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The Coulomb explosion of K-shell ionized krypton clusters with an average size �N� of 160 has been
studied by electron-multiple-ion-coincidence measurements in which the time-of-flight �TOF� of
ions was measured by using a position sensitive detector. The authors have sorted the TOF spectra
by the number of coincidence ion signals, Ncoin, and found that singly charged fragment ions such
as Kr+, Kr2

+, and Kr3
+ are dominant for Ncoin�2, and that multiply charged ions are detected mainly

for Ncoin=1. The Ncoin dependence of the peak widths in the TOF spectra reveals that the average
momentum of the Kr+ ions increases with Ncoin, while those of Kr2

+ and Kr3
+ decrease. These results

have been more directly confirmed by the momentum imaging measurements. The authors propose
that the heavier ions are produced in the central part of clusters where the Coulomb interactions
from the surrounding ions are more effectively canceled out due to the higher symmetry. © 2007
American Institute of Physics. �DOI: 10.1063/1.2406076�

I. INTRODUCTION

The Coulomb explosion of clusters and molecules has
been extensively studied and observed in many experiments
such as irradiation of intense laser,1–4 collision with highly
charged ions,5,6 etc. When clusters and molecules are multi-
ply ionized, they become unstable due to Coulomb repulsive
forces and eventually dissociate into many fragments by
Coulomb explosion. The momentum and kinetic energy of
these fragment ions give information on the charge distribu-
tion just before the Coulomb explosion. In femtosecond laser
experiments, for example, the structure of triatomic mol-
ecules in intense laser fields was investigated by analyzing
momenta of their three fragment ions produced in the Cou-
lomb explosion.3

Utilization of x-ray as a trigger of Coulomb explosion
has manifold advantages. First, the excitation of clusters is
achieved in a simple way �i.e., absorption of single photon�.
Second, the excitation is well localized because the core hole
is created within an atom. Third, the number of positive
charges generated as a result of the relaxation of inner-shell
vacancies �Auger decay7,8� can be controlled by varying the
photon energy. For example, a 2p-excited argon loses two to
three electrons on average through Auger decay, while a
1s-excited argon atom loses about five electrons.8 Hence, the
cluster experiment with x-ray may give more helpful infor-
mation on the fragmentation processes.

Until now tremendous efforts have been devoted to core
excitation of clusters and molecules.9–22 In particular, experi-
ments of Ar clusters with soft x-ray have been performed
intensively. It was reported that 2p-excited Ar clusters be-
come multiply charged through Auger decay and the positive
charges are transported from the photoabsorbed atom to its
neighbors, leading to fragmentation due to the Coulomb re-

pulsive forces �e.g., Ar7
2+→Ar++Ar2

++4Ar�.9,11–14 The rela-
tive abundance of fragment ions depends on the cluster size.
In the case of triply charged Ar cluster, singly charged mono-
mer ion Ar+ is the most abundant species for �N�=10, while
Ar2

+ becomes dominant for �N�=175.9,15

Although a pioneering work was done by Rühl et al.18

for Ar cluster with �N��400, K-shell spectroscopy of rare-
gas clusters has been rather limited, because the absorption
cross section of hard x-ray is considerably small compared
with soft x ray. For Kr clusters the first electron-ion-
coincidence �EICO� measurements by utilizing hard x ray
have been carried out by Nagaya et al. recently.23 They
found that dominant ionic species stemming from small neu-
tral clusters are highly charged monomer ions, while for me-
dium size clusters singly charged monomer ions become the
most abundant. Then the fraction of singly charged dimers
and subsequently that of trimers increase with increasing
cluster size. They have interpreted the characteristic size de-
pendence of the relative abundance of fragment ions by as-
suming site-dependent decay processes: when the core hole
is generated on the cluster surface, the proliferated holes due
to the Auger decay are strongly localized within the x-ray
absorbing atom, while the charges are separated to surround-
ing atoms when the x-ray absorption takes place inside the
cluster. Although this picture is promising because it is con-
sistent with many other experimental observations,5,20–22

more detailed experimental information on the decay pro-
cesses is required.

For this purpose, it is desirable to detect all the ions
participating in the Coulomb explosion and measure their
momentum, from which charge distribution before the Cou-
lomb explosion can be extracted. Thus we have developed a
multiple-ion coincidence momentum imaging apparatus3,17

and applies it to Kr clusters. In the present work, electron-
n-ion coincidence time-of-flight �TOF� spectra of Kr cluster
are measured up to n=8 by using a position sensitive detec-
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tor �PSD�. The TOF spectra sorted by the number of coinci-
dence ion signals is presented in Sec. III A of this paper. In
Sec. III B detected positions on the PSD are presented, from
which the momentum distributions of the fragment ions are
deduced. In Sec. IV we discuss a mechanism of Coulomb
explosion with special attention to the site-dependent decay
processes.

II. EXPERIMENT

The electron-n-ion coincidence spectra were measured
simultaneously with momentum imaging of ions for Kr
atomic and cluster beams. The experiment was performed at
the undulator beamline BL-37XU installed in SPring-8,
where the high-brilliance x-ray emitted from the undulator
was monochromatized by a double crystal Si�111�. The pho-
ton flux of x-ray beam was about 4�1012 photons/s during
our measurements. The measurements were carried out at a
photon energy of 14.50 keV, i.e., slightly higher than the Kr
K edge �=14.327 keV�.

Krypton clusters were produced by a supersonic expan-
sion through a cylindrical nozzle ��=60 �m�. The stagna-
tion pressure was 2 bar and the nozzle temperature was
150 K, from which the average number of atoms within a
cluster �N� was estimated to be �160 by using Hagena’s
scaling law.10,24 Sample beams were shaped by a skimmer
��=1 mm�. A schematic view of the photoionization and
detection parts of the experimental apparatus is presented in

Fig. 1. The sample beam and the x-ray beam intersected at a
right angle in the horizontal plane, and the x-ray polarization
was parallel to the direction of the sample beam. Then elec-
trons and ions were emitted from the sample beam through
the absorption of an x-ray photon. The ions were deflected
upward by a constant electric field to a modified Wiley-
McLaren-type time-of-flight mass spectrometer25 and de-
tected by a PSD while the photoelectrons and Auger elec-
trons were deflected downward and immediately ��5 ns�
detected by a channeltron. The probability that neither pho-
toelectron nor Auger electrons were detected on each photo-
absorption was negligibly small. The electron detection sig-
nals were used as start signals for the time of flight, as in
conventional EICO measurements.

For coincident detection of up to eight ions as well as
their momenta, we used a multihit PSD system composed of
a microchannel plate �MCP� and a delay-line anode detector
�RoentDek DLD40�. Signals from the detector were fed into
a multistop time-to-digital converter �RoentDek TDC8�. By
using this system, the time of flight T and the detection po-
sition �X ,Y� on PSD were recorded for each ion. The origin
�X ,Y�= �0,0� was defined as the center of PSD. The full time
range was 32 �s, and the active detector diameter of PSD
was 47 mm. The detection efficiency of the PSD was esti-
mated to be �35% from the average number of detected ions
per photoabsorption event for a krypton atomic beam. The
efficiency was mainly determined by the active area of MCP.
Further details of the experimental apparatus except for the
detection part are described elsewhere.23

In the present experiments, we recorded four signals
�tx1 , tx2 , ty1 , ty2� for each detected ion, where tx1 is the time
required for the ion signal to travel along the delay line and
reach the positive x end of the detector, tx2 that to reach the
negative x end, ty1 that to reach the positive y end, and ty2

that to reach the negative y end. If some of four signals are
lost due to the electronic dead time, we cannot obtain the
detection position. We have removed these false coinci-
dences from the raw data by the following two steps. First,
we counted the number of these four signals for each photo-
absorption event and rejected the event unless all the num-
bers of signals were the same. Second, we examined the time

FIG. 1. A schematic view of the photoionization and detection parts of
experimental apparatus where G, R, and A denote ground, repeller, and
acceleration electrodes made of metallic mesh. The spacing between the
ground and repeller electrode is 20 mm. The voltages of the electrode, UG,
URep, and UAcc, are 0, −400, and −1200 V, respectively.

FIG. 2. Time difference between series ions �see Sec. IV�. The leading edge
of the plot corresponds to the electronic dead time �20 ns�. The inset is the
distribution of tdiff= tx1+ tx2− ty1− ty2. The full width at half maximum of the
peak is 1.9 ns.
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difference, tdiff= tx1+ tx2− ty1− ty2, because it should be null
for the true coincidences. The inset of Fig. 2 shows the dis-
tribution of tdiff. We accepted such signals that are included
in the sharp peak centered at tdiff=0 as true coincidence.

III. RESULTS

A. Time-of-flight mass spectra

A TOF mass spectrum for a krypton atomic beam is
represented in Fig. 3�a�. The spectrum reveals that a krypton
atom ionized by absorbing an x-ray photon with 14.50 keV
loses many electrons through Auger decay and becomes mul-
tiply charged ions. The relative abundance of multiply
charged ions Kr z+ �z�11� is in good agreement with the
previous result in the literature,8 and the average charge
number is 6. Note that singly charged atomic ions Kr+ are
hardly observed and doubly charged ions are also very few.
Each peak in the TOF spectrum is so sharp that subpeaks due
to many isotopes can be resolved in accordance with the
natural abundance �2% 80Kr, 11% 82Kr, 11% 83Kr, 56% 84Kr,
17% 86Kr� from which the relative time resolution T /�T is
estimated to be 220.

A total TOF spectrum for the cluster beam ��N��160� is
shown in Fig. 3�b�, where the background spectrum is sub-
tracted but the contribution from uncondensed atoms, whose
atomic fraction was estimated to be �30%,23 is included.
Beside the multiply charged ions, new peaks corresponding
to Kr n

z+ �n /z=1, 2, and 3� are clearly observed. Since the
multiply charged rare-gas cluster ions are known to be un-
stable, unless the size of cluster ion is sufficiently large,26,27

these new peaks can be safely assigned to be singly charged
ions Krn

+ �n=1,2 ,3� �i.e., z=1�. Compared with a single-stop
TOF spectrum,23 the peaks due to Krn

+ are considerably en-
hanced in the multihit spectrum. The linewidth of singly
charged ions is considerably broader than that of multiply
charged ions, suggesting that the singly charged ions are
products of Coulomb explosion. The base line between the
peaks is structureless but has a finite value, indicating that
accidental coincidences with false start triggers of TOF can-
not be ignored in the present experiment. Thus the true co-
incidence TOF spectrum is deduced for each photodissocia-
tion event by eliminating those signals that can be assigned
neither to the multiply charged atomic ions �Kr z+�z�2��
nor to the singly charged atomic or cluster ions �Krn

+

�n=1,2 ,3�� from raw multihit data. Then the coincidence
spectra for various photodissociation events are sorted by the
number of coincidence ion signals, Ncoin, and summed up for
each Ncoin.

The coincidence TOF spectra summed up in this way are
displayed in Fig. 3�c� for Ncoin=1–8. Although the multiply
charged ions Kr z+ are also generated from the cluster beam,
they are abundant only for Ncoin=1 and the width of their
peaks remains very narrow. This indicates that Kr z+ are not
products of Coulomb explosion even for the cluster beam.
Moreover, the intensity distribution of Kr z+ peaks �z�2� for
the cluster beam is nearly the same as that for the atomic
beam, implying that it is not likely to occur that Kr z+ lose
their charges partially to become another multiply charged
ion Kr z�+ with z�z��1.

For Ncoin�2, almost all ions are singly charged, indicat-
ing that the fragment ions generated by Coulomb explosion
are predominantly singly charged. The relative abundance of
Krn

+ is plotted for n=1,2 ,3 as a function of Ncoin in Fig. 4,
where small contribution from multiply charged ions is ig-
nored. The monomer ions Kr+ are the most abundant and
become more dominant as Ncoin increases. As seen from the
vertical scale of Fig. 3�c�, the event rate decreases rapidly
with increasing Ncoin, which is shown by the open circles in
Fig. 5.

FIG. 3. Time-of-flight �TOF� mass spectra recorded with a photon energy of
14.50 keV. �a� TOF spectrum for a Kr atomic beam. The inset shows an
expansion of the Kr5+ peak. �b� Multihit total TOF spectrum for a Kr cluster
beam with �N��160. �c� Multihit TOF spectra sorted by the number of
coincidence ion signals Ncoin for the cluster beam.
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It is very interesting to see how the peak shape in the
TOF spectrum changes with Ncoin �see Fig. 3�c��. For Ncoin

=1 both the Kr+ peak and Kr2
+ peak have a Gaussian-type

shape, but with increasing Ncoin the former becomes a dome-
like shape, while the latter becomes a cusplike shape. In
addition the Kr3

+ peak also exhibits a similar Ncoin depen-
dence to the Kr2

+ peak. Since the peak width is proportional
to the average velocity of fragment ions, this result suggests
that their momentum distribution depends on Ncoin. Further
experimental information on this problem is presented in the
next section.

B. PSD images

In the present experiment, several fragment ions are de-
tected by the PSD in each photodissociation event and their
detected positions �xj ,yj� on the PSD are recorded. As in the
case of the coincidence TOF spectrum, the true coincidence
position data, �xj ,yj� for j=1, . . . ,Ncoin, are derived from raw
data by eliminating accidental coincidence signals. Then the
position data for various photodissociation events are sorted
by Ncoin and also by the species of fragment ions, and finally
the sorted data are compiled as PSD images.

The contour map in Fig. 6�a� shows a PSD image for a
Kr atomic beam, where all the multiply charged ions are
included. The contours are drawn every 20% of the maxi-
mum count. For the atomic beam, the PSD image exhibits a
narrow peak whose center is slightly shifted toward the posi-
tive Y direction because the atomic beam has a finite veloc-
ity. The full width at half maximum of the peak along the X
axis, �x, is 6.2 mm, and that along Y axis, �y, is 2.2 mm. In
contrast, singly charged ions from clusters have broad distri-
butions �see Fig. 6�b��, which directly suggests that these
ions are products of the Coulomb explosion. In particular, the
distribution of Kr+ is much broader than those of Kr2

+ and

Kr3
+. It should be noted that the distribution of Kr2

+ as well as
that of Kr3

+ shrink with increasing Ncoin, whereas that of Kr+

remains very broad. The different Ncoin dependence of PSD
image between Kr+ and Kr2

+ �or Kr3
+� is consistent with that

of the TOF peak width shown in Fig. 3�c�.

IV. DISCUSSION

A. Examination of the reliability of our experiment

Before getting a physical picture from our experimental
results, we should examine the reliability of our experiment,
because, to our knowledge, no work has been done to detect
more than four ions coincidently using the delay-line anode
detector. First, we check the multihit capability of ions, be-
cause, when two ions reach the detector successively within
a dead time of the detector, confusion or missing of signals
may occur, leading to false coincidences. Figure 2 shows the
time difference between series ions, where false coincidences
are removed. This indicates that the effective dead time is
about 40 ns or less. Moreover, since the observed peak width
�e.g., 500 ns for Kr+� in the time-of-flight spectra is by far
larger than the dead time �i.e., 40 ns�, it is not surprising that
several Kr+ ions were detected in coincidence.

Another unfavorable possibility is that what we observed
might be artifacts due to the ringing of the electronic signals

FIG. 4. Relative abundance of fragment ions Kr+ ���, Kr2
+ ���, and Kr3

+ ���.
The contribution of multiply charged ions Kr z+ �z�2� is not included.

FIG. 5. Event rates for Ncoin=1–8. Experimental data are denoted by circles
with error bars, and a model calculation described in Sec. IV is shown by the
curve.

FIG. 6. PSD images of fragment ions from �a� atomic and �b� cluster beams.
The contour interval is every 20% of the maximum count. In �a� all multiply
charged ions Krz+ �z�2� are included. In �b� the PSD images are sorted by
Ncoin and the ion species. In �c� the directions of the x-ray beam and sample
beam are drawn �see also Fig. 1�.
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or so called “ion feedback” in MCPs. In order to check this
possibility, two dimensional photoion-photoion coincidence
�PIPICO� images, where the TOF of one ion is plotted
against the TOF of another ion, are displayed from our
multihit data. For the ringing effects, where there exists a
relation between the TOF of the ith ion and jth ion, T� j�
=T�i�+ � j− i�T0, T0 being constant, straight lines with slope
of 1 would appear in the PIPICO images. In Fig. 7, PIPICO
images for Ncoin=2 are displayed and very similar to those of
the previous work on Ar clusters.12 Figure 8 represents 1st
and nth ion PIPICO images �n=2,4 ,6� for Ncoin=6. As
shown in Figs. 7 and 8, there are no straight lines with slope
of 1. Therefore, the possibilities of the ringing and ion feed-
back are definitely excluded.

B. Fragmentation pattern

It is well known that the Auger decay occurs predomi-
nantly within an atom that absorbs an x-ray photon. On the
other hand, the Coulomb explosion does not occur without
charge separation. Thus one encounters an interesting prob-
lem of at what stage of the deexcitation process the inter-
atomic charge separation becomes dominant when a cluster
is core excited. Hayakawa et al. proposed a two-step model
to interpret the Coulomb explosion pattern of K-shell excited
selenium dimer.28 In this model, the first step is the Auger
decay which is the same as the one that occurs in an isolated
atom, and the second step is the redistribution of proliferated
charges within a dimer. They concluded that the second step
starts when the holes reach the 4p valence orbitals, which
form the covalent bonds. In what follows, we demonstrate
that the two-step model is also applicable to the Kr clusters
to reproduce the number of photodissociation events as a
function of Ncoin.

When a photoionized cluster gets Z positive charges af-
ter Auger decay, Z singly charged fragment ions are expected
to appear after the Coulomb explosion. In principle all the
fragment ions would be detected, but in practice the number

of detected ions Ncoin is usually less than Z because the de-
tection efficiency p is about 35%. Assuming that the detec-
tion of different ions can be treated as an independent event,
one can calculate the distribution function of Ncoin, g�Ncoin�,
as follows:

g�Ncoin� = �
Z=Ncoin

11

ZCNcoin
pNcoin�1 − p�Z−Ncoinf�Z� . �1�

Here f�Z� is a distribution function of Z when the Auger
cascade decay is ended. Generally, f�Z� should have a depen-
dence on the parent cluster size N, but we assume here that
f�Z� is independent of N and hence equal to the relative
abundance of KrZ+ generated from an isolated atom �see Fig.
3�a��. In spite of such simplification, the calculated g�Ncoin�
denoted by a curve in Fig. 5 reproduces the experimental
points very well, which supports the validity of the two-step
model.

For rare-gas dimers and clusters, interatomic coulombic
decay �ICD�,29–34 in which the energy transfer by a virtual
photon exchange can generate a hole in an adjacent atom,
was theoretically predicted and experimentally proven re-
cently. If the ICD is considered, the distribution of Z may be
shifted to slightly higher Z, but it is difficult to evaluate the
ICD effects at this stage.

Next, we estimate the average number of charges
�Z�Ncoin�� for each Ncoin by using

�Z�Ncoin�� =
1

g�Ncoin�
�

Z=Ncoin

11

ZCNcoin

�pNcoin�1 − p�Z−Ncoinf�Z�Z . �2�

The calculated values of �Z�Ncoin�� are listed in Table I. It is
natural that �Z�Ncoin�� increases with Ncoin because the num-
ber of fragment ions becomes larger with increasing the
charge number of parent clusters. Hence, the larger Ncoin is,
the larger Coulomb energy is stored before explosion.

In conventional coincidence momentum imaging for
small molecules, spatial correlations among the fragment
ions are displayed graphically by the help of, e.g., Newton
diagrams.3,17 In the present study for Kr clusters, however,
such a graphical representation is not easy because the num-
ber of generated charges is too large. Nevertheless, the rela-
tive abundance of fragment ions Krn

+ shown in Fig. 4 is still
meaningful as long as the the detection of different ions can
be treated as on independent event. Thus, one can deduce
average fragmentation patterns by combining the results in
Fig. 4 with those in Table I as follows:

KrN
6+ → 4.2Kr+ + 1.4Kr2

+ + 0.4Kr3
+ + �neutral fragments� ,

KrN
7+ → 5.6Kr+ + 1.1Kr2

+ + 0.3Kr3
+ + �neutral fragments� ,

KrN
8+ → 6.6Kr+ + 1.1Kr2

+ + 0.3Kr3
+ + �neutral fragments� ,

KrN
9+ → 7.4Kr+ + 1.2Kr2

+ + 0.4Kr3
+ + �neutral fragments� .

It is interesting that the number of Kr2
+ and Kr3

+ is almost
constant, while that of Kr+ increases with the charge number

FIG. 7. PIPICO images for Ncoin=2. The correlations between �a� Kr+ and
Kr+, �b� Kr+ and Kr2

+, and �c� Kr2
+ and Kr3

+ are displayed.

FIG. 8. PIPICO images of �Kr+/Kr+� for Ncoin=6. PIPICO images of �a� The
first and second ions, �b� the first and fourth ions, and �c� the first and sixth
ions are displayed.
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of the parent cluster. This feature is different from the obser-
vation for triply charged Ar clusters induced by 2p excita-
tion, where Ar+ is the most abundant for small clusters and
Ar2

+ becomes more important as the cluster size increases.9,15

C. Momentum distribution

The momentum vector p= �px , py , pz� of the fragment
ions immediately after the Coulomb explosion can be de-
rived from the detected position on the PSD, �X ,Y�, and the
time-of-flight T, by using the following well-known
equations:35

px =
m�X − X0�

T
, py =

m�Y − Y0�
T

,

pz = q
UG − UR

d
�T0 − T� , �3�

where m and q are the mass and charge of the ion, respec-
tively, �X0 ,Y0� is the position on the PSD where an ion with
px= py =0 would be detected, T0 is the TOF of a fragment ion
with pz=0, d is the spacing between the ground and repeller
electrodes, and U is the voltage applied to each electrode
�see Fig. 1�.

Momentum resolutions are expressed as �px�m�x /T,
�py �m�y /T, and �pz�q�UG−Urep��T /d, where �x and
�y are spatial resolutions estimated from the widths of the
PSD image for the atomic beam �see Fig. 6�a�� and �T is a
time resolution. Using the relative time resolution T /�T
=220, we have estimated �T of Kr+ and Kr2

+ to be 23 and
33 ns, respectively. Thus the momentum resolutions are es-
timated to be �px�104�103 amu/s, �py �38
�103 amu m/s, and �pz�44�103 amu m/s for Kr+, and
�px�146�103 amu m/s, �py �53�103 amu m/s, and
�pz�62�103 amu m/s for Kr2

+. In what follows, we deal
only with the magnitude of momentum, p=	px

2+ py
2+ pz

2. In
Fig. 9 the momentum distributions of Kr+ and Kr2

+ ions
are displayed for various Ncoin. Although the distributions
are rather broad, for example, the peak width of Kr+ is
208�103 amu m/s for Ncoin=2, they depend clearly on
Ncoin. The average momentum of Kr+ increases moderately
with Ncoin, while that of Kr2

+ �and also Kr3
+, not shown� de-

creases definitely. Since the total Coulomb energy, which
supplies the kinetic energy to the fragment ions, increases
with the number of generated charges or Ncoin �see Table I�,
the above results for dimer �and also for trimer� ions look
contradictory. However, such contradiction can be resolved,
if we assume that the heavier ions are produced in the central
part of clusters where the Coulomb interactions from the
surrounding ions are more effectively canceled out due to the
higher symmetry. More precise discussion will be given in
the Appendix.

The assumption mentioned above is consistent with our
recent EICO results,23 from which we have suggested that

the multiply charged monomer ions derive from the cluster
surface, the singly charged monomer ions from interior of
cluster, and the singly-charged dimer and trimer ions from
the core of cluster. It is expected that these heavier ions
behaved as a chromophore ionic core,36 which have a linear
conformation because of the directional character of the
empty p orbital.37

Finally, we estimate the kinetic energy release �KER�
from the multiply charged clusters. For example, the frag-
mentation pattern of KrN

6+ shows that there appear 4.2Kr+,
1.4Kr2

+, and 0.4Kr2
+ on average. From the momentum distri-

bution of Kr+, Kr2
+, and Kr3

+ for Ncoin=2, the average kinetic
energies of Kr+, Kr2

+, and Kr3
+ are 4.2, 2.6, and 2.5 eV, re-

spectively. Thus the average KER of KrN
6+ ��N��160� is es-

timated to be 22 eV. Using this KER value, one may discuss
how far the generated holes are extended within the cluster
before the Coulomb explosion. If we assume that the KER is
equal to the Coulomb energy stored in the cluster charged
with +6e, then the average distance between the center and
surrounding ions is estimated to be �8 Å, which corre-
sponds to the second neighbor distance between atoms. Here
we assume that the charge separation takes place isotropi-
cally. If we take account of the kinetic energy of neutral
fragments,38 which results from collisions with ions during
the Coulomb explosion, smaller charge separation distance is

TABLE I. Correlation between Ncoin events and average charge number of parent cluster ions KrN
Z+.

Ncoin 1 2 3 4 5 6 7 8
�Z�Ncoin�� 5.4 6.0 6.7 7.4 8.1 8.7 9.2 9.6

FIG. 9. Momentum distributions of �a� Kr+ and �b� Kr2
+ for each Ncoin.
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obtained. Therefore, the value of 8 Å estimated only from
the charged fragments gives an upper limit of the charge
separation distance. The result clearly indicates that the
charges in the Kr clusters are fairly localized in accordance
with insulating properties of rare-gas elements.

V. CONCLUSION

The electron-n-ion coincidence TOF spectra with n�8
were measured for a Kr cluster beam ��N��160� together
with the momentum distributions of ions by utilizing hard
x-ray. We have sorted the TOF spectra by the number of
coincidence ion signals Ncoin and found that singly charged
fragment ions such as Kr+, Kr2

+, and Kr3
+ are dominant for

Ncoin�2, while multiply charged ions are detected mainly
for Ncoin=1. This indicates a fast charge separation process
before the Coulomb explosion. The observed Ncoin depen-
dence of the number of photodissociation events can be ex-
plained by a two-step model where the first step is the Auger
decay which is the same as the one that occurs in an isolated
atom, and the second step is the redistribution of proliferated
charges within the cluster. The Ncoin dependence of the peak
widths in the TOF spectra reveals that the average momen-
tum of the Kr+ ions increases with Ncoin, while those of Kr2

+

and Kr3
+ decrease. These results have been more directly con-

firmed by the momentum imaging measurements. Based
upon these experimental observations, we have concluded
that the heavier ions are produced in the central part of clus-
ters where the Coulomb interactions from the surrounding
ions are more effectively canceled out due to the higher sym-
metry. This gives a strong support for the site-dependent de-
cay processes suggested by our group23 and for the existence
of chromophore core that has been evidenced mainly by op-
tical properties.36,37
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APPENDIX: ION MOMENTUM AFTER COULOMB
EXPLOSION

Let us interpret the assumption made in Sec. IV B by the
help of equations. The momentum before the Coulomb ex-
plosion is regarded as small compared with that after the
explosion, while the Coulomb energy after the explosion is
negligibly small compared with that before the explosion.
Indeed, this is a basis for the notion of kinetic energy release,
especially when a center-of-mass system is adopted. Thus the
momentum of the jth ion immediately after the explosion
may be written by a differential equation as

p j 
 	 j�
i�j

Z

f�ri,r j� , �A1�

where

f�ri,r j� =
e2�ri − r j�
�ri − r j�3

�A2�

is the Coulomb force acting on the jth ion located at r j from
the ith ion at ri, and 	 j is a very short time during which the
Coulomb forces are effectively operating. Here van der
Waals force between neutral atoms is ignored. From these
equations one can readily see that the sum of the Coulomb
forces could be practically canceled out when the jth ion is
surrounded by other ions isotropically. Especially, p j is rig-
orously null, when the jth ion is located at the center of
gravity and at the same distance from other ions, and these
ions have the same mass.

Here we have neglected influences of neutral atoms on
the jth ion. It is indeed conceivable that the collision be-
tween the ion and neutrals causes the reduction of the ionic
momentum. However, at least as for Kr2

+ ions, the influences
are not likely to be significant, because their average mo-
mentum decreases with increasing Z�Ncoin�, that is, with a
slight decrease of the number of neutrals �see Fig. 9�b��.
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