electron peaks, although
experiment is well ahead of theory.

Dynamics of excitation
The excitation of atoms and their

deexcitation through emission of pho-
tons or Auger electrons is usually

considered a two-step process. The
decay is separated from the excitation
by the intervening relaxation of the
surrounding electrons, and the photon
and electron emissions are treated as
independent processes by means of
first-order time-dependent perturba-
tion theory. This two-step model of
atomic excitation and deexcitation has
the advantages of simplicity and tracta-
bility, but it breaks down in particular
near the thresholds of inner-shell exci-
tation and when interference arises
between competing channels of deexci-
tation. An important advance in the
fundamental understanding of atomic
transitions will be brought about by a
description that unifies the formation
and decay of autoionizing and inner-
shell vacancy states.

Several investigators have already
made substantial inroads into the diffi-
cult problem of creating a unified
theory of atomic excitation and deexci-
tation. Teijo Aberg and his collabora-
tors13 at Helsinki University of Tech-
nology have drawn upon the fact that
any excitation process that gives rise to
emission of particles with characteris-
tic energies, including photons, is a
resonance scattering process. Hence,
Aberg's group has worked toward un-
derstanding the electron-emission de-
cay of autoionizing states and the
photon-emission decay of inner-shell
vacancy states from a unified point of
view, by using time-independent multi-
channel scattering theory. Theorists
have predicted effects due to interfer-
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Synchrotron-radiation beam lines fanning out from the storage ring BESSY in West Berlin. Figure 5

ence between radiative and radiation-
less decay modes of excited atomic
states, because the decay channels are
not in fact independent. Several at-
tempts are under way to arrive at a
theory that can encompass relaxation
and interference effects in a consistent
and systematic way.14 Most of these
difficult theoretical efforts are still at a
conceptual stage where quantitative
predictions are not easily extracted,
and where the guidance of experimen-
tal data is of the essence for further
elaboration. Synchrotron radiation is
providing the means for measuring the
threshold-excitation and interference
effects that signal the breakdown of the
two-step model.

The resonant Raman effect represents
the epitome of the failure of the two-
step approximation: Here a single
matrix element describes both excita-
tion and deexcitation. Resonant Ra-
man scattering can be though of as the
inelastic analog of resonance fluores-
cence; both the radiative (x-ray) and
radiationless (Auger) versions of the
process have now been seen15 with
synchrotron light. In the resonant
Raman effect, a photon of exactly the
right energy (within the lifetime width)
promotes an atomic electron to an
excited state, which decays through an
x-ray or Auger transition, all of this
occurring in a single step. The emis-
sion line exhibits linear dispersion and
sub-natural linewidth at resonance.

In the other extreme, a photon with
large excess energy can remove an

atomic electron rapidly and send it into
the continuum. The atomic wavefunc-
tions adjust themselves to the altered
potential, and subsequent deexcitation
occurs in a quite separate step.

The two opposite regimes, resonant
Raman and wholly distinct excitation
and deexcitation, are not separated by
a drastic discontinuity. As one might
expect, there is a phenomenon that
links the two and leads gradually from
one into the other.

Post-collision interaction is the mecha-
nism that bridges excitation and deex-
citation to a varying extent, feeding
energy from one to the other and
smoothly linking resonant Raman scat-
tering with the opposite two-step ex-
treme. Post-collision interaction arises
near the threshold of photoionization,
when the slowly receding photoelec-
tron is still within, or near, the residual
singly-charged ion as the decay occurs.
If this decay consists of the emission of
an Auger electron, the ion suddenly
becomes doubly charged, and the reced-
ing photoelectron finds itself in a deep-
er potential well. Because the photoel-
ectron's kinetic energy cannot increase
instantaneously, the energy difference
is transferred (through a virtual pho-
ton) to the Auger electron. The Auger
electron thus gains energy, and the
photoelectron, slow to start out with,
may end up bound in a Rydberg orbit.
By slowly tuning highly monochromat-
ic x rays through an atomic inner-shell
threshold and observing the energy of a
suitable Auger peak, one can trace the

resonant Raman effect and its continu-
ation in the form of post-collision inter-
action.16

Not only are atomic excitation and
deexcitation tied together through
such mechanisms as resonant Raman
scattering and post-collision interac-
tion, but, as we have indicated, the
various channels are not truly indepen-
dent and can interact and interfere
with one another. Manfred O. Krause
and his coworkers at the Wisconsin
Synchrotron Radiation Center demon-
strated17 this effect in the excitation of
a Pb 6s electron to a Rydberg-like rap
state. The excited state undergoes
radiationless decay into either of two
single-electron channels, [6p] 2Pi/2 or
[6p] 2P3/2 (square brackets denote hole
states). These same final states can,
however, also be reached through di-
rect photoionization of a 6p electron.
Analysis of the electrons emitted in the
decay that follows the photoexcitation
of lead in the resonance series

6s26p2 + hv-+ 6s6p2 (4P1/2)rcp3/2
shows surprisingly strong constructive
interference of the autoionization reso-
nance with the [6p] 2P:J/2 direct ioniza-
tion channel, and destructive interfer-
ence with the [6p] 2P1/2 channel. This
most striking demonstration of the
interaction between channels is illus-
trated in figure 6 for n = 7.

Photoionization of excited atoms
Until now, the vast majority of pho-

toionization measurements has been on

PHYSICS TODAY / JUNE 1984 39



The New TENNELEC TC 248 Fast/Slow Amplifier is unlike anything
available on the market today.

That's strong language . . . but true, never the less. Who else offers a
Timing Filter Amplifier and Spectroscopy Amplifier in a single-width
NIM module.

Timing Filter Amplifier:
* Separate Integration/differ-

entiation time constants
* Coarse gain switch, X5 - X25O
* Rfsetlme <10 nsec
* Output range O to -5V

Spectroscopy Amplifier:
* Gated baseline restorer with

automatic threshold control
* High count rate capability
* Multiple shaping time

constants
* Unipolar and Bipolar Outputs

The TENNELEC Model TC 248 is ideally suited for large silicon
surface barrier detector arrays and other applications where
energy and timing/coincidence information is required.

All this for only S695 - but only for a limited time. Call us today and you
can have the nonpareil TC 248 Fast/Slow Amplifier In your laboratory.

(Foreign prices may be higher. Consult your local TENNELEC representative.)

mas,
©Ot Turnpike, Oak Ridge, Tonn©«8e« 3783O

81S~«63-e- TWX 81O-S72-1018

Muenchnerstr. SO, D-8O25 Untorhaching
West Germany

Telephone 089/6115O6O/TLX 9215959

.; _.ie number 19 on Reader Service Card



Decay of lead [6s]7p states into [6p] 2P, / 2

and 2P3 / 2 final states. Constructive
interference between autoionization and

direct photoemission channels enhances
the 2P3 / 2 final state (top), while the final

state 2P,/2 exhibits the effect of destructive
interference (bottom). (From

Manfred O. Krause, Oak Ridge National
Laboratory.) Figure 6

atoms and molecules in their ground
states. As noted above, these measure-
ments have yielded very valuable infor-
mation. Yet the field is limited: Dipole
selection rules restrict the class of final
states, and the initial states often are
ensembles of near-degenerate levels
(particularly in open-shell atoms),
which complicates the interpretation.
If one could prepare atoms in an
excited initial state for photoionization,
then one could circumvent these limi-
tations. The knowledge to be gained on
the behavior of excited atoms and
molecules is of great potential impor-
tance in such fields as plasma physics,
astrophysics and photochemistry.

In a few cases, experimenters have
successfully prepared atoms in specific
initial states through the use of high-
power, tunable lasers, and they have
photoionized these laser-excited atoms
with synchrotron radiation. Available
laser energies and ranges of tunability
have restricted such experiments to
outer electrons of alkali and alkaline-
earth atoms.

Physicists at Orsay18 recently took
advantage of the high intensity and
broad spectrum of synchrotron radi-
ation to extend these excited-state pho-
toionization measurements. Light
from the ACO storage ring, monochro-
matized by a toroidal grating, illumi-
nated a weakly collimated metal-vapor
beam in a volume monitored by an
electron-energy analyzer. To the same
volume, a tunable ring dye laser deliv-
ered up to one watt of 5000 A to 6000 A
radiation. Figure 7 shows some typical
results from this experiment. In the
absence of laser radiation (top frame),
the main photopeak arises from ioniza-
tion of the Is22s22p63s 2S ground state
of sodium. Synchrotron light transmit-
ted in second order through the mono-
chromator produces additional elec-
tron lines.

As the lower frame of figure 7 shows,
two new features stand out when the
laser is turned on. The first is a
photoelectron peak that appears at a
binding energy of 40 eV, corresponding
to direct ionization of 2p electrons in
laser-excited 2p63p 2P sodium atoms.
Because screening of the 2p electrons
by the outer electron is reduced in this
excited state, the 2p binding energy is
greater than in ground-state atoms.
The ratio of the amplitudes of the peaks
at 40 and 38 eV binding energy indi-
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cates the proportion of atoms in the
excited state.

The second new feature apparent in
the lower frame of figure 7 is the
intense electron peak at 3.03 eV bind-
ing energy. This line arises from the
decay of an even-parity autoionizing
state excited by the stepwise absorption
of two vacuum ultraviolet photons from
a laser. The intensity of this autoion-
ization peak is a very sensitive indica-
tor of the density of excited states in the
medium.

Outlook
In the two decades since Robert

Madden and Keith Codling demon-
strated the power of synchrotron radi-
ation in atomic spectroscopy through
their discovery of the autoionizing
states of helium, use of the "light
fantastic" from storage rings has ex-
panded greatly. Yet, despite the pro-
gress that we have described in this
article, synchrotron light is not being
used nearly as widely in atomic physics

as in other areas such as surface
science, solid-state physics and biology.
The reason is primarily that gas-phase
targets must be employed for the study
of free atoms. The lack of density of
these targets entails a need for very-
high-flux photon beams. Only with the
use of undulators and wigglers is the
signal-to-noise ratio for many experi-
ments using hard x rays becoming
acceptable. It takes elaborate pumping
arrangements to isolate gaseous tar-
gets from the ultrahigh vacuum of
storage rings—unless the photon ener-
gy exceeds the 3.2 keV cutoff of berylli-
um windows. The size of the source and
the horizontal angle of emission limit
the degree to which one can monochro-
matize the radiation from bending
magnets.

These difficulties, which make
synchrotron light somewhat marginal
for many research applications in
atomic physics, will be resolved once
more insertion devices are installed in
existing machines, and once the next
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Spectra of photoelectrons ejected from
sodium atoms in the ground state (top,
laser off) and in the excited 2p63p 2P3 / 2

state (bottom, laser on). Synchrotron
radiation transmited through the
monochromator in first and second orders
has energies 31.78 eV (right) and 63.56 eV
(left). Figure 7

generation of synchrotron radiation
facilities is born, starting with Super-
ACO in Orsay in 1986, and, one hopes,
followed soon by other proposed low-
emittance, high-brilliance, all-inser-
tion-device machines in the US and
elsewhere.
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