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ABSTRACT
The demand for nanoscale materials of ultra-high purity and narrow size distribution is addressed. Clusters of Au, C60, H2O, and serine
are produced inside helium nanodroplets using a combination of ionization, mass filtering, collisions with atomic or molecular vapor, and
electrostatic extraction, in a specific and novel sequence. The helium droplets are produced in an expansion of cold helium gas through a
nozzle into vacuum. The droplets are ionized by electron bombardment and subjected to a mass filter. The ionic and mass-selected helium
droplets are then guided through a vacuum chamber filled with atomic or molecular vapor where they collide and “pick up” the vapor. The
dopants then agglomerate inside the helium droplets around charge centers to singly charged clusters. Evaporation of the helium droplets is
induced by collisions in a helium-filled radio frequency (RF)-hexapole, which liberates the cluster ions from the host droplets. The clusters are
analyzed with a time-of-flight mass spectrometer. It is demonstrated that using this sequence, the size distribution of the dopant cluster ions
is distinctly narrower compared to ionization after pickup. Likewise, the ion cluster beam is more intense. The mass spectra show, as well,
that ion clusters of the dopants can be produced with only few helium atoms attached, which will be important for messenger spectroscopy.
All these findings are important for the scientific research of clusters and nanoscale materials in general.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5133112., s

I. INTRODUCTION

Nanostructured materials gain increasing importance because
of their unique properties associated with their small size. These
properties are relevant for many applications and have found entry
into a growing number of consumer products. Some of their small-
size-related properties stem from the surface to bulk ratio, which
increases with a decrease in size, making the particles more suscep-
tible for their environment. For very small particles, for example
metal clusters consisting of up to a few dozen atoms, it has also
been observed that electronic properties1,2 as well as chemical reac-
tivity3–11 can change rather dramatically by only the addition or
removal of a single atom. Owing to these features, metal clusters are
in the focus of material science and a number of different production

techniques have emerged from this research activity.12,13 In order to
perform reasonably insightful experiments into how the properties
of matter develop with the number of constituents, these produc-
tion techniques must provide sufficient control of size. Experiments
with mass-selected clusters are of paramount importance in this
context. Another important aspect in cluster production is purity.
Many chemical nanoparticle synthesis protocols require the capping
of metal nanoparticle surfaces with stabilizing agents, thus limiting
their purity.14,15

The cluster production method can be categorized into top-
down or bottom-up approaches, i.e., the clusters are produced either
via fragmentation of bulk matter16 or by condensation of individ-
ual atoms or molecules,1 respectively. While both strategies lead
to clusters that often span a large size range and usually follow a
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log-normal17 distribution, bottom-up approaches have the specific
advantage to “build” clusters atom by atom. Also, it is possible to
subject them to size-selecting filters.

Mass spectrometry is a common method of choice to select
a specific cluster size, but it requires ions.18–22 Methods such as
discharges,23,24 magnetron sputtering,25–31 or laser vaporization32

immediately form, at least in part, charged clusters that are read-
ily accessible for mass spectrometry. The majority of the material
used for the production of the neutral clusters, however, is wasted in
the form of unwanted cluster sizes or becomes coatings on the walls
inside the cluster source.

The so-called “pickup method” is a bottom-up cluster produc-
tion method that provides some size selectivity via sequential growth
of atoms. A beam of comparatively large clusters or droplets in
vacuum is passed through a region filled with atomic or molecu-
lar vapor. When passing through this region, the large clusters—
often rare gas clusters—collide with the atoms in the vapor. Because
of the low temperature of the host clusters, the atoms stick to
the surface of the clusters and are carried downstream; hence, it
is said that they have been “picked up.” The pickup method has
been reported first by Gough and co-workers for SF6 doped argon
clusters.33

For large vapor pressures in the pickup region, it is possible
for the clusters to undergo multiple pickup events. If liquid helium
nanodroplets (HNDs) are used, each pickup event is followed by
migration of the dopants through the liquid droplets until they
encounter other dopants and agglomerate. The process of agglom-
eration in such a way is governed by differential equations whose
solutions are Poisson functions Pk(n) of the “dopant–cluster” size
k and the vapor density n. Helium droplets34,35 have been known
to be able to pick up vapors of various materials (metals, molec-
ular vapors, etc.) and are nowadays considered as an established
route to form clusters without the use of any other solvent. Hence,
exceptional purity can be achieved. The low temperature (0.37K36)
inside the droplets and the enormous cooling rate of liquid He of
at least 1010 K/s37 provide an environment for obtaining interest-
ing mixtures of various species, including geometries far from ther-
modynamic equilibrium.38–43 The timescale of dopant cluster for-
mation is a few μs, which reduces the risk of contamination with
impurities from the residual gas in the vacuum chamber rather
effectively in contrast to other recently developed matrix-assisted
methods.44

Furthermore, mass selection using ion-mass-filters has been
explored. Unfortunately, as mass selection requires ionization of the
initially neutral clusters, this type of “post-mass-filtering” leads to
substantial fragmentation and annealing of the clusters obtained by
pickup. Among other drawbacks is a substantial drop in the yield,45

making experiments using mass-selected clusters rather cumber-
some.

In view of these difficulties, it is highly desirable to develop
alternatives, including techniques by which the average size can be
narrowed prior to the pickup process. While the Poisson-shaped size
distribution of clusters produced by pickup is well understood,34 the
log-normal size distribution of the neutral helium droplets means
that the Poisson size distribution will be further broadened. Ionizing
the helium droplets prior to the pickup region presents an oppor-
tunity to size-select them in a suitable mass-filter, thus limiting the
size range in the resulting cluster size distribution of the dopants.

An added value of this approach is that the cluster size can now be
controlled by variation of the pass-through mass of the filter, in addi-
tion to the vapor pressure in the pickup cell. This variability will be
particularly important when very large droplets in the size range of
up to 1010 are used because their size distribution can be particularly
wide owing to that they have been produced by fragmentation of
liquid helium. Also, it is difficult to extract embedded clusters from
such large droplets using electric fields.

In this paper, we will report on a novel helium droplet setup in
which the sequence of ionization and pickup has been altered. In the
presented setup, neutral droplets are produced, ionized, mass-per-
charge-selected in an electrostatic field, and passed through a pickup
region. The clusters grown inside the ionic, mass-selected droplets
are then extracted and analyzed using a time-of-flight (TOF) mass
spectrometer. We compare the results of the present setup with the
ones available in the literature for different dopant examples: gold,
C60, water, and serine. For instance, we show that by using this
sequence, gold clusters can be produced at much larger intensity,
approximately two orders of magnitude compared to our previ-
ous setup. In addition, we observe a changed size distribution of
the gold clusters. Compared to our previous instrument, the odd–
even alterations as well as magic numbers due to electronic shell
closure have vanished. We also observe that the extraction of clus-
ter ions from the large helium droplets facilitated by the new setup
results in a more narrow size distribution of the detected dopant
cluster ions. Our paper will be important for the advance of scien-
tific research of clusters, particularly, where better control of size is
important while maintaining greatest possible cluster composition
flexibility.

II. THE HELIUM DROPLET SOURCE FOR CHARGED
DOPANT CLUSTERS
A. Current state of the art

The standard sequence of events for many experiments deal-
ing with doped HNDs consists of helium droplet production, fol-
lowed by dopant pickup by the neutral droplets, ionization by elec-
tron impact, and subsequent mass spectrometry. The production
of helium droplets from pre-cooled supersonic beams is a well-
established technique,35,36,46–48 but every research group has its own
special design.49–57 The droplet formation in free jet expansions is
highly dependent on the temperature and pressure of the stagnat-
ing gas. For typical pressures around 2 MPa and temperatures above
10 K, the formation is thought to occur via condensation of the gas,58

leading to droplets containing up to 104 helium atoms.57 For tem-
peratures below 10 K, the droplets are formed via fragmentation of
helium that liquefies near the nozzle, resulting in sizes up to several
billion helium atoms.36,59

Dopant vapor is picked up by HNDs upon collisions in a
stochastic way, with a probability proportional to the geometrical
cross section of the HND. The wider the neutral helium droplet size
distribution is, the wider the dopant cluster size distribution will be.
The collision of a gas phase dopant and its agglomeration inside a
HND releases energy, which is removed via evaporation of helium
atoms. In the case of gold, for example, the average center of mass
collision energy at an oven temperature of 1300 K and a velocity of
the He droplet of typically 200 m/s60 is 0.16 eV. The binding energy
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of each atom to a gold cluster is in the range of 2.6 eV–4.7 eV.61

With a binding energy of a He atom to a droplet of 0.6 meV,
every addition of a gold atom is expected to result in the loss of
5000 to 8300 He atoms. When the number of atoms in a given
droplet is very large, its size is largely unaltered by the pickup
events, but when it is small, the pickup events shrink the droplets,
lowering the geometrical cross section until the pickup process
self-terminates.

The probability for an electron to collide with a helium droplet
also scales approximately as the geometrical cross section, which
can be up to several thousand square nanometers.62–64 Ionization
of neutral dopant clusters inside the helium droplet after electron
impact may occur via different routes, depending on the nature of
the interaction between the dopant and the helium environment.
When the dopant resides deep inside the droplet, ionization occurs
via charge exchange with an ionized helium atom, and the energy
threshold appears close to the ionization energy of helium. He+

production may occur anywhere in the droplet and the cross sec-
tion for this process scales with the geometric cross section of the
droplet. According to the literature, polarization of the dopant by
the initially formed He+ ion leads to a long-range electrostatic inter-
action and the charge approaches the dopant via resonant hole-
hopping.65,66 If the dopant is not reached after about ten hops,
vibrationally excited He2

+ is formed that may be ejected from the
droplet or transfers its charge to the dopant. The energy differ-
ence between the ionization energy of helium (as well as He2)
and the ionization energy of the dopant cluster (often exceeding
10 eV) is transferred to the dopant cluster. Energy redistribution
into vibrational degrees of freedom leads to the fragmentation of
the dopant clusters67 unless the surrounding He matrix can quench
the excess energy fast enough. Monomer evaporation of excited
cluster ions strongly depends on the binding energy of a specific
cluster, and the yield of particularly stable clusters is enhanced com-
pared to less stable cluster sizes. This results in intensity anoma-
lies, often called magic numbers. The cluster size distributions of
all dopant cluster ions formed upon electron ionization of neu-
tral doped HNDs exhibit magic numbers that are identical to the
values found in the literature for the same cluster ions formed
without HNDs.35 The presence of magic numbers in mass spec-
tra from doped HNDs is a clear indication that excited dopant
cluster ions cannot be quenched completely by the surrounding
helium.

Heliophobic dopants reside at the surface of the droplet and
may be directly hit by the incoming electron, in which case the
energy threshold appears close to the dopant ionization energy. The
cross section for this process, however, does not benefit from the
large size of the helium droplet to which the dopant is attached and,
therefore, contributes very little to the signal. Another ionization
mechanism is the interaction of the dopant with an electronically
excited, metastable helium atom leading to Penning ionization, in
which case the energy threshold appears close to the first excitation
energy of helium. Metastable helium is also heliophobic, and thus,
this process preferentially occurs when the dopant is at or close to
the surface.

Very recently, our group has discovered the formation of
highly charged HNDs upon electron ionization.68 When the droplet
source is operated at temperatures close to 4 K, micrometer-sized
droplets are formed that are able to carry several thousand charges.

Coulomb repulsion between the charge centers and their high
mobility in liquid He lead to minimum energy configurations of
the ions at the surface of the HND which can be considered as
two-dimensional Coulomb crystals69–71 located close to the surface
of the droplets. This observation led us to speculate whether mul-
tiply charged HNDs would be capable of capturing dopants in a
similar fashion as their neutral counterparts do. Each charge cen-
ter is polarizing neutral dopants and thereby acts as a seed for
dopant cluster growth. The regular arrangement of the charges is
expected to lead to a uniform growth of many charged dopant
clusters in a single multiply charged droplet, increasing the effi-
ciency of dopant cluster ion production substantially. However,
these dopant cluster ions are embedded in a massive HND and, thus,
are inaccessible for mass spectrometers unless they are extracted
from them.

In Sec. II B, an experimental setup is described in detail that
enables efficient formation of a narrow size range of dopant clus-
ter ions upon pickup into charged HNDs. Dopant cluster size dis-
tributions for several showcases are determined by utilizing mass
spectrometry, which demonstrates the versatility of this method.
The new instrument is capable of producing ions that are tagged
with a few He atoms, which opens exciting future possibilities for
messenger type spectroscopy.

B. Helium droplet production
In the following, we describe the details of our specific source.

Figure 1 shows a rendering of a cutaway view of the source (see also
the cross section in Fig. 2). High pressure (2 MPa) helium gas of high
purity (99.9999%, Linde Gas GmbH) is pre-cooled by contact with
the low temperature stage of a closed-cycle helium cryostat (Sumit-
omo Heavy Industries, Ltd. RDK-408D2, connected to a compressor
F-50, first stage cooling power: 40 W at 43 K, second stage cooling
power: 1 W at 4.2 K, and minimum temperature <3.5 K). All par-
ticulate impurities, as well as condensable gases, are removed by an
inline filter (SS-4FWS-VCR-05, pore size 0.5 μm) also attached to
the cryostat. Finally, the gas line runs into a cylindrical block made
of oxygen-free copper (Montanwerke Brixlegg MB-OF101 with a
residual-resistance ratio, RRR >200) that is directly mounted to the
second cooling stage.

Pressurized He expands continuously through a platinum/
iridium 95%/5% pinhole nozzle (5 μm nominal diameter, Plano
GmbH, A0200P, 5.67 μm exact diameter determined by the scan-
ning electron microscopy) into a vacuum chamber pumped by a
turbomolecular pump (Pfeiffer TPU 1600, 1450 l/s pumping speed
for He). The turbopump is backed by using an oil-free roughing
pump (Pfeiffer ACP 40) maintaining a base pressure during oper-
ation in the range of 10−2 Pa. Without helium, the residual gas pres-
sure is 10−6 Pa. The temperature of the helium before expansion is
measured with a silicon diode (Lakeshore DT-670 in CU package)
attached closely to the nozzle and used as an input for a PID regu-
lator (Lakeshore Temperature Controller Model 335) that controls a
heater (Ohmite Resistor 825F25RE, 25 Ω). This allows us to operate
the source between 4.2 K and 25 K with ±0.1 K precision.

The expanding free jet, in which the helium droplets are
formed, passes through a 0.5 mm skimmer (Beam Dynamics, Inc.)
positioned about 5 mm from the nozzle. A home-built vacuum tight
shutter, mounted into a CF-200 flange, can separate the helium
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FIG. 1. Rendering of the helium nanodroplet source module inside the vacuum
chamber with a cutaway view.

droplet source from the rest of the instrument. Thus, warming up
the cluster source is not required for maintenance of the ion source
or pickup chambers.

Thermal contraction of the cold head when cooling from room
temperature to a few kelvin may lead to a lateral displacement of

the nozzle with respect to the opening of the skimmer. In order to
compensate for this effect, the complete cold head is placed on a
Viton ring and can be moved with two orthogonal pairs of adjusting
screws.

C. Droplet ionization
After passing the skimmer, the helium droplet beam enters a

differentially pumped vacuum chamber. This contains an electron
impact ion source, an energy filter to select or scan the charged
droplets with respect to their mass-per-charge ratio (m/z), and a
channel electron multiplier detector to measure the yield of the
charged droplets and to determine droplet size (m/z) distributions.
For intense ion yields, a conversion dynode in front of the secondary
electron multiplier (SEM) can be operated as a Faraday cup. Oppo-
site to these detectors, there are pickup cells for dopant vapor and ion
optics to transfer charged droplets into an RF-hexapole taken from a
commercial Quadrupole TOF (Q-TOF) mass spectrometer (Q-TOF
Ultima from Micromass, Waters). The ion-source chamber is kept
at pressures below 10−4 Pa by using a 700 l/s turbomolecular pump
backed with an oil-free roughing pump. The ion source is of Nier-
type configuration, where the neutral droplet beam is crossed with
an electron beam. The electron beam current used in our experi-
ments ranges between 1 μA and 2 mA, and the electron energy can be
adjusted for an optimal ion signal from close to zero eV up to 200 eV,
with an energy spread of about ±0.5 eV. The electron energies at
about 2 eV and 22 eV are most suitable for obtaining negatively
charged droplets,60,72–74 but we will not address this possibility in
the present paper.

D. Droplet mass-per-charge selection
The trajectories of charged droplets can be easily influenced by

using static electric fields. Several geometries are possible, such as
parallel plates, cylindrical, or spherical sector fields. In fact, we have
explored most of them in our laboratory, and a configuration that
proved particularly useful is that of the quadrupole bender. With
such a configuration, depicted in Fig. 3, a simple polarity reversal

FIG. 2. Cross-sectional view of the appa-
ratus. The green lines represent pos-
sible trajectories of the helium droplets
from the nozzle, through the ion source,
the quadrupole bender, ion optics, and
finally through a pickup cell into an RF-
hexapole. Actual trajectories were simu-
lated in SIMION (see the text). The simu-
lation was used to determine the helium
droplet size as a function of the voltages
applied on the electrostatic quadrupole
bender. Polarities on the quadrupole can
be reversed in order to direct the charged
HNDs into the SEM detector.
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FIG. 3. (a) Schematic view of the elec-
tron impact ion source. (b) Close up of
the ion source, quadrupole bender that
acts as a mass-per-charge filter for ion-
ized HNDs, and focusing lenses.

allows us to direct the charged nanodroplet beam either in the direc-
tion of a standard secondary electron multiplier and a Faraday cup
for ion current determination or in the direction of the pickup cell
where the droplets will be doped.

The quadrupole in our experiment was designed with SIMION
and its ability to select the kinetic energy per charge of the droplets
was simulated assuming a rectangular size distribution of singly
charged nanodroplets originating from the nozzle, covering the
whole range expected for our cryostat conditions. For each tested
voltage configuration, we recorded the kinetic energies of the par-
ticles that fell within the acceptance angle of the detector. These
particles follow approximately a normal distribution, as can be seen
in Fig. 4(a). In Fig. 4(b), we plot the average kinetic energy of such
particles for any given quadrupole voltage. The standard deviation of
each distribution is plotted as the error bar. As expected, the kinetic
energy of the droplets depends linearly on the voltage applied to the
quadrupole rods.

As we have already mentioned, droplets obtained from a super-
sonic beam often exhibit a very narrow velocity spread, with speed
ratios which can be up to several hundreds;58,75 however, for helium
jets produced by fragmentation of liquid helium, the speed ratio may
be as low as 10.76 The actual velocity is dependent on the He temper-
ature and has been determined for different temperatures by Henne
et al.60 This correlation between the average cluster speed and He
temperature permits us to convert the kinetic energy per charge of
Fig. 4(b) to mass per charge, or equivalently as the number of He
atoms per unit charge, and this will be used throughout the rest of
the paper.64,77,78

E. Pickup cell
For dopants that have a low vapor pressure (e.g., Au, C60,

or serine), we constructed an ohmically heated oven that can
reach more than 1500 K. This pickup cell consists of an oven
and two heat shields, designed to protect the rest of the appara-
tus from the heat without sacrificing the pumping speed. The oven
is made of two concentric SHAPAL-M ceramic tubes of 20 mm
in length, aligned coaxially with the nanodroplet principal trajec-
tory. The inner tube has an inner diameter of 10 mm, where a
small amount of sample can be introduced. Around this tube, a
tantalum wire of 1 mm diameter is wrapped in a helical shape
around the inner tube. The outer ceramic tube secures the tanta-
lum wire. In our tests with gold, we were able to obtain a sufficient
vapor pressure while operating at a moderate heating power slightly
above 120 W.

F. Removal of excess helium
After the helium droplet beam passes through the pickup cell,

it enters another chamber equipped with a gas inlet and an RF-
hexapole ion guide. In order to prevent the exchange of helium with
other solvents, ultra-clean He [99.9999% purity, Linde Gas GmbH,
and additionally purified in a filter (SS-4FWS-VCR-05, pore size
0.5 μm) attached to the cryostat] has to be used. The gas pressure
in the hexapole region can be controlled by using a PID regula-
tor, developed together with a specialized company,75 to maintain a
differentially pumped and adjustable constant pressure at room tem-
perature. The operational range of pressures that can be used in the

FIG. 4. (a) Simulated intensity distribution of singly charged
ions passing through a quadrupole bender with the voltage
difference (quadrupole voltage at the rods) set to the rods
of 1 kV. For each kinetic energy, 1000 ion trajectories were
run. (b) Kinetic energies of singly charged helium droplets
passing through the quadrupole as a function of the total
voltage applied. The y-value of the points was determined
from the average values obtained from the simulations. The
error bars indicate the widths of the energy distributions.
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Fig. 5. Schematics of a Q-TOF Ultima
mass spectrometer, from Micromass
(Waters). The first guiding hexapole is
differentially pumped, and it is the region
where room temperature He is intro-
duced in order to evaporate the host
helium droplets to extract the embed-
ded singly charged dopant clusters.
In this instrument, the TOF reflectron
mass analyzer is operated with a drift
voltage of 9.1 kV.

collision cell is limited to 3 kPa because of the leak rate of the col-
lision gas to the rest of the equipment through the openings for the
ion beam path.

Evaporation of the droplets is expected due to collisions with
the gas and, therefore, a function of pressure.57 The hexapole RF
potential confines the ion beam in the axial direction as the droplets
shrink and low-mass ions are liberated. The hexapole operates with
a DC component on its axis that determines the potential energy of
the clusters when evaporation of the helium droplet is completed.
This DC potential, therefore, translates into the kinetic energy of the
ions through the rest of the instrument. Adding traces of another
gas to the helium provides the possibility to solvate cluster ions with
a small number of selected atoms or molecules.

G. Mass spectrometer
The hexapole ion guide where evaporation takes place is part of

a commercial Q-TOF Ultima mass spectrometer from Micromass
(Waters). This machine consists also of a quadrupole mass filter
that can be used to select the ions to enter yet another differen-
tially pumped RF-hexapole collision cell, as well as an orthogonal-
extraction reflectron time-of-flight mass spectrometer. A micro-
channel plate (MCP) was used for ion detection. All mass spec-
tra presented in Sec. III were obtained utilizing this instrument
(Fig. 5).

III. PERFORMANCE OF THE INSTRUMENT
A. Size distributions of charged undoped He
nanodroplets

Mass or size per charge distributions of charged droplet beams
are measured by scanning the voltages applied to the rods of the
quadrupole bender. The yield of charged droplets is measured with
the SEM detector opposite to the pickup cells and TOF-MS (see
Fig. 2). Figure 6 shows three distributions measured under identi-
cal ion source conditions at three different temperatures of the He
droplet source.

By measuring size per charge distributions for a wide range
of source temperatures (4.4 K–12 K) and electron ionization con-
ditions (electron energy from 0 eV to 300 eV and electron current
from 1 μA to 2 mA), we have information on the charged helium
droplets before they pass through the pickup cells. At a temperature

of 5.4 K, Gomez et al. determined via titration an average droplet
size of 1.68 × 1010 He atoms.57 Based on an extrapolation of the val-
ues taken in Ref. 57, we can expect that the average size of neutral
droplets formed at 4.4 K is larger than 1012 He atoms. The kinetic
energy of such a droplet flying with approximately 163 m/s60 exceeds
100 MeV. With the highest voltages that can be applied to the
quadrupole bender, the maximum number of He atoms per charge
(#He/z) that can be deflected by 90○ is 3.3 × 107. This indicates
that the present apparatus can sample HNDs with average charge
states exceeding several 104 when the droplet source is operated
at 4.4 K.

The evaporation of HNDs via collisions with stagnant He gas
in the RF-hexapole is limited, and thus, dopant cluster ions can be
extracted from HNDs up to a size of about 107. The three tempera-
tures used in Fig. 6 cover the optimum range for measuring dopant
cluster ions at the TOF mass spectrometer. According to Gomez
et al.,57 the average size of HNDs is 2 × 106 at 9 K, 5 × 106 at 8 K,

FIG. 6. Ion yield of the nanodroplet beam recorded on the SEM detector as a
function of size per charge ratio (number of He atoms divided by the charge state
z), for three different nozzle temperatures. The x-axis was calibrated using the
linear dependence between quadrupole voltage and kinetic energy determined
from Fig. 4(b), and the relationship between temperature and cluster velocity was
taken from Refs. 60 and 77. The electron current used was 300 μA at 40 eV.
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FIG. 7. TOF mass spectra of gold cluster
ions formed upon pickup of gold vapor
into multiply charged helium droplets for
two quadrupole bender configurations.
Left panel: oven power of 60 W, He size
per charge = 480 000, evaporation cell
pressure = 20 mPa, and He temperature
of 9.2 K; right panel: oven power of 75
W, He size per charge = 40 000, evap-
oration cell pressure = 10 mPa, and He
temperature of 9.6 K.

and 107 at 7 K. The maximum charge states determined by Laimer
et al.68 for HNDs of these sizes are 20, 33, and 50, respectively. This
is suitable to test our assumptions regarding charge centers acting as
seeds for homogeneous multi-center dopant cluster growth.

B. Application example: Gold cluster ions
Gold is one of our first test samples to produce clusters because,

besides its immense importance for cluster science,79–81 it is also a
material we have a great experience with in experiments where neu-
tral helium droplets are employed, making comparisons between
the present technique and our previous apparatus most straightfor-
ward.41,82,83 Two examples of TOF mass spectra obtained with gold
as a dopant in helium droplets are shown in Fig. 7 for two different

helium droplet sizes (i.e., mass-per-charge values) selected with the
quadrupole bender. In each case, the oven temperature was adjusted
in order to obtain similar average dopant cluster sizes. In the left part
of Fig. 7, we have selected helium droplet sizes roughly one order of
magnitude bigger than those in the right. In the left, we can clearly
see the regular pattern of gold clusters with a maximum close to mass
3000, corresponding to 15 or 16 gold atoms. Also, the distribution
is roughly normal and not log-normal as has always been the case
in previous experiments. In the right, the distribution is centered
at 13 gold atoms, and the width of the distribution is considerably
reduced.

In Fig. 8(a), size distributions of gold cluster ions are shown for
four different configurations of our quadrupole bender, which cor-
respond to different size per charge values of the helium droplets

FIG. 8. (a) Normalized ion yield distributions of gold cluster cations formed upon pickup of gold vapor into charged helium droplets of different size per charge ratios, selected
by the quadrupole bender. The helium source temperature is 8.5 K, the electron current is 200 μA at an electron energy of 62 eV, the power of the gold oven is 100 W, and
the pressure of the collision gas He in the RF-hexapole is 0.18 Pa. The solid lines correspond to Poisson distributions with expectation values of λ = 6, 10, 16, and 20 for
selection of progressively larger droplet sizes, respectively. (b) Normalized yield of Aun

+ formed upon electron ionization of neutral helium droplets with an average size of
0.3 × 106 He atoms, doped with gold vapor (data taken from Ref. 82). The dashed line is a log-normal fit to the data, omitting the local minima up to n = 12, with its center
at xc = 10.8. (c) Expectation values of Poisson distributions fitted to gold cluster ion size distributions measured with the new instrument as shown in (a). The solid line is an
allometric fit of the form y = axb, with a = 8.8 and b = 0.63.
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prior to pickup, while keeping all other conditions constant. The
clusters shown in Fig. 8 are singly charged, but the droplets used
to produce the gold clusters were multiply charged. The solid lines
correspond to Poisson fits to the data, and the expectation val-
ues for those fits are presented in Fig. 8(c). It is very clear that as
the quadrupole bender selects bigger size per charge values of the
helium droplets, higher expectation values are observed for the num-
ber of gold atoms in the clusters. We also observe that a power
law fits very well to the data of Fig. 8(c), resulting in an exponent
approximately equal to 2/3. This value is consistent with a pickup
probability that scales with the geometrical cross section of spher-
ical, singly charged HNDs, even though multiply charge droplets
are expected to pass through the analyzer for the m/z settings
selected.

In order to interpret those observations, we recall that when a
multiply charged helium droplet collides with gold vapor, the first
captured gold atoms will be attracted by the charge centers, i.e.,
tightly bound He3

+ cores surrounded by a dense layer of He atoms,84

often referred to as Atkins snowballs.85 The gold atom will be ionized
via charge transfer as the ionization energy of an Atkins snowball is
higher than the ionization energy of the gold atom. The presence
of more than one charge in a helium droplet leads to minimum
energy configurations in the form of Coulomb crystals68 with uni-
form separation of the charge centers. As each charge center will
act as a competing seed for cluster growth, larger droplets that con-
tain more charges will distribute the captured dopants into more
dopant clusters. The maximum charge density of a multiply charged
HND is determined by the surface tension. Thus, the minimal dis-
tance between charge centers can be expected to be almost constant
and the maximum number of charges in a droplet is proportional to
the surface of HNDs. As the pickup cross section exhibits the same
dependence on the droplet size as the maximum number of charges,
the ratio of total dopants captured and the dopant charge state is a
constant for all droplet sizes. This explains the observed reduction
in the size distribution of dopant cluster ions compared to existing
techniques.

Observing Fig. 8(a) more closely, we see that experimental val-
ues for the gold cluster sizes deviate slightly from the Poisson fits.
Except for the measurement with charged helium droplets consist-
ing of 4.4 × 106 atoms per charge (solid diamonds), the data points
left of the maximum of the distribution are clearly larger than the
Poisson fit. This can be explained by the fact that for small HNDs, the
amount of helium atoms lost due to evaporation after each pickup
event is not negligible anymore and the pickup self-terminates,
distorting the distribution.

For comparison, in Fig. 8(b), we show data from a pre-
vious study82 for the size distribution of cationic gold clusters
measured upon electron ionization of neutral helium droplets,
of average size 0.3 × 106 He atoms, doped with gold atoms.
The dashed line represents a log-normal fit to the data, omit-
ting the local minima up to n = 12. Besides a more narrow size
distribution for gold cluster ions grown in the charged helium
droplets, the data in the upper diagram are also lacking an odd–
even oscillation and a shell closure at n = 9. As every gold atom
attaching to a charged cluster can release its binding energy into
the He matrix, one would not expect magic number clusters to
exhibit enhanced intensity compared to their neighboring cluster
sizes.

In the present experiment, helium surrounding the ions is
removed by multiple collisions in an RF-hexapole filled with He, and
depending on the chosen pressure and collision energy, it is possi-
ble to liberate cluster ions with a few helium atoms still attached,
as shown in Fig. 9. The lower graph shows a mass spectrum mea-
sured with a conventional instrument where neutral droplets with
an average size of 106 He atoms are doped with gold and only then
ionized by electron impact. The total ion yield of pure gold clus-
ters obtained with the new instrument is more than two orders of
magnitude higher than with the old setup and for He-tagged gold
cluster ions; this factor increases up to 5000. The observation that
this setup permits a controlled production of He-tagged clusters can
be of major interest in the field of ion spectroscopy, especially at low
temperatures.86–100

C. Application example: Fullerenes
Using the same oven as in the gold case, we vaporized fullerenes

that were picked up by size per charge selected HNDs. The upper
diagram of Fig. 10 shows three sections of a mass spectrum where
the conditions were set to obtain fullerene cluster ions with a few
He atoms attached. The maximum yield of helium tagged C60 by
electron ionization of neutral HNDs doped with C60 was below
1% of the yield of the bare ion, as shown by the light-colored line
that is multiplied with a factor of 500 in Fig. 10. It has to be men-
tioned that the measurement shown in the lower diagram of Fig. 10
exhibits the highest relative yield of He-tagged fullerenes from sev-
eral hundred mass spectra taken. In both experiments, the attach-
ment of at least one water molecule can be seen. With the new

FIG. 9. Section of two mass spectra in the range of Au3
+. The upper spectrum was

obtained upon passing charged helium droplets (#He/z = 0.4M, THe = 9 K, Iel =
330 μA, Eel = 71 eV) through gold vapor produced in an oven heated at 130 W
and colliding the charged and doped HNDs with He filled at 11 mPa into an RF-
hexapole. Besides Au3

+ pronounced peaks of HenAu3
+ and Hen(H2O)Au3

+ can
be seen with a similar yield. The lower mass spectrum was obtained upon electron
ionization of neutral gold doped HNDs (conditions: 9.4 K, 2.25 MPa, ⟨#He⟩ ∼ 1M,
110 μA, 48 eV, TAu = 1300 K, and 104 W). The dashed line is the same spectrum
but multiplied by a factor of 10.
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FIG. 10. Section of two mass spectra in the range of C60
+. The upper spectrum

was obtained upon passing charged helium droplets (#He/z = 0.7M, THe = 9 K, Iel
= 400 μA, and Eel = 70 eV) through a fullerene vapor produced in an oven heated
at 6 W and colliding the charged and doped HNDs with He filled at 24 mPa into
an RF-hexapole. Besides C60

+ pronounced peaks of HenC60
+ can be seen with a

similar yield. The lower mass spectrum was obtained upon electron ionization of
neutral HNDs doped with C60 [conditions: 9.5 K, 2 MPa, ⟨#He⟩ ∼ 0.5M, 66 μA,
80 eV, and T(C60) = 593 K]. The peak between the first and second isotopologues
of HenC60

+ can be assigned to He180+n
+.92

instrument, the yield of helium tagged fullerene ions is about three
orders of magnitude higher, which is extremely beneficial for action
spectroscopy.92–94

D. Application example: Water
In Fig. 11, three mass spectra of charged helium droplets doped

with water are shown. Water was added as an impurity to the col-
lision gas introduced into the RF-hexapole, as explained above. At
low pressure, the dominant ion series is Hen(H2O)m

+ with the water
content of each helium n-mer following roughly a log-normal dis-
tribution. Protonated water clusters are less intense than the stoi-
chiometric ion series and are hardly solvated with He. With increas-
ing collision gas pressure, also the stoichiometric water cluster ions
are exempted from attached He, the protonated ions become more
abundant and the center of the log-normal size distribution of water
cluster ions shrinks from m = 4.3 to 4.1 and 3.9. At the present
stage, it is not clear whether (H2O)m

+ clusters are in fact proto-
nated cluster ions with an OH fragment attached that is removed
upon collisional activation or the proton transfer reaction requires
an activation energy.

E. Application example: Serine
Figure 12 shows a comparison of cluster ions formed upon

pickup of serine into size per charge selected HND (parameters will
be introduced) and neutral HND (THe = 9.7 K, pHe = 2.5 MPa, Iel
= 103 μA, Eel = 78 eV, and Tserine = 386 K). The He pressure in the
RF-hexapole was high enough to liberate all serine cluster ions from

FIG. 11. Mass spectra of charged helium droplets doped with water (#He/z = 3M,
THe = 8.2 K, Iel = 350 μA, and Eel = 70 eV). A small amount (<0.01%) of water
was added to He as a collision gas and introduced at three different pressures
into the RF-hexapole. At 10 mPa collision gas pressure, most water cluster ions
are solvated with several He atoms. The dominant ion series is Hen(H2O)m

+ and
not protonated water clusters. With an increase in the collision gas pressure, large
water cluster ions have lost all attached He atoms and the protonated water cluster
ions become more abundant.

FIG. 12. Mass spectra of charged helium droplets doped with serine (#He/z
= 5.3M, THe = 8 K, Iel = 410 μA, and Eel = 37.3 eV). The conditions were optimized
for large serine cluster ions. The He pressure in the RF-hexapole was high enough
to remove all He atoms attached to the cluster ions. Under these conditions,
the protonated serine cluster ions are prevalent and the magic serine octamer
can be seen as the strongest peak. The lower diagram shows a mass spectrum
of cations formed upon electron ionization of serine doped HNDs (THe = 9.7 K,
pHe = 2.5 MPa, Iel = 103 μA, Eel = 78 eV, and Tserine = 386 K).
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excess He and collision induced activation led to an enhancement of
protonated cluster ions and a pronounced magic number at the ser-
ine octamer, just as in the case of electron ionization of serine doped
neutral HNDs. The magic serine octamer has been described exten-
sively in the literature.101–103 Beyond n = 30, a series of peaks in the
middle between two serine cluster ions appears and can be assigned
to doubly charged serine cluster ions.

IV. SUMMARY AND CONCLUSIONS
A versatile method for the production of intense beams of

charged clusters and nanoparticles with a narrow size distribution
has been demonstrated. Compared to the state of the art, the pre-
sented instrument ionizes the helium droplets prior to the “pickup”
of vapor agglomerating into neutral clusters. A direct consequence
of this new arrangement was that every charge center will act as
a seed for dopant cluster growth. In the case of multiply charged
HNDs, many singly charged dopant clusters are formed in par-
allel. By using a collision chamber and an RF ion guide, it was
possible to extract the clusters from the helium droplets, making
them accessible for mass spectrometry. Depending on the pres-
sure of the collision gas in the RF ion guide, dopant cluster ions
with only few helium atoms can be formed. The possibility to
form intense beams of complex ions that are solvated with any
desired number of He atoms offers new avenues for messenger
type and matrix isolation spectroscopy.86–93 Clusters of biomolecules
can be microsolvated with water which is an important issue to
simulate life-like conditions and difficult to achieve with other
methods.104–107
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71Y.-P. Chang, K. Długołęcki, J. Küpper, D. Rösch, D. Wild, and S. Willitsch,
Science 342(6154), 98–101 (2013).
72A. Mauracher, M. Daxner, J. Postler, S. E. Huber, S. Denifl, P. Scheier, and
J. P. Toennies, J. Phys. Chem. Lett. 5(14), 2444–2449 (2014).
73F. Zappa, S. Denifl, I. Maehr, A. Bacher, O. Echt, T. D. Maerk, and P. Scheier,
J. Am. Chem. Soc. 130(16), 5573–5578 (2008).

74E. Jabbour Al Maalouf, J. Reitshammer, A. Ribar, P. Scheier, and S. Denifl,
Eur. Phys. J. D 70(7), 148 (2016).
75J. P. Toennies and K. Winkelmann, J. Chem. Phys. 66(9), 3965–3979 (1977).
76R. E. Grisenti and J. P. Toennies, Phys. Rev. Lett. 90(23), 234501 (2003).
77M. Fárník, U. Henne, B. Samelin, and J. P. Toennies, Z. Phys. D: At., Mol.
Clusters 40(1), 93–98 (1997).
78T. Jiang and J. A. Northby, Phys. Rev. Lett. 68(17), 2620–2623 (1992).
79D. Astruc, F. Lu, and J. R. Aranzaes, Angew. Chem., Int. Ed. 44(48), 7852–7872
(2005).
80M. Haruta, N. Yamada, T. Kobayashi, and S. Iijima, J. Catal. 115(2), 301–309
(1989).
81P. Schwerdtfeger, Angew. Chem., Int. Ed. 42(17), 1892–1895 (2003).
82P. Martini, L. Kranabetter, M. Goulart, M. Kuhn, M. Gatchell, D. K. Bohme, and
P. Scheier, Int. J. Mass Spectrom. 434, 136–141 (2018).
83M. Goulart, M. Gatchell, L. Kranabetter, M. Kuhn, P. Martini, N. Gitzl,
M. Rainer, J. Postler, P. Scheier, and A. M. Ellis, Phys. Chem. Chem. Phys. 20(14),
9554–9560 (2018).
84D. Mateo and J. Eloranta, J. Phys. Chem. A 118(33), 6407–6415 (2014).
85K. R. Atkins, Phys. Rev. 116(6), 1339–1343 (1959).
86E. J. Bieske and O. Dopfer, Chem. Rev. 100(11), 3963–3998 (2000).
87O. Asvany, P. Kumar, B. Redlich, I. Hegemann, S. Schlemmer, and D. Marx,
Science 309(5738), 1219–1222 (2005).
88O. Asvany, S. Brunken, L. Kluge, and S. Schlemmer, Appl. Phys. B: Lasers Opt.
114(1-2), 203–211 (2014).
89J. Roithová, A. Gray, E. Andris, J. Jašík, and D. Gerlich, Acc. Chem. Res. 49(2),
223–230 (2016).
90J. Roithova, J. Jasik, J. J. D. Mellado, and D. Gerlich, Faraday Discuss. 217, 98–
113 (2019).
91M. Gatchell, P. Martini, F. Laimer, M. Goulart, F. Calvo, and P. Scheier, Faraday
Discuss. 217, 276–289 (2019).
92M. Kuhn, M. Renzler, J. Postler, S. Ralser, S. Spieler, M. Simpson, H. Linnartz,
A. G. G. M. Tielens, J. Cami, A. Mauracher, Y. Wang, M. Alcamí, F. Martín, M.
K. Beyer, R. Wester, A. Lindinger, and P. Scheier, Nat. Commun. 7(1), 13550
(2016).
93F. Uhl and D. Marx, Angew. Chem., Int. Ed. 57(45), 14792–14795 (2018).
94E. K. Campbell, M. Holz, D. Gerlich, and J. P. Maier, Nature 523(7560), 322–323
(2015).
95D. Gerlich, J. Jašík, D. V. Strelnikov, and J. Roithová, Astrophys. J. 864(1), 62
(2018).
96A. Günther, P. Nieto, D. Müller, A. Sheldrick, D. Gerlich, and O. Dopfer, J. Mol.
Spectrosc. 332, 8–15 (2017).
97V. Scutelnic and T. R. Rizzo, J. Phys. Chem. A 123(13), 2815–2819 (2019).
98H. Kohguchi, P. Jusko, K. M. T. Yamada, S. Schlemmer, and O. Asvany, J. Chem.
Phys. 148(14), 144303 (2018).
99O. Asvany, S. Schlemmer, T. Szidarovszky, and A. G. Csaszar, J. Phys. Chem.
Lett. 10(18), 5325–5330 (2019).
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