molecules and clusters

A new method for the size-selective EXAFS 2. PEPICO Measurements

of neutral free clusters The PEPICO measurements were carried out by utilizing the syn-
chrotron radiation at the BL-12C station in Photon Factory, KEK
(Nomura & Koyama, 1995). The neutral cluster beam were pro-

Makoto Yao, @ Tetsuichiro Hayakawa, 2 duced by a supersonic jet expansion method, intersected with the
Kiyonobu Nagaya, 2 Koichi Hamada, @ X-ray at right angle in the horizontal. The photoions produced by
Yoshinori Ohmasa 2 and Masaharu Nomura °? absorbing an X-ray photon were extracted upward by a constant

electric field to a detector, while the photoelectrons were extracted
downward. The electron signal provides a start pulse for a time-
amplitude-converter (TAC) and the ion signal provides a stop pulse,
which gives the ratia/n of the charge to the number of atoms,

for the detected selenium ion (Sg. The PEPICO measurements
were performed under two different conditions (A) and (B): under
the condition (A) the temperature of the cluster source was kept
at 570+2°C and it was kept at 3681°C under (B). The size dis-

Recently we have measured Photoelectron Photoion COmc'dent(?l%ution in the cluster beam was mass-spectrometrically studied

(PEPICO) spectra for selenium dimer,Sed larger species such . . . .
as Se at the beamline BL-12C in Photon Eactorv. The PEPICA] advance, which revealed that the major constituents were Se
€ Y. &, Se and Se (Yao et al., 1999) and that the ratio of §eSe;

; ; -+
spectra reveal that the multiply charged ions'Sare produced as and Se remained nearly constant (i.e. 7:4:2) irrespective of the

a result of de-excitation processes following the inner-shell excita;
. o . Cluster source temperature. Hence, hereafter we referstoS&e
tion and fragmented to atomic ions owing to the Coulomb exploémd Se simply as “Se”, and we regard the cluster beams as two-
sion. The branching ratios from the parent clusters to the daughtér Py ' 9

. - . omponent syetems of Sand “Seg”. The probability that a Se
ions exhibit clear dependence on the size of the parent clusters.gpom in the cluster beam is included in the S@s about 62% un-

particular, the branching ratios in the non-resonant absorption resy (A) and 10% under (B), and the rest of atoms were considered
gion are well reproduced by assuming that the charges are randorpf3 ’

distributed within the clusters before the Coulomb explosion. Base be included in "S¢. Thus the PEPICO spectra of Sand "Se
- . Were deduced from the raw PEPICO spectra taken under the con-
upon these findings, we propose a new method for the size-select

IV . - -
EXAFS of neutral free clusters by utilizing the PEPICO measure(}n%onS (A) and (B). Further experimental details were described
ments elsewhere (Hayakawet al.,2000a).
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1. Introduction

Clusters have attracted great interest, because they are considered
to be intermediate states between atomic and condensed states of
matter, and tremendous efforts have been done to study their prop-
erties as a function of the cluster size (Haberland, 1994). Although
various experimental methods have been used to investigate atomic
arrangement in the clusters, general methods for the size-selective
structural analysis of neutral clusters have not been established
so far. Recently XAFS (X-ray Absorption Fine Structure) spec-
troscopy has been applied to several clusters produced in the free
space (Rhl et al., 1993; Kakaret al., 1997; Yaoet al., 1999).

(@
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o

In these experiments the conditions under which the clusters are (b)

produced were controlled to vary the cluster size distribution. By

this method, however, many experiments under different conditions 0

are needed to be performed to get precise information on the size- 0 1 2 3 4 5 6
dependent structural properties. time of flight [psec]

In this paper, based upon our recent Photoelectron-Photoion-
Coincidence (PEPICO) measurements for selenium clusters
(Hayakawaet al., 2000a; Hayakawat al., 2000b), we suggest a

new XAFS method that could provide size-selective informationFigure 1

from a single experiment. In the next section a brief review ispgp|co spectra of Séa) and “Se” (b) taken at 12.68keV.
given on our recent PEPICO measurements for selenium clusters

(Hayakaweet al.,2000a; Hayakawat al.,2000b). Then in the last

section the suggested method is tested for the selenium clusters. Figs.1(a) and 1(b) show the PEPICO spectra taken at the X-ray
photon energy of 12.68keV for sand “Se”, respectively. Each
peak in the PEPICO spectrum corresponds to a multiply charged
ion, S&". The value of/nis indicated in the Figure. For Séroad
peaks corresponding ##n = 1 to 7 were observed. No clear peaks
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were seen at the half-integerszfh, indicating thain = 1. More-  because Kr has the same inner shell configuration apn\3&, 2)
over most of the peaks were split into asymmetric doublets owings the conditional probability that acharged atomic ion (=daugh-
to the Coulomb explosion (Hayakaw#al.,2000a). ter ion) is fragmented from the charged parent cluster ion. As
In the present paper, we are interested in the branching ratipn(zo, z) the binomial distribution is adopted because the statisti-
Bn(hv, ) from neutral parent clusters withh atoms (i.eN = 2 or cal distribution may be favored from entropic consideration in iso-
5) to daughter atomic ions withcharges. Heréw is the photon  lated systemsA is a hormalization constant. It should be noticed

energy.Bn(hv, 2) is defined by that the experimental resulrs Bf(hv, z) are well reproduced by
our theoretical curves for both Sand “Se”. This implies that the
_ branching ratio may serve as a finger-print of the parent clusters.
B (hw, 2) = In(hv, 2) /Z n(hw,Z) @ In Figs.3(a) and 3(b) the branching rati@(hv,z) and
Z=1

Bs(hv, z) for z = 1 are plotted as a function of the photon energy
wherely (hv, ) is the integrated intensity of each PEPICO peak. (Hayakawaet al., 2000b). Near 12.653keV, which corresponds to

1so™ resonance energy, the branching ratios exhibit a prominent

maximum. Kosugi (Kosugi, 2000) has determined the resonance

o3 "~ T T T T T T T positions for Sg theoretically by the multi-reference single and
double configuration interaction (MR-SDCI) method. The energy
levels ofr™, " (quartet) and-* (doublet) are located at -8.04, -5.36
and -4.26eV, respectively, below the 1s-ionization potential (1s-1P)
02 in accordance with the experimental XANES spectrum (Hayakawa
et al.,2000b) (see also Figs.3(a)).
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Figure 2
Experimental (closed circles) and theoretical (solid lines) branching_
igure 3

ratios for Se (a) and “Sg” (b) at the photon energy of 12.68keV. . .
The branching ratios of Sefrom Se (a) and “Sg” (b) are shown as a

In Fig.2, the branching ratio at 12.68keV is plotted by the closedunction of the photon energy. The the #s-and 1ss™ resonance lev-
circles for Se (a) and “Se” (b). It should be noted thay(hv, 2) els calculated by Kosugi (2000) are indicated by the arrows as well as
for Se (a) exhibits a maximum near = 2 or 3 while that for € 1s-ionization potential (1s-IP).

Ses” decreases monotonously with increasingrhe solid lines Above 12.66keV, however, the branching raBe(hv,z — 1)

in the Figures denote the results of our simple calculations, Wherﬁeeems to converge to 0.12, which coincides with the observed value
we have asuumed that the de-excitation following the non-resona S .
9 tt 12.80keV. Below 12.64keV, on the other hand, it approaches

i a
absorption can be regarded as a two-step process (Hay&italva L .
2000a). In this case the branching ratio may be written as 0.19, which is an observed value at 12.50keV. The branching ra-

tio Bs(hv,z = 1) also becomes flat above 12.66keV and below
— 12.64keV. For highez the energy dependence of the branching ra-
Bu(hw,2) = AZ (v, 20) Pn (20, - @ tio is also small in the energy ranges below 12.64keV and above
12.66keV (Hayakawat al.,2000b). Thus the energy range under
Here fn(hv, 20) is the probability that a neutral cluster with the present investigation can be devided into three regions: (i) be-
atoms is changed into & charged cluster ion by the photo- low 12.64keV, (ii) 12.64-12.66keV and (iii) above 12.66keV. Here
absorption and subsequent vacancy cascadefy (hg, z) exper-  the region (i) is the resonant absorption range and the regions (i)
imental data for atomic krypton (Krause & Carlson, 1967) are usednd (iii) are the non-resonant absorption ranges. Very recently we
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have confirmed that the branching ratios remain nearly constant
in the energy range (iii) up to 13.35keV, which covers the EXAFS T T T T T T
range for Se K-edge absorption (Nagayal.,2000). We may con-
clude that, in the de-excitation processes following the inner-shell
excitation in the energy ranges (i) and (iii), the core-hole states are
completely relaxed before the molecular (or cluster) dessociation. o
In the energy range (ii), however, the fast dessociation, which was
first pointed out for HBr by Morin and Nenner (Morin & Nen-
ner, 1986), is expected to occur in the Se clusters analogous to the
molecular oxygen (Schaphomstal., 1993).

1sP

3. Size-Selective EXAFS

When the EXAFS measurements are carried out for mixed cluster
beam, the observed TIYous(hv), is expressed as

Absorption Coefficient [a.u.]
o

Toos(hw, {p}) = > _ Au({P})Nan(hw). 3)

Here{p} stands for the condition under which the cluster beam is 0
produced and\({p}) is the abundance of various clusters which

can be measured by mass-spectroscopy. Conventionally, TIY spec-

tra were measured under different conditions and the size-selective

EXAFS was deduced by solving the simultaneous equations (i.e.

eq.(3)) parametrized bip} (Ruhl et al., 1993; Kakaret al., 1997; ~ Figure4 o _
Yao et al., 1999). In Fgs.4(a) and 4(b), the solid lines denote The absorption spectra for 5¢a) and “Se” (b) obtained from the
an(hv) for N = 2 and 5, respectively, which were deduced from PEPICO spectra under the condition (A) by using eq.(4) are denoted

o by the circles, and those obtained from the TIY spectra taken under two
the TIY spectra measured under the conditions (A) and (B) tao different conditions (A) and (B) by using eq.(3) are denoted by the solid

al., 1999). In this case the method was successfully applied becaugges The agreement between these two kinds of spectra is fairly good
the cluster beams could be regarded as two-component systemsi, the energy range above 12.66keV. The 1s-IP is also shown in the
Eigures.

.64 1266 1268
Photon Energy [keV]

However, in more general case, where many different cluster:
are mixed in the beam, tremendous amounts of measurements are .
required to extract (hv). Here we propose an alternative method  Acknowledgements The authors would like to thank Prof.
for the size-selective EXAFS, in which the PEPICO spectra ardYobuhiro Kosugi for informing us of his theoretical results of the

measured as a function of photon energy. The integrated intensifSonance positions.

of the observed PEPICQus(hv, z {p}), can be written as
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