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High energy collisions of protonated water clusters
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Abstract. We have measured attenuation cross sections and fragmentation cross sections for protonated
water clusters H(H2O)+

n (n = 1 to 100) colliding with noble gas atoms (He and Xe) at a laboratory energy
of 50 keV. In collisions with He, a transparency effect in the attenuation cross section was observed. For
the case of fragmentation in collisions with Xe, a strong enhancement of small clusters was observed which
we attribute to multifragmentation.

PACS. 36.40.Qv Stability and fragmentation of clusters – 61.46.+w Nanoscale materials: clusters,
nanoparticles, nanotubes, and nanocrystals

1 Introduction

Fragmentation of nuclei, molecules and clusters has at-
tracted considerable interest in recent years. A wide range
of materials has been studied such as polymers, colloids,
droplets and rocks but so far a complete understanding of
fragmentation has not been achieved. Since the fragmenta-
tion mechanism is rather independent of the actual system
under study, it is worthwhile to study the fragmentation
process itself. One approach is a statistical one which has
been developed to understand nuclear fragmentation [1].
Many collision induced fragmentation experiments have
been made using beams of fullerenes. Although the dis-
tribution of fragment abundances is difficult to calculate,
considerable success has been obtained by Campbell [2]
and Vandenbosch [3] using a statistical approach. In the
case of multifragmentation experiments have been carried
out by Farizon et al. [4] in which they accelerated hydro-
gen clusters to MeV energies and measured the fragmen-
tation on an event-by-event basis. Multifragmentation of
highly charged fullerenes has also been made and analyzed
in terms of percolation theory [5]. In this work we present
measurements of protonated water clusters and compare
the experimental results with statistical calculations.

2 Experiments

A schematic drawing of our apparatus is shown in Fig. 1.
Protonated water clusters, H(H2O)+

n , were generated us-
ing an electrospray ion source operated in discharge
mode [6]. The source was located on a high voltage plat-
form whose potential was held at 50 kV. After accelera-
tion to 50 keV energy the cluster of interest was selected
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Fig. 1. Schematic drawing of the experimental apparatus.

by a sector magnet and directed at a low pressure gas cell
containing either He or Xe gas. Fragment ions were an-
alyzed by a hemispherical electrostatic analyzer situated
approximately 1 m downstream of the cell. Cross sections
were determined by fitting a polynomial to the intensity
of precursor and product ions as a function of target gas
pressure. The experimental setup is described in greater
detail elsewhere [7].

3 Results and discussion

3.1 Transparency effect

Attenuation cross sections determined by fitting the mea-
sured transmitted fractions as a function of target thick-
ness are shown in Fig. 2 for He and Xe. The Xe data
show a clear size dependence of σ = αn2/3 which should
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Fig. 2. Attenuation cross sections of protonated water clusters.
Open circle and filled square represent measurement with Xe
and He respectively. Lines are result of Monte Carlo simulation.

correspond to the geometrical cross section. From a fit
to the measured cross sections we obtain a value of α =
12.4 × 10−16 cm2 in good agreement with the value of
11.4×10−16 calculated using the density of water at room
temperature. Similar results are obtained for He except
for small mass clusters where the cross section is smaller
and we believe this to be due to a transparency effect.
When the overlap between the water molecule and the He
atom is small, the He atom can penetrate the protonated
water cluster without causing fragmentation. For small
clusters the probability of fragmentation is small because
of the overlap between the He and the cluster but for
larger clusters the probability of fragmentation increases
approaching the geometrical cross section.

To understand this effect we have made Monte Carlo
calculations as follows. A random distribution of water
molecules within the geometrical structure of a protonated
water cluster was made and each water molecule was as-
sumed to have a radius corresponding to that for an in-
dividual cross section (i.e. the cross section for H3O+).
Using such random distributions the attenuation cross sec-
tions were calculated numerically. The geometrical sizes
used in the calculation were taken to be those obtained
from the results with the Xe target (α = 12.4×10−16 cm2).
Calculations were made for 10 000 initial distributions of
the water molecules and the results averaged and plotted
as lines in Fig. 2. There is very good agreement between
the calculated and measured values. Since the calculations
were made with no free parameters, this indicates that the
assumption that the energy transfer between the cluster
and the target atoms is dominated by elastic collisions in
this energy region is reasonable.

3.2 Fragmentation cross sections

A typical fragmentation spectrum is shown in Fig. 3 for
H(H2O)+

70 colliding with Xe. Only singly charged frag-
ments are observed with sizes from m = 4 to 70. Although
n = 21 i.e. H(H2O)+

21 is known to be magic [8], we have
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Fig. 3. Fragmentation spectrum of H(H2O)+
70 with Xe target.

observed an enhancement at n = 21 only in the mass
spectrum from the ion source and in unimolecular rates.
No enhancement at m = 21 was observed in the frag-
mentation spectra. Our collision energy is high enough
to generate many kinds of isomers, and accordingly this
magic number effect might be smeared out. Since no dou-
bly charged clusters are observed, we conclude that the
ionization cross section is small compared to the fragmen-
tation cross section.

The 6-nm cross section for producing a fragment
H(H2O)+

m from the initial H(H2O)+
n beam is calculated

as follows. The intensity of the precursor cluster after at-
tenuation is given by the total attenuation cross section
σattn and expressed as

In = I0 exp(−σattn ρx) (1)

where I0 is the initial intensity of the precursor cluster
beam and ρ and x are the target density and target thick-
ness respectively. The intensity of a fragment ion of cluster
size m results not only from direct production from the
original beam but also from secondary collisions of larger
fragments with the target gas and this can be expressed as

Im =

(
Im0 + Ioσnmρx+

∑
n′

σnn′σn′m(ρx)2 + · · ·
)

× exp(−σattm ρx) (2)

where Im0 represents the intensity of H(H2O)+
m due to

unimolecular fragmentation of H(H2O)+
n . Taking the ratio

of Im to In and making a series expansion results in

Im
In

=
Im0

I0
+ σnmρx+

Im0

I0

(
σattn − σattm

)
ρx+ · · · (3)

Since, for largem, σattm ∼ σattn and for small m, unimolecu-
lar dissociation is negligible, it is sufficient to include only
the first two terms in the expansion. Thus a polynomial fit
to Im/In determines the cross section σnm for H(H2O)+

m

from H(H2O)+
n .

Fig. 4 shows fragment production cross sections for
beams of n = 30, 50 and 70 in He and Xe. We first note
that our collision energy is high enough to make small
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Fig. 4. Fragment production cross section of protonated water cluster H(H2O)+
n . (a), (b) and (c) are n = 30, 50, 70 with He.

(d), (e) and (f) are n = 30, 50 and 70 with Xe respectively. Lines represent results of statistical calculations, solid lines are the
sum of all contributions, dotted lines are contributions of multifragmentation.

clusters. Inspection of Fig. 4 shows a strong similarity in
the cross section for production of a given cluster size for
the three Xe cases. Further we note the strong similarity
between the cases of n = 30 in He and Xe in spite of the
large difference in CM collision energy. Such target inde-
pendence has also been observed for hydrogen clusters at
very high energy [4]. For the cases of n = 50 and n = 70 in
He there are fewer low mass fragments produced and we
attribute this to the low CM collision energy for the heav-
ier beams in He. As described above, the fragmentation
process should be violent i.e. all fragmentation channels
should be open. Therefore, it is convenient to introduce a
breakup partition,

f : {Nmq; 1 ≤ m ≤ n, q = 0, 1} (4)

where the number of fragments with cluster size m and
charge q is denoted by Nmq. For our data the following
should be observed∑

m,q

Nmqm = n,
∑
m,q

Nmqq = 1 (5)

and, for a given partition, the fragment multiplicity is de-
termined by

M =
∑
m,q

Nmq. (6)

In a statistical treatment, the probability for fragmenta-
tion should be proportional to

Wf =
1
ξ

exp (Ef/T ) (7)

ξ =
∑

all partitions

exp (−Ef/T ) (8)

where Ef and T are the total energy and temperature of
the final system. Ef can be written as the sum of trans-
lational and binding energies of each fragment

Ef =
∑
m,q

[Ek +Em,q]Nmq. (9)

The translational energy is approximated as T/2 times the
number of translational degrees of freedom, 3M − 3 (CM
motion separated),∑

m,q

EkNmq '
1
2

(3M − 3)T. (10)

To estimate the binding energy of the fragments we used
a liquid drop model assuming a spherical structure with
radius r. The binding energy of H(H2O)m is expressed as

En = avm− asm2/3 (11)
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where av and as are the coefficients for the volume and
surface contributions. For the surface tension we use an
experimentally determined expression [9]. When the clus-
ter is protonated, an additional electrostatic term Ec has
to be added. The solvation energy is given by [10]

Ec =
q2

2

(
1− 1

ε

)(
1
ri
− 1
r

)
(12)

where ri is the radius of the solvated ion, r is the radius
of the cluster, ε is the permittivity of water and for which
an empirical expression is used [11]. To calculate the frag-
mentation abundances, only the final energy differences
are important and we calculated the energy difference of
the final states using the initial state Qf , instead of Ef

Qf = as

(
n2/3 −

∑
m,q

Nmqm
2/3

)
+

1
2

(
1− 1

ε

)
1
rn

−
∑
m,q

Nmq
q2

2

(
1− 1

ε

)
1
rm
· (13)

In eq. (13) it is seen that the volume term has disappeared
due to the constraint of conservation of total mass and
the diameter of the ion inside the water cluster is no
longer required since we assume that the ionization
cross section is negligible i.e. only fragmentation con-
tributes to the final partition. Under this assumption
it is possible to include all possible partitions in the
calculation. Results of the calculations are shown in
Fig. 4 as solid lines. The overall trend of the fragment
production cross sections is well reproduced. The results
were obtained assuming a temperature of around 645 K
which is just below the critical temperature of water.
The calculations in Fig. 4 also include the contribution
of multifragmentation. As noted above, this contribution
is important because of the violence of the collision at
the energies used in this work. For n = 30 the agreement
is somewhat poorer than for the heavier beams. We
believe that this is a result of limitations in the liquid
drop model since it is not applicable for small sizes
as discussed in ref. [8]. Another interesting question is
the temperature dependence of the permittivity of the
water in a finite system. As seen in eq. (13), surface
tension and permittivity are important parameters in the
calculations. Since a water molecule has a permanent
dipole moment, the permittivity of the water has a strong
temperature dependence. This temperature dependence
relates to the orientation of the water molecules but
in a finite system freedom of orientation would be
limited in order to have a bound system. Although we
assume the temperature dependence of bulk water we
get good agreement between experimental and calculated
values indicating that the permittivity of a finite system
has a similar value to that of bulk water. Further studies of

multifragmentation of these types of cluster should allow
us to address this point in more detail.

4 Conclusions

We have measured attenuation cross sections and frag-
mentation cross sections for protonated water clusters
H(H2O)+

n (n = 1 to 100) colliding with noble gas atoms
(He and Xe) at a laboratory energy of 50 keV. For colli-
sions with He a transparency effect in the absorption cross
section was observed. The fragmentation cross sections for
H(H2O)+

50,70 in He agree with a binary fragmentation pro-
cess. For the Xe case a strong enhancement is observed
in small cluster production. Statistical calculations using
a liquid drop approximation reproduce the experimental
data well assuming that the water temperature is just be-
low the critical temperature of bulk water. This work rep-
resents the first attempt to apply statistical calculations
to the fragmentation of clusters in the case of multifrag-
mentation.

This work has been supported by the Danish National Research
Foundation through the Aarhus Center for Atomic Physics
(ACAP).
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