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EICO measurements of inner-core excited mixed rare-gas clusters

Direct observation of charge transfer
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Abstract. The spectra of deep inner-core excited mixed rare-gas clusters were recorded by using electron ion
coincidence (EICO) and multi-hit momentum imaging (MHMI) techniques. The EICO spectra for Ar99Kr1
clusters reveal that singly charged ions are emitted from the inner-core excited clusters in addition to the
multiple charged ions. The dependence of the EICO spectra on photon energy and cluster size suggests
that the holes created through vacancy cascade on the krypton atoms are transferred to the surrounding
atoms, and that the singly charged ions are the primary product of the krypton photoabsorption. Charge
localization is suggested for the inner-core excited mixed rare-gas clusters from the analysis of the EICO
peak width. The MHMI measurements give us direct evidence for the strong charge migration from X-ray
absorbing atoms to surrounding atoms. The photon energy dependence of the PSD image for fragment
ions suggests that the momentum of the fragment ions depends on the number of charges generated by
the vacancy cascade.

PACS. 36.40.-c Atomic and molecular clusters – 36.40.Qv Stability and fragmentation of clusters –
36.40.Wa Charged clusters

1 Introduction

The advent of third-generation synchrotron sources has
prompted the study of core level excitation of free clus-
ters, and considerable efforts have been devoted to study-
ing the rare-gas clusters by utilizing soft X-ray [1–6]. One
of the most fascinating findings among them is that the
excitation and de-excitation processes depend not only on
the cluster size but also on the atomic site within the clus-
ter [5,6].

Deep inner-core excitation by hard X-ray is a poten-
tial probe for studying the atomic scale properties of clus-
ters. By irradiating with hard X-ray, a multiple charged
ion is generated in the cluster, and the charges then dis-
perse from the absorbing atom to the surrounding atoms.
The multiple charged cluster becomes unstable due to a
Coulomb repulsive force, and the fragment ions with dif-
ferent charge to mass ratios are emitted from the cluster
(Coulomb explosion) [7,8]. Here, the average size of the
fragments and the kinetic energy of the fragment ions are
expected to reflect the charge dynamics within the clus-
ters. In addition to the localized character of excitation,
deep inner-core excitation enables us to select an X-ray
absorbing atom by varying the X-ray energy near the ion-
ization threshold.
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In the present study, the de-excitation processes of the
inner-core excited mixed rare-gas clusters containing kryp-
ton have been studied by using two experimental methods.
One of these methods is electron ion coincidence (EICO)
measurement, and the other is multi-hit momentum imag-
ing (MHMI). EICO has been utilized to study the cluster
size dependence of the de-excitation processes in a mixed
cluster. MHMI gives us information on the details of frag-
mentation dynamics because it can record multiple ion
fragments and their space distribution.

2 Experimental

The EICO and MHMI measurements were carried out
at the high-brilliance undulator beamline BL37XU in
SPring8, where the X-ray emitted from the undulator
was monochromatized by Si(111) double crystals [9]. The
X-ray photon flux was about 5.4 × 1012 photons/s at
hν = 14.50 keV. The X-ray beam was directed into the
cluster beam apparatus [10] through a beryllium window.
The cluster beam apparatus consists of two vacuum cham-
bers, an expansion chamber, and an analyzing chamber.
Each chamber was evacuated by a turbo molecular pump.
The neutral clusters were produced by the supersonic jet
expansion method in the expansion chamber and intro-
duced to an analyzing chamber through a conical skim-
mer with an aperture of 1 mm. The cluster source with
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an alumina cylindrical nozzle, and an inner diameter of
60 µm, was mounted on a cryostat. The composition, tem-
perature, and pressure of the sample gas were adjusted to
control the composition and size of the cluster. In the an-
alyzing chamber, the cluster beam intersected with the
X-ray beam (3 mm in width × 1 mm in height for EICO
and 1.5 mm × 0.5 mm for MHMI) horizontally at right
angles. The photoions were forced upward by an entrance
electrode, and they passed through a flight tube before
reaching a detector. A channeltron was utilized for the
EICO. The entrance electrodes and the flight tube formed
a Wiley-McLaren type time-of-flight mass spectrometer.
The photoelectrons were forced downward and immedi-
ately detected by a channeltron. For the EICO measure-
ments, the photoelectron signal delivers a start pulse to a
time-to-amplitude converter and the photoion signal de-
livers a stop pulse, from which the time-of-flight (TOF)
of the photoion was determined [11]. For the MHMI mea-
surements, a channeltron detector for ion detection was
replaced by a position and time sensitive multi-hit MCP
delay-line detector system (RoentDek DLD40 and TDC8).
The active detector diameter of the PSD was 47 mm. The
signals of the photoelectron were used as start signals for
the time of flight as in the conventional PE(PI)nCO mea-
surements [12]. The EICO and MHMI measurements were
carried out at photon energies of 14.08 and 14.50 keV, i.e.,
on both sides of the krypton K-edge (hν = 14.326 keV).

3 Results and discussions

At the beginning of the experiment, we measured the
EICO spectrum for an atomic beam of KrAr mixed gas
because the neutral cluster jet contains an appreciable
amount of uncondensed atoms. The EICO spectrum of the
atomic beam shows that the multiple charged ions (Krz+:
z = 3 to 11, Arz+: z = 2 to 8) are generated as a result of
vacancy cascade (auger process and radiative decay). The
relative abundance of multiple charged atom is in good
agreement with the previous result in literature, [14–17]
and the peaks of the singly charged monomer ions (Kr+
and Ar+) were negligible for the atomic beam.

Figure 1 shows the EICO spectra for Ar99Kr1
mixed clusters recorded at photon energies of 14.08 and
14.50 keV. The average cluster size 〈N〉 in Figure 1 was
100. The two major features observed in the EICO spectra
of the clusters are as follows: a series peaks due to mul-
tiple charged monomer ions below 2.5 µs, and the peaks
due to the singly charged monomer and cluster ions above
2.7 µs. The widths of the latter peaks are broader than
those of the former by a factor of two or more. Narrow
peak widths of multiple charged ions suggest the lack of
Coulomb explosion for these species. When the X-ray en-
ergy is increased from 14.08 keV to 14.50 keV, the num-
ber of Ar+ ions clearly increased. This increase in Ar+ ion
suggests that a charge transfer occurs from the krypton
atoms to the argon atoms in the mixed cluster, because
only the photoabsorption cross-section of krypton changes
remarkably with photon energies near krypton K thresh-
old energy (hν = 14.326 keV).
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Fig. 1. (Color online) EICO spectra for Ar99Kr1 cluster
recorded at 14.50 keV (upper graph) and 14.08 keV (lower
graph). Average cluster size 〈N〉 = 100.
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Fig. 2. Difference EICO spectra between 14.08 and 14.50 keV
are plotted as a function of time of flight for various cluster
size.

In order to estimate the effect of krypton on X-ray
absorption, we have extracted the difference EICO, as
shown in Figure 2. Here, the difference EICO is defined
as the difference of EICO spectra recorded at 14.08 keV
and 14.50 keV. The difference EICO spectra show that the
singly charged ions increase dramatically with increasing
the average cluster size 〈N〉, and Ar+ ions are the dom-
inant species. Present results strongly suggest that the
holes created by vacancy cascade on the krypton atoms
are transferred to the surrounding atoms before fragmen-
tation, and almost all the resulting ions are singly charged.

Several experimental and theoretical studies have been
carried out to investigate the phase separation of mixed
rare-gas clusters. Laarmann et al. [18] investigated the
energy resolved fluorescence spectra of the mixed rare-
gas cluster. They examined the absorption bands caused
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by surface exciton and reported that the coexpansion
of a dilute ArKr gas mixture results in the penetra-
tion of Kr atoms inside Ar clusters. Clarke et al. in-
vestigated the phase separation of the binary liquid
Lennard-Jones clusters by using both constant temper-
ature Monte Carlo (MC) and constant energy molecu-
lar dynamics (MD) method [19]. The cluster morphology
was systematically explored by varying the ratios of the
Lennard-Jones parameters (ε and σ). The results of MD
for the ArKr cluster suggest a considerable amount of mix-
ing between the two species and the formation of a Kr core
coated by Ar atoms. The difference EICO for 〈N〉 = 1300
shows that Kr+2 and Kr+3 were hardly generated by the
X-ray absorption of krypton. If the Kr atoms tend to
coagulate in the mixed clusters, Kr+2 will be generated
by the X-ray absorption of krypton for 〈N〉 = 1300. The
present results suggest that the Kr atoms are surrounded
by Ar atoms even in large clusters (〈N〉 = 1300), which is
consistent with the MD results.

The large peak widths of the singly charged ion sug-
gest Coulomb explosion. Let us estimate an upper bound
for the charge separation distance (CSD) from the total
kinetic energy released by the Coulomb explosion by using
the following method. Here, we concentrate on the singly
charged ions, because our multi-hit momentum imaging
experiment reveals that the multiple charged ions are nei-
ther the starting material nor the products of the Coulomb
explosion. Since the neutral fragments also obtain their
kinetic energy through collisions with ions and/or with
other neutral fragments, the total kinetic energy Kion of
the ionic species, which can be estimated from the EICO
spectra, cannot be equated with the total Coulomb energy
Utotal stored in the cluster before the Coulomb explosion.
Therefore, Kion should be treated as a lower bound for
Utotal, which gives an upper bound of CSD.

Here, we assume that a sphere with a radius of R0, in
which the charges z0e are uniformly distributed, is located
within a cluster with a radius of R1. The total Coulomb
energy U(R0) may be calculated approximately as

U(R0) =
ε − 1
2ε

(z0e)2

R1
+

3z0(z0 − 1)e2

5ε

1
R0

(1)

where ε is the dielectric constant of the cluster relative to
that of vacuum, and it is assumed to be the same as that of
the bulk material. R1 can be estimated from 〈N〉 by using
the bulk density. The above expression is an extension
of equation (11) in reference [20] given by Echt et al.,
who discussed the critical size of a cluster with regard to
the electrostatic instability, assuming that the cluster as
a whole is uniformly charged. On the other hand, in the
present case, the core excitation generates charges that
are localized on the atomic scale.

The kinetic energy of each daughter ion j can be esti-
mated from the half-width ∆tj of the corresponding EICO
peak, because ∆tj is related to the velocity vj as

vj =
eE

2mj
∆tj (2)

2 4 6 8

Time of Flight [  sec]µ

In
te

ns
ity

 [C
ou

nt
s/

S
ec

]

Nco=7

5

3

11

0.25

0.1

0.03
0

0

0

0

KrArn
+

n=0 1 2

Arn
+ n=1 2 3 4

Fig. 3. Time-of-flight mass spectra for Ar99Kr1 cluster beams
with 〈N〉 = 100 from MHMI measurements (hν = 14.50 keV).
Nco means the number of detected ion fragments per parent
ion.

where E is the electric field, and mj is the mass of ion j.
The time resolution in the EICO spectrum is corrected for
estimating vj . The total kinetic energy Kion of the ionic
species is then expressed as

Kion = z0

∑

j=1

(1
2
mjFjv

2
j

)
(3)

where Fj = Aj/
∑

j=1 Aj is the branching ratio of the
ions j produced in the Coulomb explosion. Thus, equating
U(R0) with Kion, one can estimate an upper bound RUB

0

for R0.
The kinetic energy of Ar+ estimated from the differ-

ence EICO was 4.3 eV for 〈N〉 = 20 and 1.8–2.1 eV
for 〈N〉 ≥ 100. The corresponding CSD was 6.3 Å for
〈N〉 = 20 and 9.6 Å for 〈N〉 = 100. Considering that the
diameter of cluster is about 11 Å for 〈N〉 = 20, it is con-
sidered that the CSD for 〈N〉 = 20 reflects the diameter of
the cluster. The reason for the kinetic energy being nearly
constant for the cluster of 〈N〉 ≥ 100 is that the charges
are localized around the X-ray absorbing atoms and the
cluster radius is larger than the CSD.

To investigate the details of the Coulomb explo-
sion, MHMI measurements have been carried out for the
Ar99Kr1 cluster with 〈N〉 = 100. Figure 3 shows the TOF
spectra of Ar99Kr1 cluster beam recorded at 14.50 keV.
In Figure 3, the multihit data has been classified accord-
ing to Nco. Here, Nco means the number of detected ion
fragments per parent ion. Nco relates to the number of
charges generated by an X-ray absorption [13]. The TOF
spectra of the multi-hit signals (e.g., Nco ≥ 3 in Fig. 3)
shows that most of the ion fragments were singly charged
ions for Nco ≥ 2. Multiple charged ion fragments Arz+

(z = 2, 3, · · · , 8) and Krz+ (z = 2, 3, · · · , 11) were hardly
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Fig. 4. PSD imaging contour maps of Ar+ (Nco = 2)
for Ar99Kr1 cluster recorded at (a) hν = 14.08 keV and
(b) 14.50 keV. Average cluster size was 100. (c) PSD image
of atomic beam. Contour interval is 0.2 of the peak height.

detected for Nco ≥ 2. Because the multiply charged ions
are generated by inner-shell excitation of atomic rare-
gases, the present results are evidence of the strong charge
migration from the X-ray absorbing atom to the surround-
ing atoms in the inner-core excited ArKr mixed cluster.

The high resolution of the TOF spectra from the
MHMI measurements enables us to distinguish between
Ar+2 and Kr+1 . It is shown that the peak at 4.5 µs is com-
posed of Ar+2 and Kr+1 while that the peak at 5.5 µs is
KrAr+ (not Ar+3 ). The frequent decay channel is exam-
ined from the multi-hit data. The energy dependence of
the multi-hit data reveals that (Ar+1 + Ar+1 + Ar+1 ), (Ar+1
+ Ar+2 + Ar+1 ) and (Ar+1 + Ar+1 + Kr+1 ) are the frequent
decay channel for Nco = 3, resulting from the X-ray ab-
sorption of Kr.

Figures 4a and 4b show the space distribution of
Ar+ ions for Nco = 2. In the case of the atomic beam,
the distribution has a sharp peak near the center of the
detector (X, Y ) = (0, 0) as shown in Figure 4c. Therefore,
the broad distribution of clusters indicates that ion frag-
ments have a large momentum due to Coulomb explosion.

The size of the PSD image recorded at 14.50 keV is
about 1.1 times as large as that of 14.08 keV. In the MHMI
measurements, the size of the PSD image is proportional
to the maximum momentum of the detected ions. Consid-
ering that the average charge of the krypton ions increase
from 5 to 6 with photon energy [15], the Coulomb repulsive
energy among the resulting ions will increase by a factor
of 1.2 or more. The large momentum at 14.50 keV may
result from the increase in the Coulomb repulsive force in
the charged cluster.

4 Summary

EICO and MHMI measurements have been carried out for
deep inner-core excited mixed rare-gas clusters. The EICO
spectra for Ar99Kr1 clusters reveal that the singly charged
ions are emitted from the inner-core excited clusters in
addition to the multiple charged ions. The dependence of
EICO spectra on photon energy and cluster size suggests
that holes created by the vacancy cascade on the kryp-
ton atom and transferred to surrounding atoms, and that
singly charged ions are the primary product of krypton
photoabsorption. Charge localization is suggested for the
inner-core excited mixed rare-gas clusters from the analy-
sis of the EICO peak width.

The MHMI measurements give us direct evidence for
strong charge migration from X-ray absorbing atom to
the surrounding atoms. The photon energy dependence of
the PSD image for the fragment ions suggests that the
momentum of fragment ions depends on the number of
charges generated by the vacancy cascade. The present
EICO and MHMI results suggest a possibility of the inner-
core excitation by hard X-ray for studying the charge dy-
namics of clusters.
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