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a b s t r a c t

Hydrogen and alkali atoms can form low-density metallic phases, in their most well-ordered form called
Rydberg Matter (RM). RM consists mainly of small six-fold symmetric planar clusters in point group D6h

as shown by rotational spectroscopy. In their “sleeping top” (dark) state they can form stacks of clusters,
as recently observed by 39K nuclear spin-flip transitions. Stacks of clusters H7 are now directly observed
by TOF-MS, using a laser intensity of <1015 W cm−2. The TOF-MS resolution is high and the excitation
level is found to be nB = 1. The Coulomb explosion process giving the ions observed involves rupture of
an H7 cluster in the stack and probably also addition of a proton to a cluster stack. Further mechanisms
are discussed. RM clusters of the stack type can be larger than the previously observed limit for planar
eywords:
ydberg Matter
ydrogen
luster
luster stack
OF-MS

RM clusters of N = 91. That no N = 7 clusters but only larger planar RM clusters were detected in previous
rotational spectroscopy studies is now suggested to be due to formation of cluster stacks.

© 2011 Elsevier B.V. All rights reserved.
oulomb explosion

. Introduction

Clusters of Rydberg Matter are usually small, six-fold symmetric
nd planar in the point group D6h, as verified by radio-frequency
otational spectroscopy [1,2]. They have been studied by both
eutral time-of-flight and TOF-MS using laser-induced Coulomb
xplosions [3–6] and also by electronic [7], vibrational [8] and
otational [1,2] spectroscopy. RM clusters are easily formed from
lkali atoms and hydrogen (protium and deuterium) using hetero-
eneous catalytic methods [9–11]. Presumably due to retardation
ffects, the size of RM clusters has been observed to not be larger
han N = 91, where N is the number of atoms or molecules in the
luster. On the other hand, RM clusters were shown theoretically
o be able to form stacks of the clusters, due to the existence
f a repulsion barrier between the clusters when they approach
ideways [12]. In the stacks, the delocalized electrons at high
ngular momenta l will give a large magnetic field. This magnetic
eld is strong at the nuclei, and spin-flips of the nuclear spins in

9K atoms in RM cluster stacks at l = 6 were recently observed in
he radio-frequency range [13]. In such cluster stacks, the large

agnetic momenta of the clusters are directed along the stacks,
iving also a considerable magnetic field outside the electron orbits.

∗ Tel.: +46 31 786 9076.
E-mail address: holmlid@chem.gu.se

387-3806/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2010.12.008
This effect was proposed to give the unexpectedly large magnetic
field observed in intergalactic space by Faraday rotation at radio-
frequencies [14].

It is of course very interesting to attempt to detect RM cluster
stacks by other methods than spectroscopy, for example by TOF-MS
as used here. Since the stacks contain a collective sideway interac-
tion between the neighboring clusters, this type of interaction may
be more difficult to break by Coulomb repulsion than the normal
point-wise interaction of preformed RM clusters to large RM clouds
[6,15]. Thus, high laser intensity is needed, which here is solved by
focusing a pulsed laser to intensities of the order of 1015 W cm−2.
Due to the rather weak bonding in RM clusters, intact stacks or frac-
tions of stacks are probably most easily found for low excitation
levels nB (Bohr model principal quantum number which is numer-
ically equal to l). This is so since the bond distances decrease and
bond strengths increase at lower excitation levels. Thus, hydrogen
clusters are studied here since they exist preferentially in nB = 1
[16,17].

The easiest way to form RM in the laboratory is to use a com-
mercial alkali doped solid catalyst as the emitter in a vacuum [11]:
on heating by a few hundred K, the alkali atoms desorb as Rydberg

atoms and RM clusters from the surface. The bonding of alkali atoms
in such catalytic materials was recently investigated by EPR stud-
ies and DFT cluster model calculations [18]. The authors of Ref. [18]
state that the K atom is in an “expanded” state and show that the
spin density at the nucleus decreases, which is a typical Rydberg-

dx.doi.org/10.1016/j.ijms.2010.12.008
http://www.sciencedirect.com/science/journal/13873806
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results. For heavy clusters the kinetic energy in the fragment may
be smaller than Eq. (2) predicts. In Table 1, the values of d and W
are given for the excitation levels nB = 1, 3, 4 and 5. The size of the
RM cloud is of the order of cm [5].

Stack of RM

Common ionic
cluster form

+

L. Holmlid / International Journal o

ike effect. They also compare the effect observed to “gas-phase S
xcited states of the alkali metals” which are approaching the Ryd-
erg form. By admission of hydrogen gas to the emitter material,
M of hydrogen atoms is easily formed [16], in excitation levels
B = 1–4 depending on the conditions.

A few possible applications of RM should be mentioned.
ecently, the possibility of using hydrogen or deuterium in low
xcitation levels as a fusion fuel in (laser or particle beam driven)
nertial confinement fusion (ICF) has received some attention
19,20]. The ultra-dense deuterium material [21,22] is of special
nterest for this application. Since several years, an effort has been
nderway to observe RM formed at low temperature by physi-
al methods similar to those used for Bose–Einstein condensation.
rogress has been reported in the form of many-body interac-
ions between alkali Rydberg atoms at low temperature [23–25].
uch studies may give a useful form of the future quantum com-
uter as result [26–28]. The formation of RM at alkali promoted
atalyst surfaces (as used here) gives a method to measure the activ-
ty of the catalysts. For example, suppression of RM and Rydberg
pecies desorption from catalyst surfaces is shown to accompany
ecreased activity due to poisoning of the catalysts [29]. It was
ecently suggested that many chemical process applications which
equire a large energy input like reforming of carbon dioxide to use-
ble fuels will be possible using RM as the catalytic promoter [6].
M is used successfully in high temperature plasma-based energy
onversion devices, like thermionic energy converters [30,31], giv-
ng highly improved efficiency of conversion from heat to electric
ower. RM (in Ref. [30] also named CES (condensed excited states),
he term used by Manykin et al. [32]) was there shown to be
ormed and give special properties for the thermal Cs plasma. In
his case, the unique, extremely low work function of RM [33]
aused by the large distance between the alkali atoms is used to
mprove efficiency.

. Theory

Rydberg Matter was predicted by Manykin et al. around 1980
32,34,35] as a condensed phase of excited metal atoms, and was
sed in the literature for the first time to explain experimental
esults on large field ionizable clusters of Cs in 1991 [36]. The con-
uction band electrons in RM are excited and delocalized. Thus,
he properties of RM are those of a condensed metallic phase, not of
eparate Rydberg species. The principal quantum number n for sep-
rate atoms is replaced by an excitation level nB (B for Bohr model)
n the condensed phase. Theoretical classical calculations with elec-
ron correlation [37] show that, even though the RM electrons are
elocalized in the RM clusters, it is still possible to describe them
s moving in stable circular orbits that are scaled by nB

2. Further,
t was concluded that bonding may only exist when the electrons
ave the same excitation level in the RM cluster: dephasing will
therwise take place. Thus each classically stable orbit determines
he interionic bond length

= 2.9nB
2a0 (1)

here a0 is the Bohr radius of 52.9 pm. The approximate scale fac-
or 2.9 is determined in quasi-classical stability calculations of RM
lusters [37]. It has been determined with high precision by rota-
ional spectroscopy of RM clusters [1] and shown to vary slightly
ith cluster size N and excitation level nB [2].

The electric field of the laser beam interacts with RM. As a laser

ulse passes through the RM cloud, the electric field due to the laser
ay excite one or two conduction electrons in the same RM clus-

er (or two adjacent RM clusters in a stack). Such excited states are
ore localized than the ground state, which means that the shield-

ng between two ion cores may be temporarily removed by the
s Spectrometry 300 (2011) 50–58 51

excitation. The radiative lifetime of such an excited state will be of
the order of ns since the transition is allowed. It is also possible that
the electrons are removed by the strong laser field. If the shielding is
removed at a suitable point like in a bridge between a small cluster
and a large cluster, the resulting Coulomb repulsion may break the
bridge. If the shielding is removed inside a cluster, more complex
processes may take place. If the cluster is small enough, a complete
fragmentation of the cluster may result. Coulomb repulsion makes
the ions move apart rapidly, within a few ps, which is the Coulomb
explosion (CE) process. In this way an RM cluster is released. In a
CE in an RM bond with distance d as given in Eq. (1), the potential
energy which pushes the two charges apart is

W = e2

4�ε0d
(2)

Thus, a measurement of the kinetic energy released in the explo-
sions W gives the bond distance d and thus also the excitation level
nB. Coulomb explosions in clusters are often highly asymmetric as
is well known, giving almost all the KER to the light fragment. This
can be understood further from unimolecular reaction theory, since
the probability of finding enough energy in one degree of freedom
is larger than finding the limited amount of energy distributed cor-
rectly in a large number of degrees of freedom. It also requires much
less energy on average. The detailed CE process described above
will only work for processes where a preformed cluster is released,
and possible processes for the breaking of cluster stacks of the type
shown in Fig. 1 will be discussed below based on the experimental
clusters

Fig. 1. A stack of H7 Rydberg Matter clusters, and a common ionic form detected in
the TOF-MS experiments.
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Table 1
Energy release (KER) in Coulomb explosions and interionic distance in RM as a func-
tion of the excitation level nB, numerically equal to the angular momentum quantum
number l of the electrons.

Excitation level nB
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1 3 4 5

Energy release W (eV) 9.38 1.04 0.586 0.375
Interionic distance d (nm) 0.153 1.38 2.46 3.84

. Experimental

The apparatus has been described in several publications, for
xample in [16]. The RM emitter can be moved perpendicularly
o the laser beam in an UHV chamber with base pressure of
× 10−8 mbar. The emitter is a sample of an industrial iron oxide
atalyst doped with K (initially at 8 wt%). This catalyst is normally
sed in the industrial scale production process of styrene from ethyl
enzene. The catalyst sample is folded in a Ta foil holder with a
at surface area of 3 mm × 10 mm that is the part exposed to the
etector. The emitter is heated by an ac current through the Ta
oil to a temperature <500 K. The emitter is connected to a vari-
ble voltage, up to 500 V. The distance between the laser focus
nd the front of the detector is 73 mm, which means electric field
trengths up to 70 V cm−1. Hydrogen gas is admitted at a pressure
1 × 10−5 mbar. A Nd:YAG laser gives 5 ns pulses at the wavelength
32 nm. The laser beam is focused at the center of the chamber
y a single lens with a focal length of 5 cm. The emitter is moved
o a distance of a few mm from the focus. The expanding laser
eam passes from the focus and is ended in an Aquadag painted
eam dump in cone form at the chamber wall. The maximum pulse
nergy was 170 mJ. The maximum power density of the beam at
he center of the chamber in front of the emitter is calculated from
he focusing to be approximately 1015 W cm−2 at the minimum
eam waist of 2 �m. A spherical lens was used for the focusing, and
he intensity given is thus probably an upper limit. The detector
s a dynode–scintillator–photomultiplier setup that is described in
etail elsewhere [16]. In the detector front, a 3 mm × 18 mm (verti-
al) opening accepts the particle flux. The detector is movable and
ocated at an angle of 90◦ or 45◦ from the incoming laser beam in
he present experiments. It measures the TOF-MS spectra of ions
eleased from the emitter. In the detector, the ions are acceler-
ted towards a Cu–Be dynode held at −8.0 kV and converted to
lectrons, which are accelerated towards a plastic scintillator. The
hotomultiplier observing the scintillator is Electron Tubes 9813B
ith single electron rise time of 2 ns, using a voltage of 1700 V and a
reamplifier. The signal from the photomultiplier is collected by a
ulti-channel analyzer (EG&G Ortec Turbo-MCS). The TOF of the

M fragments is measured from the time when the laser pulse
nters the chamber. The dwell time used here per channel is 5 ns.
ach spectrum consists of a sum of the ion signals from 500 laser
hots. The flight path is measured from the laser focus in the center
f the chamber to the impact in the detector, and it is 113 mm for
he ions observed here as also found with calibrations using known
ons [6]. See further in the Appendix.

. Results

Since the ions observed are formed by Coulomb explosions, they
enerally have excess kinetic energy (KER) from this process. This
eans that one TOF-MS spectrum is not enough to observe the
alue of KER and determine the correct ion mass. Thus, the accel-
ration voltage is varied systematically, from 500 or 400 V down to
0 or 0 V. This gives several different spectra in each experiment
rom which it is possible to determine both the ion mass and its
nitial kinetic energy, and also to verify the TOF path length accu-
s Spectrometry 300 (2011) 50–58

rately. Since the displayed resolution is higher at large acceleration
voltage, the TOF-MS spectrum at the largest acceleration voltage is
often the easiest to assign correctly. Such results are collected in
Table 2 for the results given in the figures below, for the TOF spec-
trum with the largest acceleration energy in each case. To simplify
the presentation of the results in most of the figures, the time axes
of the individual TOF-MS spectra are recalculated to compensate
for the different acceleration voltages by multiplication with a fac-
tor proportional to the square root of the acceleration voltage (see
Appendix). In the E-compensated plots shown, an ion with zero
KER will be at a constant TOF in all the spectra, independent of the
actual acceleration voltage. This point is also verified in Appendix.
A KER different from zero is then observed directly as a shift in peak
position to smaller TOF at lower acceleration voltage (in the top of
the plots). Also the size of the KER can be easily estimated from
the peak shifts, with the limitation being that often also the peak
form is changed. A more accurate analysis of the m/u = 21 peak in
Fig. 2 is given in Table 3. It is shown there that an initial kinetic
energy of 9.4 eV reproduces the measured values within the small
measurement uncertainty of ±0.3%.

In Fig. 2 the directly measured data are shown in one case. The
plots compensated for the acceleration voltage are shown in Fig. 3.
There, the ion peaks are interpreted, with data given in Table 2. The
two sharpest peaks are interpreted as due to H21

+ and H23
+. The

detection of ions at N = 13–14, 21, 28 and higher values 56 and 70
which also are multiples of 7 is remarkable. The normal sequence
found in numerous experiments both with protium, deuterium and
alkali with N = 19, 37, 61 and 91 [3,6] is not observed at all. Thus,
the cluster ions are not close-packed planar but exhibit some fur-
ther structure. Recently, extensive experiments on KN clusters have
identified also other series which lead to ejection of planar clusters
of lower symmetry. The values of N found are N = 6, 9, 10, 13 and
15, but no clear sequences giving such values are observed here.

Another case is shown in Fig. 4 in a compensated type of plot.
The occurrence of peaks with N = 21, 23 and 28 is very similar to the
case in Fig. 3. However, in this case a clear H14

+ peak is observed,
thus without the further fragmentation of H14 which is observed
in Fig. 3. Heavier clusters are observed, well above the N = 91 value
which is the largest RM (planar) cluster observed previously. No
KN

+ clusters are observed with the high static electric field strength
used here, and the ions observed are not due to K from the emit-
ter. The lack of signal due to K is also partly due to the admission
of hydrogen to the catalyst. H and K atoms compete for adsorp-
tion sites, which means that K cannot be released from the ferrite
structure inside the catalyst. At low acceleration voltage in the top
of the figure, cluster forms with N close to 61 and 91, thus pla-
nar close-packed clusters, are identified. Thus, there is a transition
from planar clusters observed at low static electric fields to stacks
of clusters at high static fields. The heavy clusters observed at large
acceleration voltage are probably of the stack type and N = 105 and
119 matches well.

The experiment shown in Fig. 5 is similar to the other experi-
ments at short TOF but differs in the aspect that the admission of
hydrogen gas was cut off. Due to the large absorbed amount of H
in the catalyst, the experiment may work for hours even without
hydrogen admission. On the other hand, the gas phase of ordinary
H2 is removed when gas admission is cut off. The two strong and
sharp peaks interpreted as N = 21 and 23 in the previous figures are
here found to instead be N = 20 and 22. It is likely that there is a con-
nection to the decreased availability of hydrogen atoms in this case.
At longer TOF, peaks positioned quite accurately at N = 49 and 70 are

observed, thus further multiples of 7. They are observed for a large
range of acceleration voltages and are thus quite stable forms, with
a large KER as seen directly from the figure. This means that they
are not clusters of K which can only have a KER of 0.59 eV or lower.
The ion masses do not match any K clusters either. No KN

+ RM clus-
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Table 2
Measured time-of-flight (TOF) in �s for the three figures shown. The first column under each figure heading gives the ion mass in mass units u. The columns Calc. shows the
calculated TOF for 9.4 eV initial kinetic energy.

Number of N = 7 clusters Fig. 3 (500 V) Calc. Fig. 4 (400 V) Calc. Fig. 5 (500 V) Calc.

2 13–14 1.96 1.95 14 2.22 2.24 12–14 1.90 1.95
17 2.19 2.23 17 2.19 2.23

3 21 2.48 2.47 21 2.79 2.73 20 2.40 2.41
23 2.58 2.59 23 2.92 2.86 22 2.50 2.53

4 28 2.81 2.85 28 3.11 3.15 29 2.92 2.91
7 49 3.71 3.77
8 56 4.03 4.03

10 70 4.43 4.50 70 4.58 4.50
15 105 6.16 6.08
17 119 6.48 6.46

Ion time-of-flight ( s)

10 32 54 76 8
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Fig. 2. A TOF-MS experiment with variable acceleration potential, due to the emitter voltage indicated to the left. Note the variation with the voltage. The data are replotted
in a different form in Fig. 3.

Table 3
Verification of a kinetic energy of 9.4 eV for ion peak (H7)3

+ with mass 21 in Figs. 2 and 3. The calculated TOF is for 9.4 eV ion kinetic energy. Below 250 V, this peak is not
resolved from mass 23 thus these values are given in parentheses. The last digit corresponds to 10 ns and the accuracy of the TOF measurement is ±10 ns.

Acceleration voltage (V)

500 450 400 350 300 250 200 150 100

Observed TOF (�s) 2.49 2.59 2.73 2.88 3.10 3.35 (3.73) (4.30) (5.03)
Calculated TOF (�s) 2.47 2.59 2.73 2.88 3.09 3.34 3.67 4.13 4.86
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ig. 3. A plot of TOF-MS data in compensated form, which removes the dependence
oving to the left higher in the plot. The ion peaks are assigned in the figure. Peak

ers have ever been observed at the large static field strengths used
ere, but only at low field strengths (emitter voltages below 25 V)
4,38]. At high field strengths similar to those used here, only ions
2+ at mass 19.5 have been observed [6], but not with hydrogen
dmission which inhibits K desorption.

The excitation level of the part of the cluster stacks that gives
he Coulomb explosions can be determined from the measured
OF. The TOF at 500 V acceleration for N = 21 is calculated to be
.47 �s for nB = 1 and 2.65 �s for nB = 3. However, for N = 22 the
OF is 2.53 �s for nB = 1. Thus, the excitation level changes the TOF
aster than the mass. Due to the experimental situation with high
tatic electric and laser field strengths, it is highly likely that nB = 1
ominates in the RM cloud. See further in Section 5.

. Discussion
In an ion source with a constant electric field in a system with
igh KER, the initial ejection of the ions may be in almost any direc-
ion, even if the electrons are most likely initially displaced in the
irection of the laser electric field. For example, an ion ejected with
light (comp.) ( s)μ

e acceleration potential. Note that initial kinetic energy is observed from the peaks
are calculated in Table 2.

several eV in the direction opposite to the accelerating field will
be decelerated and turned over to follow the electric field direc-
tion with a delay relative to those ions initially ejected along the
direction of the field. The delay of such turn-around ions has been
calculated. No clear peaks are identified as due to such ions. How-
ever, some contributions to the low peaks not interpreted in detail
here are possible. Due to the slightly non-linear form of the electric
potential close to the emitter, a defocusing effect will exist for ions
not ejected towards the slit of detector. Thus, turn-around ions are
not likely to give any significant contribution to the signal.

The calibration of the mass scale has been done from other
studies with for example K2+ ions [6] and by using two TOF-MS
setups in-line simultaneously [22]. The double TOF-MS method is
very reliable, since any effects of field non-linearities become neg-
ligible using the long TOF path. A careful analysis of the results

found with variable acceleration voltage also shows the calibra-
tion to be correct. For example, the first sharp TOF peaks in Fig. 2
are recalculated with variations of mass, KER and TOF distance and
found to be well fit by the known TOF distance of 113 mm from
other calibrations. The mass was found to be 21 mass units and the
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gure. Peak values are calculated in Table 2.

ER 9.4 eV, corresponding to excitation level nB = 1. See further in
ppendix.

The TOF-MS spectra presented here are not chosen to display
he same ion peaks, but rather to show that several different ions
an be observed. The different spectra are taken at arbitrary times
elative to the start of the laser impact and relative to the periodic
ovement of the laser to another spot outside the emitter. Thus, the

esults are snapshots of the fragmentation process, and a complete
escription of the stepwise destruction of the stacks would require
uch more data. It has not been possible to follow the develop-
ent of the various fragments in real time due to the limited signal
ntensity.
If an ion is ejected from a heavy part of the RM cloud, all the

ER will end up in kinetic energy of the ion. In the case of nB = 1
his energy is 9.4 eV. If instead the part from which the ion ejection
akes place is of similar mass, approximately half of this energy
ight (comp.) ( s)μ

d at an acceleration (emitter) voltage of 50 V. The ion peaks are interpreted in the

will end up in each fragment, i.e., 4.7 eV. Intermediate cases may
of course also exist. From the figures, it is very clear that almost all
ion peaks have a high initial kinetic energy, since the peaks move
to shorter TOF at lower acceleration voltages. The results are well
fitted by the simplest assumption of the full KER of 9.4 eV given to
the ion. An accurate test is given in Table 3, showing a very good
agreement for a kinetic energy of 9.4 eV. Thus there is no evidence
of any process but an ejection of a relatively small ion cluster from a
large heavy part of material. This is reasonable if the RM cloud con-
sists of a large density of long stacks connected together. Due to the
strong applied static electric field at high acceleration voltages, RM

clusters with large excitation levels and also of planar form are field
ionized and removed from the region in front of the emitter. This
is seen directly in Fig. 4 where large planar clusters are observed
at low field strength but not at high field strengths. Thus, it is con-
cluded that the smallest regular clusters H7(1) are the clusters most



56 L. Holmlid / International Journal of Mass Spectrometry 300 (2011) 50–58

f-fli

6543210

S
ig

na
l (

co
un

ts
)

0

500

1000

1500

2000
Emitter voltage (V)

500

400

300

200

100

H70
+(1)H49

+(1)

H28
+(1)H12-14

+(1)

H22
+(1)H20

+(1)
H17

+(1)

F uring
c

r
a

i
i
H
c
r
b
fi
l
c

N
s
a
g
l
t
t
t

Ion time-o

ig. 5. A compensated plot of the TOF-MS results. No admission of hydrogen gas d
alculated in Table 2.

esistant to field ionization since they are small, have strong bonds
nd probably also since they easily form stacks of clusters.

Small cluster ions of the type HN(1) have previously been stud-
ed at slightly lower electric field strengths and much lower laser
ntensity [15]. It was found that symmetric forms H4

+, H6
+ and

12
+, i.e., tetrahedron, octahedron and (hollow) icosahedron ion

lusters were formed due to the closepacked structure of the mate-
ial H(1). Other small, probably planar clusters like H7

+ were found
ut at lower signal intensities. The excitation level nB = 1 was veri-
ed from the KER of 9.4 eV. In the present study with much higher

aser intensity, such preformed clusters are not evident, but larger
lusters from the H(1) “backbone” structure are observed instead.

Some ions observed are not of the simple N = 7 × j form but rather
= 7 × j ± 1 or even N = 7 × j + 2. This is most easily observed for the

harp peaks around N = 21. In the most common case, N = 21 and 23
re found, indicating that the ion cluster stack can add two hydro-

en atoms to form N = 23. In most experiments, there will exist a
arge number of both hydrogen atoms and hydrogen molecules at
he emitter surface, and the addition of hydrogen atoms (or pro-
ons) at the ends of the cluster stack seems likely. It is possible
hat the charge of the stack is in the form of a proton added to a
ght (comp.) ( s)μ

this experimental run. The ion peaks are interpreted in the figure. Peak values are

neutral RM cluster stack, since there is then no added electron to
interfere with the RM electrons (which might lead to rapid break-
down of a cluster). This could in fact be one mechanism of ion
ejection, by attachment of a proton with 9.4 eV kinetic energy to
a free cluster stack. The bond energy of an H atom in H(1) is appar-
ently larger than 9.4 eV, since otherwise clusters with this kinetic
energy would not be observed at all. Thus, a proton addition pro-
cess is likely. In the experiment in Fig. 5, N = 20 and 22 are found
instead of N = 21 and 23. In this experiment, there was no hydro-
gen gas admission, and the density of hydrogen atoms was lower at
the emitter. Thus, the cluster stack has not been able to add more
than one proton, and even seems to accidentally have lost a hydro-
gen atom. Such more complex processes are expected, since the
Coulomb explosion ejecting the cluster stack may operate within a
cluster. It may be the rupture of one H7 cluster in the cluster stack
that breaks it apart. Thus, it should be possible to observe stacks

with incomplete clusters. This is probably the reason why clusters
H17 are detected among the other more closed stack structures. It
may contain an H7 cluster broken apart. It is interesting to note that
the H17 peak does not shift strongly towards shorter TOF at lower
acceleration potentials: thus, the KER is lower for this odd type of
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Table 4
The effect of E-compensated ion TOF using mass 21 (H21

+) in calculations with zero
KER. Note that the E-compensated TOFs are practically constant for zero KER. This
effect is not limited to any special combination of acceleration and field-free regions.

Emitter voltage (V) Calc. TOF (�s) E-compensated TOF (�s)

50 8.689 2.748
100 6.159 2.754
150 5.037 2.759
200 4.358 2.756
250 3.897 2.756
300 3.543 2.744
350 3.285 2.748

[

[

[

L. Holmlid / International Journal o

eak which indicates that it is due to rupture of a cluster inside the
tack.

The present study indicates that small clusters H7 form stacks of
lusters much more easily than large clusters like H19. This result
grees with the radio-frequency spectroscopy results on K(RM)
lusters [1,2]. In these studies, all planar six-fold symmetric cluster
orms with N = 19, 37, 61 and 91 were observed clearly and their
otational constants were measured with high precision. However,
o rotational spectrum of K7 was found, despite the detection of
uch clusters in Coulomb explosion studies [4–6,39]. This is now
icely explained by the formation of stacks of K7 clusters, since

n such stacks the clusters rotate around their main figure axis.
his gives no varying dipole moment during their rotational motion
nd they are thus dark (invisible). However, laser pulses will inter-
ct directly with the electrons and lead to Coulomb explosions
lso in such stacks of clusters, as shown here. Thus, the present
tudy explains the lack of detection of N = 7 in the spectroscopic
tudies.

The clusters in the stacks are bound to each other, and it seems
hat they are not independent but coupled electronically. This con-
lusion is based on the long series of spin-flip transitions in 39K
uclei in the field due to inner Rydberg electrons at n′′

B = 5 and 6
13]. The long series of spin-flip transitions that are observed in
ef. [13] are only possible if the nuclei are coupled together in the
luster stacks. Thus, the stacks are molecular in character, not only
ound by some type of weak forces. This is certainly in agreement
ith the results presented here, where the ion clusters are bound

o each other with bonds that are strong enough to hold even dur-
ng the Coulomb explosions with KER of 9.4 eV for excitation level
B = 1.

. Conclusions

It is shown by TOF-MS that clusters H7 form stacks of Rydberg
atter (RM) clusters, with at least ten clusters in an ion stack. Clus-

er stacks containing more than the limit of 91 atoms observed
reviously for planar RM clusters are identified. One common ionic
ragment contains three clusters, and the form with two extra
toms added to a three-cluster stack is also common. At the highest
tatic electric field strengths of 70 V cm−1 used, the H(RM) structure
hat survives field ionization is mainly in the form of cluster stacks.
he excitation level of this structure is the lowest possible at nB = 1.
ormation of cluster stacks is the probable reason why K7(RM) clus-
ers were not detected by radio-frequency rotational spectroscopy
hile clusters with 19, 37, 61 and 91 atoms were measured.

ppendix. TOF-MS calibration and E-compensated plots

In the present experiments, an electric field is applied between
he catalytic emitter and the front of the detector housing. This

eans that the cloud of RM outside the emitter front is quite dilute
ue to constant field ionization of desorbed Rydberg species. Thus,
ainly ions are observed from the laser probing of the RM cloud

ia CE processes, since the formation of neutral RM fragments
equires resonance neutralization in the RM cloud. The ions ejected
re accelerated towards the detector front where a small part of
hem enter through the slit opening. This opening has a narrow
uter slit and an inner slit approximately 10 mm behind, so that
eld penetration into the detector housing is small. This TOF-MS
etup has been calibrated using many different ions with various

inetic energy (KER) releases, like K2+ [6], D+ [20], small DN

+ clusters
15,22] and small HN

+ clusters [15]. By using two TOF-MS detectors
imultaneously in direct line-of-sight, the shorter one being the one
sed here and a longer one with 112 cm flight path, a direct calibra-
ion has been done on the same ions with the same KER. This type

[

[

400 3.076 2.751
450 2.901 2.752
500 2.753 2.753

of calibration has also used more complex ions, like DN
+ clusters

[22]. The response of the TOF-MS to the KER of the ions is the most
important point as also described above. Thus it is imperative to
perform the calibrations using ions with KER different from zero,
as has been done here.

To visualize the effect of the KER of the ions, so-called E-
compensated plots have been used here. This is a reduction of the
TOF in the TOF-MS spectra by multiplication with a factor propor-
tional to the square root of the acceleration voltage. It is convenient
to use (U/Umax)1/2 as this multiplicative factor, giving a comparison
with the spectrum for the highest emitter voltage Umax. This reduc-
tion gives a constant value of the TOF for peaks with zero KER. This
is shown in Table 4, using the calculational procedure employed to
interpret the TOF-MS spectra here. This effect is not limited by any
special relation between the acceleration and field-free distances
in the TOF-MS spectrometer, but is a general scaling feature of the
electric field.
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