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2. 2 ^Synchrotron Radiation Facilities for Chemical Applications 
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INTRODUCTION 

Synchrotron radiation (SR) research is of great importance in understand
ing radiation chemistry, physics, and biology (Hatano, 1987; Hatano and 
Inokuti, 1994). It is also clearly recognized in the international chemical 
community that chemical applications of SR are greatly advanced (Weston et 
al., 1989; Hatano et al., 1995) and divided into 

1) Molecular Spectroscopy and Dynamics Studies— Gases, Surfaces, and Condens
ed Matter— , 

2) Radiation Chemistry and Photochemistry, 
3) X-ray Structural and XAFS Studies—Crystals, Surfaces, and Liquids— , 
4) Analytical Chemistry, and 
5) Synthesis or R&D of New Materials. 

In this paper, a survey is given of recent advances in the application of 
SR to the chemistry of excitation and ionization of molecules (Hatano, 1994), 
i.e., SR chemistry, in the wavelength region between near-ultraviolet and hard 
X-rays. The topics will be chosen from those obtained at some leading SR 
facilities (Ohta et al., 1994). 

SR CHEMISTRY AS A BRIDGE BETWEEN RADIATION CHEMISTRY 
AND PHOTOCHEMISTRY 

Figure 1 shows the wavelengths of electromagnetic radiation from the 
infrared to the r-ray regions and corresponding photon energies (Hatano, 
1987). Characteristic x-rays, 60Co-r rays, and VUV light from discharge lamps 
are indicated by the arrows. Figure 1 clearly demonstrates that SR bridges the 
wide gap in the photon energy between radiation chemistry and photochemistry, 
i.e., "electron-collision chemistry" and "photon-collision chemistry", respec
tively. 

It is important to recognize that a major part of both photoabsorption 
and photoionization intensities lies in the wide gap between the two for 
almost all molecules (Hatano, 1987). The experimental data for cross section 
values in this wavelength region have been incomplete in general because of 
experimental difficulties related to suitable photon sources and window 
materials. As an alternative, electron energy-loss spectroscopy has been used. 
Even then, cross section data are limited, particularly for chemically 
important complex molecules such as hydrocarbons and other organic molecules 
(Hatano, 1987). 

INTERACTION OF PHOTONS WITH MOLECULES AND ITS RELATION TO THE EFFECTS 
OF IONIZING RADIATION 

The absorption of a single photon results in an electronic transition of 
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Fig.l. Synchrotron radiation (SR) chemistry as a bridge between radiation 
chemistry and photochemistry (Hatano, 1987). 

a molecule from the ground state 0 to a final state j (Inokuti, 1986). The 
transition probability is expressed in terms of the optical oscillator 
strength fj. It is in turn expressed in terms of Ej/R, the transition energy 
measured in the unit of the Rydberg energy R (=13.6 eV), and of Mj2, the 
dipole matrix element squared as measured in atomic units, as 

fj(Ej) = (Ej/R) Ma! (1) 

A set of Ej and fj characterizes a discrete spectrum. To discuss a continuous 
spectrum, one expresses the oscillator strength in a small region of the 
excitation energy between E and E+dE as (df/dE)dE, and calls df/dE the 
oscillator-strength distribution, or, more precisely, the spectral density of 
the oscillator strength. The total sum of the oscillator strength including 
discrete and continuous spectra is equal to the total number Z of electrons in 
the molecule, viz., 

^ ( E j ) + r 
J J i 

(df/dE)dE = Z, (2) 

where I represents the (first) ionization potential. Equation (2) is called 
the Thomas-Kuhn-Reiche (TKR) sum rule. 

The oscillator-strength distribution is proportional to the cross section 
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for the absorption of a photon of energy E. 
A decisive step in the physical and physicochemical stages of the action 

of any ionizing radiation on matter is collisions of secondary electrons in a 
wide energy range with molecules. At energies T higher than about 102 eV, the 
total cross section Qj (T) to excite a molecule to the state j is at least 
approximately given by the Bethe cross section (Inokuti, 1971). Using the 
Bethe cross section and further assumptions, Platzman (Platzman, 1967; Hatano, 
1968) showed that the number of product species j formed per 100 eV absorbed 
is approximately proportional to the dipole matrix element squared 

P- R df 
M J 2 = ^(E) dE, 

J j E dE 
(3) 

where $>j(E) is the quantum yield and J is the threshold energy, both for the 
formation of j. With the use of the W value, one may write 

100 Mj 2 

GJ = — (4) 
W M,a 

where Mi2 is the dipole matrix element squared for ionization, i.e., 

df p R 
M,2 = r?(E) 

Ji E 

dE, (5) 
dE 

where n(E) is the quantum yield for ionization. Since 

u(E) = ffi(E)/fft(E), (6) 

where ai(E) and trt(E) are, respectively, the photoionization cross section and 
the photoabsorption cross section, Eq. (4) means that the radiation chemical 
yield Gj is obtained from optical cross section data. Equation (4) is 
therefore called the optical approximation. Optical cross section data are, 
thus, of fundamental importance in understanding not only the interactions of 
photons with molecules, but also the actions of any ionizing radiation with 
matter. 

It is important to obtain photoabsorption and related cross sections for 
polyatomic molecules such as hydrocarbons and other organic molecules and 
relate them with molecular structure. With this idea, photoabsorption and 
photoionization cross sections for molecules in several stereo-isomer series 
have been systematically measured and compared with each other (Koizumi et 
al., 1985, 1986, and 1989). The main purpose of these investigations is to 
reveal how df/dE changes with changing molecular structures; for this purpose 
isomers have been chosen as examples. 

Figure 2 shows, as an example, the absorption cross sections of CaHe 
isomer molecules, cyclopropane and propylene (Koizumi et al., 1985; Hatano, 
1987 and 1994). Similar cross section data have been obtained also for the 
other isomer series, giving the common new features of absorption cross 
sections or oscillator strength distributions summarized as follows: 

1) The values of at show a maximum at 70-80 nm (16-18 eV) for each molecule. 
2) In the high energy side of the maximum the values of <xt are almost the 

same among the isomer molecules, e.g., cyclopropane and propylene, and 
equal to the sum of the cross sections for the constituent atoms. 
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Fig.2. Photoabsorption cross sections for cyclopropane and propylene (Koizumi 
et al., 1985; Hatano, 1987 and 1994). 

3) In the low energy side, the cross sections have different peaks and 
shoulders depending on an isomer, i.e., on its molecular structure. The 
sum of the cross sections in this energy region is, however, almost equal 
among the isomer molecules. 

FORMATION AND DECAY PROCESSES OF SUPEREXCITED MOLECULES 

A molecule that has received energy exceeding its ionization threshold 
(I„) does not necessarily ionize because there are in general other decay 
channels such as dissociation into neutral fragments, and the ionization 
process competes with the neutral fragmentation. Various pathways are schema
tically represented in the following for a molecule AB (Platzman, 1962; 
Hatano, 1983 and 1994). 

AB + energy -* AB* + e~ 
(>I„) 

-* AB' 

-> AB* + e-

-» A + B 

-» Others 

Direct ionization 

Superexcitation 

Autoionization 

Dissociation 

(7) 

(8) 

(9) 

(10) 

(U) 
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In this mechanism AB' is a superexcited molecule which decays through 
autoionization or dissociation. The cross section ai corresponds to the sum of 
the cross sections for both direct- and auto-ionization processes, while o-t to 
the sum of the cross sections for direct ionization and superexcitation. The 
value of 77 in the energy region below I„ is zero, while above 1^ it increases 
with increasing energy, and eventually approaches unity in the energy region 
well above I0; however, in the energy region close to I*, the dissociation 
process plays a very important role in the decay of a superexcited molecule. 

It has been pointed out both theoretically and experimentally that 
superexcited states, and hence neutral fragments formed from their dissocia
tion play an important role in radiolysis. The neutral fragments are 
translationally, vibrationally, or sometimes electronically excited, because 
of a large internal energy of superexcited states. Such fragments are called 
hot atoms or free radicals, and have anomalous chemical reactivities (Hatano, 
1989). 

In order to understand the electronic structure and dissociation dynamics 
of superexcited states, electron impact spectroscopy and more recently 
spectroscopy combined with SR have been extensively applied (Hatano, 1983 and 
1994). It has been concluded that a major part of the superexcited states of 
molecules are molecular high Rydberg states converging to various ionic states 
and are classified into the following three types: l)vibrationally excited 
states, 2)doubly excited states, and 3)inner-core excited states (Hatano, 
1994). 

In summary, photoabsorption cross sections, photoionization cross sec
tions and photoionization quantum yields are of great importance as key 
features of superexcited states, which characterize the primary processes, (7) 
-(11), of both photolysis and radiolysis of molecules. 

REACTION DYNAMICS BY MEANS OF SR PULSE PROPERTIES 

The outstanding pulse properties of SR with a subnanosecond pulse width 
and a pulse-to-pulse interval from nanoseconds to submicroseconds as combined 
with other SR properties, i.e., a wide wavelength-tunability, a high degree of 
polarization, and a long term stability in pulse shape, timing, and intensity 
have been applied to molecular spectroscopy and reaction dynamics which are 
closely related with radiation chemistry. 

It has been clearly demonstrated that the SR pulse properties are a 
promising tool for studying bimolecular processes (Hatano et al., 1981). The 
rate constant for the energy transfer from a state-specified Xe excimer to 
some molecules has been measured using a delayed coincidence single photon 
counting technique. Using a similar technique the SR pulse properties have 
been applied also to one of the important subjects of research in radiation 
chemistry that is the measurement of fluorescence lifetimes and excitation 
spectra of liquid alkanes (Wickramaaratchi et al., 1985, Shinsaka et al., 
1985). The obtained results are compared with those by techniques using 
different kinds of excitation sources, i.e., a, jfl, r, and X-rays, accelerated 
electron beams, UV photons from discharge lamps, and laser photons. 

Comments on SR studies of condensed matter from the viewpoint 
of radiation chemistry 

I had the opportunity to summarize the future problems needing more work 
in the chemical application of SR (Hatano, 1987), in which I made comments on 
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SR studies of condensed matter from the viewpoint of radiation chemistry. They 
are summarized as follows. 

1) To understand or to substantiate more the radiation chemistry of condensed 
matter, SR should be applied not only directly to molecules in the 
condensed phase but also to those in high density gases and clusters. 

2) The SR joined properties should be more actively used. It is interesting 
not only to join the SR properties with each other but also to join them 
with lasers of electron beams. 

3) It is worthwhile to make an attempt of measuring product yields by using a 
chemical scavenger method, in particular, the radical sampling technique 
using radioactive compounds. 

4) For better substantiation of specific ionization phenomena in the con
densed phase as opposed to those in the gas phase, SR has been applied to 
the measurement of the ionization threshold energy values of liquids and 
also to the experiment for an attempt to get evidence for Rydberg states 
near the threshold in liquid alkanes. A key experiment, however, for this 
purpose should be the measurement of the absolute ionization efficiency 
values in liquids. 

5) A wide wavelength-tunability of SR is useful to study the track structure 
of ionizing radiation interacting with matter. 

In the past several years since I made these comments, the related SR 
studies have been rapidly in progress. The followings are good examples of 
these studies as chosen from the Proceedings of the Annual Discussion Meeting 
of Radiation Chemistry in Japan published in the past five years, as well as 
from the scientific program of the present Symposium. 

a) Effect of innershell excitation on the color-center formation in anthra
cene single crystals (See A10-9 Shimoyama et al. at the present Symposium 
and Kimura et al., 1994). 
Interesting oscillating structures near the C K-edge energy at 285 eV 

have been observed in the absolute quantum yield of optical emission from the 
Si state formed by the photoexcitation of crystalline anthracene in the photon 
energy region of 100-600 eV. This observation has reminded me of similar 
structures in W (Suzuki and Saito, 1985) or G*i values (Holroyd et al., 1992). 
Interesting structures have been also observed by the same group in the 
photoconductivity excitation spectra of supercritical Xe doped with anthrance. 
This group has extended recently these experiments further into the ion 
desorption from benzene monolayer (See also A10-9 Shimoyama et al. at the 
present Symposium), and has also applied SR as a helpful light source to 
studies of the photoioizaion potentials of Ceo-Ca4 in nonpolar liquids (See P8 
-4 Shimoyama et al., and alio P9-4 Katoh et al. at the present Symposium) and 
of the electron-ion recombination in dense C2H6. 
b) VUV-light induced electron emission from low-vapor pressure organic 

liquids (Koizumi, 1994; Koizumi et al., 1993 and 1994). 
As pointed out above in the list of comments, the measurement of absolute 

photoionization efficiency curve as a function of the photon energy is a key 
experiment to understand the essential features of ionization phenomena in 
condensed matter, i.e., to differentiate the ionization of condensed matter 
from that of gases. 

A systematic investigation has been recently successful in this measure
ment by means of VUV-photons not from SR sources but from discharge lamps. 
Obtained results and discussion in a series of this investigation is helpful 
to substantiate the mechanism of the ionization of liquids. This investigation 
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has been recently further extended to that of the pressure dependence of 
photoconductivity in liquids. 
c) Picosecond SR pulse radiolysis (Ogata and Tagawa, 1989). 

The time structure of SR has been applied to one of the important 
objectives of radiation research, that is the investigation of LET or track-
structure effects. The fluorescence lifetimes of the Si state in liquid n-
dodecane and of the excimer state in polystyrene have been measured by means 
of a SR pulse of hundreds psec with the photon energy of 3-30 keV and compared 
with those measured by means of a 1-3 MeV H~ or He" pulse and a 28 MeV e~ 
pulse. 
d) Free radical formation in the SR-VUV photolysis of polycrystalline 

aminoacids and derivatives (See P9-15 Minegishi et al. at the present 
Symposium). 
The product free radicals have been observed by means of ESR spectroscopy 

in the SR-VUV photolysis of acetyl-alanine and related compounds in polycrys
talline states as a function of the wavelength in the region of 115-245 nm. 
The formation mechanism of detected free radicals has been ascribed to the 
neutral fragmentation of highly excited states including superexcited states 
of these molecules. 
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