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Abstract

The nature and history of synchrotron radiation will be

briefly covered with an emphasis on results and observations

rather than a mathematical development. Several examples of
the applications of synchrotron radiation as a tool to solve
chemical and physical problems will be developed with sample

results given. Areas of substantial research interests will

be indicated along with projections on future developments.,
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Introduction
——=tocuction

Synchrotron radiation was first reported by workers at
the General Electric laboratory in Schenectady, NY(1,2).
These workers first observed the visible portion of the radi-
ation spectrum and noted its variance with energy of the elec-
tron synchrotron. Synchrotron radiation is an important
aspect of damping and hence is related to beam stability in
circular electron accelerators. The early theoretical activ-
ity in explaining synchrotron radiation was related to effects
upon beam stability in these accelerators. Schwinger was the
first in the U.S. to give a detailed, relativistically correct
explanation of the properties of synchrotron radiatioa(3).

The pioneering work in the use of synchrotron radiation
for use as a light source was done by Tomboulian and Hartman
at the 300 MeV synchrotron at Cornell University in the early
1950's. They performed absorption spectroscopy on metals in
the far UV (100-200A) and demonstrated the usefulness of the
continuous nature of the synchrotron radiation for spectros-
copic purposes(4). 1In the early 1960's the far ultraviolet
physics group at the National Bureau of Standards, led by
Robert Madden, started the first systematic, sustained efforts
in using synchrotron radiation for scientific studies(5). The

early work on the far UV absorption in the rare gases helped

launch a renewed emphasis in atomic and molecular studies as
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| well as demonstrating the general versatility of synchrotron
|
at : . .
radiation.
! During the mid 1960's, efforts in synchrotron radiation ;
i i
radi- | . . . f
, were established at a number of laboratories world-wide. i
> elec- . . . . . H
These include laboratories 1nl Italy (Frascati), Tokyo (Insti- }
3
t . . . :
i tute for Nuclear Studies), Hamburg (DESY Lab), and Wisconsin
in : . . . . .
y (Physical Sclence Lab). The historical develoments are quite
activ- . . ) . &
extensively reported 1in the literature(6-9), and Physics Today 1
i
effects . . . L
has devoted considerable space to reviews of progress 1n i
jas the A
synchrotron radiation research(10). i
correct . o . ;
N The areas of research which now utilize synchrotron radi-
3. . . . e
ation span almost the entilre range of scientific endeavors and
iation . . . . .
‘ in addition the synchrotron is becoming a tool 1n several
artman . . . .
technological areas. golid state physics and surface physics
e earl o . . . .
¢ y ' utilize 1ntense monochromatized light from synchrotron radi-
als in . . . .
ation to study order 1in materials as well as performing a
of the . . .
variety of spectroscopiles upon the materials and the photo-
sctros-— . . . .
emitted products. Atomic and molecular scientlsts use UV and
7iolet . . . L .
X-ray photons to probe ionization dynamics 1n isolated atomic
ib . .
v and molecular systems. The intensity and wavelength range
i efforts .
afforded by synchrotron sources have made possible heretofore
(5). The . o .
unobtainable sensitive probes of atomic and molecular struc-—
helped . . . s
P ture. Materials scientists have used synchrotron radiation as

dies as . . . . . .
a source of X-rays 10 & variety of studies involving material
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properties and in real time analysis of transformations.

Biological and medical applications include crystallog-
raphic analysis and real time analysis of reactions by moni-
toring shifts in x-ray absorption edges due to chemical envi-
ronment. Monochromatized X-rays whose wavelength is tuned to
absorption edges, can also be used for X-ray diagnostics in
living systems(11,12).

The progress in the development of instrumentation for
use in synchrotron radiation research is published in the
conference proceedings of National and International Synchro=
tron Radiation Iastrumentation meetings(13-16). These proce=
edings, plus recently published books, review in considerable
detail the state of technical development and the direction of
scientific research.

Table I gives a summary of U.S. synchrotron radiation
facilities currently in operation. In addition to the facil-
ities in the United States, there are approximately 25 other
facilities worldwide either in operation or under construc-—
tion. The size of these facilities range from small facili-
ties such as the NBS SURF-II, which is accommodated in a large
room (15mx25m) and a staff of one engineer and several techni-
cians, to large facilities with budgets of tens of millious of

dollars and a staff of several hundred people.
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Synchrotron Radiation

Facility
SURF-TI1

NBS, Gaithersburg,
TANTALUS
wisconsin

CESR

Cornell, Univ.
SPEAR
stanford, CA
NSLS-VUV
Brookhaven, NY
NSLS-X-RAY
Brookhaven, NY
ALADDIN

Wisconsin
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Table 1*
Facility E(GeV) R(m) I(mA) Ec(eV)
SURF-I1
NBS, Gaithersburg, MD .280 .83 75 59
TANTALUS
Wisconsin .240 .64 200 48
CESR
Cornell, Univ. 8 32.5 100 35000
SPEAR
Stanford, CA 4 12.7 100 11100
NSLS-VUV
Brookhaven, NY .7 1.9 500 400
NSLS-X-RAY
Brookhaven, NY 2.5 8.17 500 4200
ALADDIN
Wisconsin 1.0 2.08 500 1000

*Adapted from Ref. 19
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Technical aspects

Synchrotron Radiation
Synchrotron radiation can be understood from classical-

in fact, treated in

relativistic electrodynamics and is,

standard advanced textbooks.20 The concept of the origin of

synchrotron radiation can be obtained by starting with the

non-relativistic Larmor formula for power radiated from a

charged particle in a magnetic field. The power per unit

solid angle emitted by a particle of charge e is

2
dp . .
" hﬁc \v\z sin%0
2 -
1 |32

Integrated over angle, P= 33

.
where v, is acceleration and, O, 1s angle beteen the acceler-—

ation (inward in our case) and the observer. The frequency

of the field is the frequency of rotation. For a relativis-—

tic particle, the angular distribution becomes forward peaked

along the direction of the velocity vector which 1s tangen-—

tial to the radius of the motion. The relativistic form of

the power can be written

2 e2c bl
P:—
3 ;7—-6 Y

s of orbit of particle of rest mass=m and B=v/c,

where p=radiu

r
Y=_"7
me
E is the total energy of the particle.
This equation can be written
2
2 efc u(_E_
p= L= 8\"7
T p? (mczj

p———————
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For equivalent energies (assumed relativistic) the power
radiated has 2 1/m“ dependence, hence electrons or positromns

are the particles of choice toO optimize the production of
synchrotron radiation. The angular distribution of the radi-
ation is as ment ioned above, directed in the forward direc—
tion. 1f© is direction of emission in the rest frame of the

transformation to the lab frame yields

inQ
cand' = si
an Y(B+cos®)

particle,

taking © = 90 in the 1ab frame
L since B 2 1

tan ©' 2
Y

gven for the most modest storage rings such as SURF where

g=280MeV
v2550 1/Y % 1.8 mRad

An observer viewing & tangent point will see the emis—
gion from an electron for a Very brief period of time. As 2
consequence, the harmonic frequency range necessary to provide
the Fourier components for a short pulse is greatly extended
uency. simple considerations sho

beyond the orbital freaq

frequencies uP to
ﬁch

3
g%— or for an energy, e=hw = 0

se observed.18 The

w o~

are necessary to provide the short pul

details of the spectral distribution are javolved and will
not be given here but can readily be found in the liter—

ature(18).
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The critical energy, €. = 3ﬁcY3/29, 1s an energy near the
maximum in spectral intensity. For high energy machines such
as CESR at Cornell, E=8GeV and €C=3SkeV, which is in the
X-ray range. For SURF E=.24GeV and ec=37eV, an energy in the
far ultraviolet. Figure 1 gives the spectral brightness per
millimeter of beam height for the several storage rings in

the United States. For more details refer to the original

literature (17-20).

Fig. 1 Flux of US VUV
SSRL (Dedicated)

NSLS (VUW) _ storage rings in photons/

y sec .17 bandpass-100mA-mm
af;/

(beam height). The beam

TANTALUS

Log (ph/s — (0.1% As11) — 100 MA — mm — mR)

// height used was SSRL=.2mm,
/
" | NSLS=.4mm, SURF=.lmm,
i !
a0 100 1000 2000 Tantalus=.5mm.
Aa)

In the plane of the orbit, the synchrotron radiation is
linearly polarized. Above and below the plane of the orbit,
the polarization is elliptical and has a wavelength and
energy dependence. The normalized flux of the parallel and
perpendicular components of the intensity from SURF at 15004

is shown in Fig. 2. For shorter wavelengths the distribution
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narrows with a corresponding decrease in the amount of

perpendicular component.

Fig. 2 The normalized

-
T

flux of the perpendicular

0.8
and parallel components of

0.6
the intensity of 15004

©
-

light from SURF. 1In the
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plane of the orbit the

k
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light is 100% parallel

polarization.

As a practical strategy for the generation of synchro-
tron radiation, a beam of high energy electrons or positrons
is stored in a "ring" and focused by bending magnets and
focusing devices. SURF is unique in that the orbit is circ-
ular and beam confinement accomplished by a single large mag-
net. Given a sufficiently good vacuum, the lifetimes of
stored electron beams can be many hours.

The storage ring itself is usually injected by an auxil-
iary electron accelerator. The captured beam can then be
further accelerated by increasing the magnetic field of the
bending magnets and relying upon the phase stability of the

electrons with the applied R.F. field to increase the energy
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of the beam and to maintain focus(21). The phase stability of
the beam also leads to the bunching of the electrons along

the orbit. TFor a large machine the frequency of the R.F.
cavity may be many times the orbital frequency which results

in many bunches being in the storage ring simultaneously.

Beamlines

Synchrotron radiation from a tangent point of the beam in
the magnet is directed onto optical components which can dis-
perse and deflect the beam. The vacuum and safety require-
ments to maintain storage ring integrity give rise to string-
ent requirements on the development of the beam transport
system. The large flux of X-rays and VUV (vacuum ultraviolet)
photons on the entrance optics creates technical difficulties.
For example, oil from mechanical pumps can reach the optics of
an instrument. The X-rays and VUV photon then can photodis=-
sociate the hydrocarbons leaving as a residue, a carbon
(graphite) typ deposit.22 This contamination caun severely
degrade the performance of the optical elements, necessitating
expensive replacement or time-comsuming cleaning procedures.
In high energy rings such as NSLS X-ray, CHESS or SSRL, the
radiation load itself can constitute a significant technical
problem. For example at the NSLS X-ray ring, the total power
radiated per horizontal milliradian for an operating current

of 250mA is about 17 watts/milliradian. Hence an optical

Synchrotron Radiati.
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staff according to their vacuum and contamination require-
ments. The front-end may also provide a dividing arrangement
to portion parts of the accepted radiation to several differ-
ent beamlines. The beamline in Figure 3 features horizontal
and vertical focusing, grazing incidence mirrors. This
particular beamline uses the undispersed synchrotron radiation
to impinge upon a sample and then uses a 5 meter grazing inci-
dence spectrograph to view the x-ray fluorescence. Different
types of experiments might require a dispersed light source
for the experiment in which case a monochromator would come
before the sample region.

Ultra-high vacuum requirements are now the general rule
at most storage ring facilities. This requires a minimum of
flexible elastometer seals and the reliance upon ion pumps,
closed cycle helium cyropumps, and in some instance carefully
baffled and maintained turbomolecular pumps. Experiments
which require a high pressure in the sample region must then
he isolated from the monochromators and transport lines by a
suitable vacuum window or by adequate differential pumping.

A typical storage ring will have many beamlines con-
structed for various experiments in a variety of wavelength
regions spanning the spectral range from the infrared to the
X-ray. Quite often the storage ring facility provides the

use of monochromators and beamlines so that a prospective user

ol et
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only needs to provide the actual experimental apparatus.

Monochromators and Optics

Applications in Chemistry

Monochromator design has undergone significant changes

e for use at synchrotron radiation sources(13-15). The basic

challenges have been to adapt to the high fluxes, small source
size, and high vacuum requirements offered by storage rings.
To take advantage of the shorter wavelengths available with
synchrotron radiation, new types of grazing incidence mono-
chromators have been designed, some of which take advantage of
toroidal focusing elements to achieve better approximate

focusing over extended wavelength regions. X-ray optics as

well has undergone a major change and improvement due to the

HIGH THROUGHPUT NORMAL INCIDENCE MONOCHROMATOR
AT SURF-H#

LEGEND: C
cr
os
E
ES
]

CAM QV1  GATE VALYE s SOURCE-
CRYOPUMP AY¥2  WINODOWED YALVE 3A SCANNING ARM
DRIVE SCREW 14 ION PUMP 3M  STEPPING MOTOR
WAVELENGTN ENCODER X KINEMATIC MOUNT

T suT L8 LIXGHT BAFFLES
GRATING rs PUMP BAFFLES

meter normal incidence monochromator at SURF
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opportunities and demands of synchrotron sources(25). ]
the user,
An example of a monochromator designed particularly for
=] to 2000A.
synchrotron radiation is shown in Fig. 4. This monochromator
=g throughput
was designed by scientists at NBS for use in the wavelength :
: b1 1 be expecte
. region of 350A to 2000A. (26) The optics images the synchrotron i
- A this monoc:

beam (s) directly, without benefit of entrance slits. This

worldwide.
allows for maximum flux throughput and to a degree simplifies

To ob-
the optics. A plane mirror (M) reflects the incident light

shorter th
from the storage ring back onto the grating (G). The light is

incident r
then dispersed and focused on the exit slit (ES). The mono-

focusing e
chromator vacuum vessel is separated from the experiment by a

normal inc
differential pumping chamber which is pumped with a cryopump.

such as to
Depending upon the experiment, the light can be used directly

matism. O
or transported for up to several feet with a light pipe

mirrors ha
consisting of a capillary tube.

has its at-
Experiments have been performed, using the vacuum isola-

source cha
tion given by the capillary, in which the pressure in the

tj available
. -4 . .
experimental chamber was 10 torr, and yet maintaing a
S pressure of several times lO'g torr in the monochromator. The
* Scientfic .
monochromator is pumped with an ion-pump as is the storage
F Two a
C ring itself. The care in vacuum technology and cleanliness
viewed in
results in a virtually hydrocarbon-free monochromator with
brief desc
long optical component lifetimes. This monochromator has
synchrotro
standard metal seal flanges at the exit region and hence will
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accept a variety of experiments and can, from the viewpoint of

the user, be considered as a continuous light source from 350A

to 2000A. Grating changes and choice affects the overall

throughput, but fluxes on the order of 1010 photons/sec-A can

be expected under normal operating conditions. Variants of

this monochromator are at use in other synchrotron facilities

worldwide.

To obtain significant fluxes of radiation at wavelengths

shorter than 400A, it becomes advantageous to utilize grazing

incident reflections from the optical components. Spherical

focusing elements, due to their severe astigmatism for non-

normal incidence, are replaced by more complicated surfaces

such as toroids which, to a degree, correct some of the astig—

matism. Other optical designs with plane grating and focusing

mirrors have been explored and instruments built. Each design

has its attributes for particular experimental problems and

source characteristics as well as financial and, perhaps,

available space issues(27).

Scientfic Applications of Synchrotron Radiation

Two applications of synchrotron radiation will be re-

viewed in some detail and some other applications in a more

Srief descriptive manner. Since the wavelength region of

synchrotron radiation is large, i.e. from the infrared to the
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other applications.

Molecular photoionization

Experimental techniques

Albert C. Parr

X-ray, the class of experimental activities is correspondingly
large and cannot be reviewed in substantial detail here.
Applications to molecular photoionization dynamics with regard
to studying shape resonances and autoionization and research
in surface science, using photon stimulated desorption and

photoemission, will be summarized along with references to

The photoionization program uses the 2 meter normal

To XYZ Manipulator

Fig. 5 High resolution ARPES experiment at
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incidence monochromator (Figure 4) at SURF coupled to a photo-
electron spectrometer which is capable of monitoring the
angular distributions of the emitted photoelectrons. The cur-
rent version of the photoelectron spectrometer is shown in
Fig. 5. The resolution of the electron spectrometers is about
50 meV under normal operating conditions but 20 meV can be
achieved for high resolution experiments. The bandpass of the
monochromator can be varied, but is typically .5A. For an

electric dipole transition the differential cross section for

a process can be written

g B
v vy v
FR z}{ 1+ e [3PCOSZ@+1]}

where

o, = Total cross section for a particular vibronic transitions
Bv = Asymmetry parameter for a particular vibronic transition
P = Polarization of light

©® = Angle between electric field vector of the light and

emit-ted electron.
Figure 6 shows the kinetic parameters of the photoionization
process. The number of electrons measured by a detector of a
constant solid angle of acceptance, N(®), is proportional to
the differential cross section, hence the cross section
equation can be recast.

N(®) = N0V[1+Bv/4[3P0052®+1]]
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appropriate molecular models and hence the parameters can be

used as a direct test of theory. The necessitv of theory to

correctly calculate matrix elements (cross section) and rela-

tive phases of matrix elements (asymmetry parameters) is a

more stringent condition than cross section alone. The vibra-

tionally resolved data additonally tests the accuracy of the

approximations involved in calculating electronic properties

at a fixed iatermolecular configuration and the assumptions

regarding the separation of the various motions of a

molecule(29).

Gas samples are iatroduced into the interaction region

with an effusive aperture. The pressure differential between

the experimental chamber and the monochromator, maintained by

z glass capillary, is on the order of 104. The chamber has 3

layers of internal magnetic shielding with a resultant inter—

nal field of on the order of one milligauss. The system 1is

pumped by a turbopump and closed cycle helium refrigerator

cryopumps(30).

Shape Resonance in Nitrogen

Shape resonances derive their name from the fact that

they result from the shape of the molecular potential. In

the cases studied so far the shape resonance results from a

centrifugal barrier, which for certain ranges of kinetic
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hv

Fig. 6 Schematic of photoemission process.

The polarization, P, is measured in a separatevexperiment by

a three mirror polarization analyzer(28), and hence a measure-
ment of N(©) at two separate angles determines No, and 8.

No,, can be normalized to the total number of electrons in a
given band and hence can be directly related to the partial
cross section for a given vibronic process. The asymmetry
parameter 8, is a measure of the departure from isotropy of
the outgoing electron angular distribution. The B parameter
is related to the angular momentum composition of the electron
wavefunction. In a situation in which there is more than one
possible ionization channel (for example np*ed,es) the asym-
metry parameter is related to the relative phases of the out-

going channels. No, and B, can be calculated by using
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energy can affect the motion of the photoemitted electron.

The centrifugal barrier is dependent upon the angular momentum
composition of the final state of the exiting electron and
hence in general the effect would not appear in every ioniza-
tion channel. In molecular nitrogen, for example, there is a
shape resonance in the 30g*ecu channel but not in the other
ionization channels. This process leaves the Nz+ molecule in
its ground ionic state (x!L*g). The same shape resonance
appears in the k-shell x-ray absorption spectra and manifests
itself with a rapid rise in the ou partial cross section at a
kinetic energy of about 1 Rydberg (13.6eV)(29). Calculations
show that the continuum f-wave penetrates into the region of
the molecular core at a kinetic energy of about 1 Rydberg with
a rapid increase in amplitude and a corresponding phase shift
of m (31).

The result is that at about 1 Rydberg kinetic energy in
the ou channel the outgoing electron is temporarily trapped.
This traping produces a drastic departure from Franck-Condon
predictions in the vibrational intensities(32). In part this
disruption of Frank-Condon predictions is due to the rapid
variation in the detailed form of the molecular potential as a
function of internuclear distance. Shape resonances can then
affect different vibrational transitions in different ways.

Experimentally, then, the effects of shape resonance phenomena

WpFs,
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can be tested by measurements of the branching ratios to vari-

ous vibrational transitions. The measurement of the angular

asymmetry parameters are also useful in demonstrating the

presence of resonance phenomena as they are sensitive to the

relative phases of the outgoing partial wave composition which

is dependent upon molecular configuration and potential.

The experimental results and the results of calculations

for the branching ratio of the V=1 to V=0 levels of the nitro-

gen ion ground state is shown in Fig. 7. The solid data are

experimental data taken at NBS(33), the dot-dash the result of

the solid line from

multiple scattering model prediction(34),

a frozen core Hartree-Fock level dipole-length calcula-

tion(35), and the double-dash line the Hartree-Fock frozen

25 T '!I 1 T ‘_\A T T
i 36.9 mox. ‘,\

20+

BRANCHING RATIO (%)

\
S-FCF (9.3%)

0 ! ! |
15 20 25 30 35 40 45

PHOTON ENERGY {eV)
Fig. 7 Branching ratio of Np V=1 to V=0 photoionization in

region of shape resonance. See text for explanation.
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core dipole~ velocity approximation.
imental points from Gardner and Samson(36). The multiple
scattering model calculation was the first to predict the
observed effect but over-estimated the magnitude. The
Hartree-Fock calculation using a more realistic potential,
within a self-consistent framework, gives a more accurate
description of the phenomena. The lack of agreement between
the calculations and the data at energies below 25 eV is most
certainly due to autoionizing phenomena which are not ac-
counted for in either picture. The asymmetry parameter for
the predicted vibrational state dependence was measured by
Carlson and his co-worker at the University of Wisconsin stor-
age ring and is in substantial agreement with the theoretical
predictions(37). Recent work at NBS at improved resolution
and data density confirms the conclusion of Carlson and his
co-workers.

The shape resonance phenomenon is not an isolated ocur-
rence and in fact has been seen in a wide range of molecular
systems which include diatomic molecules such as Co, Ny, and
NO and larger species including SFg, BF3, CpH,, and CO,(29).
This application of synchrotron radiation to study shape reso-
nance phenomena has taken place at a number of laboratories
throughout the world. The result has been an improved theo-
retical understanding of the photoionization process as well

as adding significantly to the body of experimental fact.
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Autoionization in Molecular Nitrogen

electronic state of

Autoionization occurs when a discrete
a neutral system lies above the ionization limit of the mole-
cule. TFor example in a simple system such as Helium, auto-
ionization occurs from transitions such as He(1s2) » He(2s2p)
in which two electrons are simulaneously excited and their
energy exceeds the first ionization potential of the molecule.
The excited state interacts with the continuum with the result
that the quasi-bound state decays into the ionization
continuum. As a consequence, in the continuous absorption
region above ionization onset in atomic and molecular systems,
there can occur discrete-like absorption minima or maxima with
a characteristic resonance-like profile(38). The
autoionization process results from the correlation of the
motions of the various electrons in an atom or molecule and
cannot be readily understood within a single electron picture.
This, which in some circumstances could be considered an
unwelcome problem, can be also‘viewed as a window to gain
insights into the nature of correlation in atomic and molec-
ular systems. Correlation between electrons is the central
phenomenon which gives rise to chemical bonding and hence is a
subject worthy of study.

Photoelectron spectroscopy can be used to study autoion-

ization phenomena by studying the branching ratios to various
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state. Most molecular systems exhibit considerable autoioni-
zation in the first 10-20eV above ionization onset. Molecular
nitrogen is a particularly good example in that there are
several well resolved series of prominence of which the
Hopfield emission and absorption series are a good exam-
ple(39,40). Figure 8 shows the vibrational branching ratios
for the first four levels of the ground ionic state and Fig. 9
the asymmetry parameters for the four levels. The wavelength
region shown covers the range of the first member (principal
quantum number = 4) for the Hopfield series. There is a win-
dow resonance (absortion minima) at about 7158 and an absorp-
tion maxima at about 723A (vertical line in figure). The
thing to note is the rapid and large variations in the
branching ratios and the asymmetry parameters. The V=0
vibrational level loses amplitude relative to the weaker peaks
and departs significantly from constant Frank-Condon
predictions. The lifetime and configuration of the
intermediate state, the autoionizing level, is reflected in
this changed distribution. A treatment based upon
multichannel quantum defect theory (MQDT) by Raoult and co-
workers gives substantial agreement with the experiment(41).
Keeping in mind that the maximum range of values for the asym-
metry parameter is -1 to +2, the variations observed in Fig. 9

are significant and represents rapid, drastic variation in the
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vibrational transitions and the corresponding asymmetry param-
eters. Since autoionization results from a coupling of the
continuum (or several continua) and a discrete-like state, the
cross sections and the phase of the outgoing electron wave-—
function can undergo local variations in the neighborhood of
the resonance. This region of the resonance can be from a
very narrow region (AE<1meV) to one as large as many elec-

tron volts, depending on the lifetime of the discrete-like
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Fig. 8 The branching ratios Fig. 9 The asymmetry parameters
of the first four vibrational for the first four vibrational
levels in Np+ x state in the levels of the N,+ x state in
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angular distributions of electrons in the regions of
autoionizing resonances.

The body of information on the effects of autoionization
in photoionization is growing rapidly, primarily due to the
availability of synchrotron sources worldwide. These studies
along with the study of ionization phenomena duye to inner
shell excitation, will be an important area of research to
investigate the nature of electron dynamics in atomic and

molecular systems.

gurface Science and Solid State Physics

There has been a tremendous impact upon research in sur-
face science and solid state physics by synchrotron radiation.
The intense monochromatic light from storage rings can be used
to perform multiple spectroscopies with heretofore unobtain-
able sensitivity. For example the detailed study of the ab-
sorption of X-rays in solid samples and the observation of
fine structure in the absorption has led to the development of
what is now called extended X-ray absorption fine structure
(EXAFS). The EXAFS structure results from the periodicity of
the sample and the scattering of outgoing waves by multiple
spatially correlated scattering centers(42). This research
has developed into a major enterprise in 1its own right, with

efforts at almost every storage ring.
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ns of . . . .
of Figure 10 demonstrates a typical configuration for study-

ing surfaces of samples. The sample, usually a single

autoioni i . . . .
onization crystal, is mounted on a manipulator with leads for heating
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also used to anaylze the ions from photon stimulated desorp-
tion (PSD). An Argon ion gun (AR) is used for cleaning the
surface. The quadrupole mass §pectrometer (QMs) is used for
analyzing the residual gas in the vacuum chamber or for check-
ing the purity of the sample gas to be adsorbed on the sur-
face. Low energy electron diffraction (LEED) is used for
monitoring surface order as well as an indicator of coverage
of the surface by sample gases. The LEED device can also be
used to view the electron stimulated ion angular distribution
of (ESDIAD), which can be used in conjunction with the PSD
studies to obtain information on the nature of the surface
molecular bonding. To view directly the angular distribution
of the ions from PSD, a separate apparatus must be used
because of, in part, signal to noise problems. A device
called an ellipsoidal mirror analyzer is being constructed for
use in such studies and is described in the literature(43,44).
The mechanisms of desorption of species from surfaces
involve indirect pathways since the momentum of the photon or
electron is insufficient to dislodge absorbed species direct-
ly. These mechanisms, which can be diffferent for ions and
neutrals, have been reviewed recently in the literature(45).
The cross sections for reactions leading to desorption are
small, several orders of magnitude below that of equivalent

gas phases reactions. A modified Frank-Condon type argument,
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the Menzel-Gomer—Redhead (MGR) model(46) accounts for many of
the primary observations of the desorption of neutral species.
The desorption of ionic species is described by the Knotek-
Feibelman model which considers the excitation of a core elec-
tron by the incoming photon or electron and the subsequent
decay by auger processes of the bonding electrons (47). The
process can result in several positive charges on the adsorbed
species and a corresponding positive charge on a nearby bond-
ing site. This results in a coulomb repulsion between the
two, with the result, that absorbed species can exit the sur-
face region with several electron volts of kinetic energy.
Since the forces between the absorbed species at the bonding
cite are along the internuclear axis, the absorbed species
will exit the surface region in a direction corresponding to
the bond angles. Viewing of the pattern of the desorbed spe-
cies can give a map of bonding nature of the system. These
patterns, as well as change in the photoemission spectra, can
be studied as a function of coverage and photon energy to
deduce a picture of the surface-absorbate configuration as
well as notions about the nature and composition of the
binding.
Figure 11 shows a PSD pattern of 0+ ions desorbed from

the tungsten (111) plane at a photon energy of 44.3 eV. The

pattern reflects a threefold symmetry of the oxygen bonded to

L ik
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Fig. 11 TIon angular

distribution from photon

stimulated desorption of

0% from tungsten oxide.

(b) hv =443 eV

the tungsten substrate(48). These patterns are produced by
the ellipsoidal mirror analyzer mentioﬁed above (43) which
images the desorbed ions on an image intensifier system,
Images can be made as a function of photon energy and cover-
age. The ion intensities vs photon energy roughly follow the
secondary electron yield, which would be indicated by the
Knoteck-Feibelman model as the secondary electron yield re-
flects the rate of core hole formation. An example of this is
shown by a PSD study of the Ti(00l) surface by Stockbauer et
al.(49). The ion yields of H* from a Ti(001) surface covered
with OH is shown in Fig. 12. Also shown are the secondary

electron yield and results for O+ desorbed from an oxvgen
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covered surface. The high energy portions of all the yields

are the same but differ substantially on the low energy side.

In particular the 0+ desorption has an onset in the 3p core

hole region whilst the H+ from the OH covered Ti has an onset

5 eV or so lower. It is thought that this suggests that some

of the H* desorption comes from (oH) bonding sites and that

the lower onset corresponds to core hole (2s) formation in

oxygen.

This brief space only allows for a sampler of the

diverse projects and scientific accomplishments achieved in

solid state physics and surface science with the advent of

synchrotron radiation sources.
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Conclusions:

This has been a brie: survey of just several of the areas
of research in which syacnrotron radiation -has made signifi-
cant contributions. Not even touched upon wers such areas as
medical application, time-resolved phenomena, X-rav applica-
tions, and optical components research. Additionally there
are developments in the technology of syachrotron radiation
itself which promise co 27zatly enhance the brightness of
synchrotron radiazicn wizi Seam insercion devices such as
wigglers and undulize-;, Ta=s2 devices are constructed of

magnetic elewme: ::

>, when ~iced in the beanm path, serve

1

to alter the lccal 2lecrron trajeccory such thar the electron
undergoes scme combination of vertical and horizontal motion
which results ia syanchrotron radiation. 1In a undulator with
a large number of periodic magnetic regions, there are incer-
ferznce zffests such thac there are peaks in the radiation
SPectrum. These peaks are narrow in photon enargy and can be
several orders of magnitude more Intense than the direct
svnchrotron radiation{S0). The tuneable nature of the uyndula-
tor and its intensity will allow these sources o have a major
impict upon a wide range of research areas. Futyrca storage

riags will, in facec, probably consisc almost entirely of in-

sertion devices. Such a machine, called the Advance Light

(2]
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