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Extremely large xenon clusters with sizes exceeding the predictions of the Hagena scaling law by
several orders of magnitude are shown to be produced in pulsed gas jets. The cluster sizes are de-
termined using single-shot single-particle imaging experiments with short-wavelength light pulses
from the free-electron laser in Hamburg (FLASH). Scanning the time delay between the pulsed clus-
ter source and the intense femtosecond x-ray pulses first shows a main plateau with size distributions
in line with the scaling laws, which is followed by an after-pulse of giant clusters. For the extremely
large clusters with radii of several hundred nanometers the x-ray scattering patterns indicate a grainy
substructure of the particles, suggesting that they grow by cluster coagulation. © 2014 AIP Publish-

ing LLC. [http://dx.doi.org/10.1063/1.4890323]

. INTRODUCTION

Gas phase clusters have become a system of choice for
studying the interaction of intense radiation with matter as
they are intermediate to atomic systems and the solid state
regime.'”’ Specifically rare gas clusters from a supersonic gas
expansion are commonly used because they are easy to pro-
duce and tunable in size by changing either gas pressure or
temperature.® Semi-empirical scaling laws for calculating av-
erage cluster sizes in cw gas jets have been derived decades
ago by Hagena and others®~!? using Rayleigh and He scatter-
ing and mass spectrometry.

In numerous of today’s applications it is more efficient
to use pulsed valves instead of cw-jets in order to match the
cluster production gas load with the repetition rate of the high
power laser sources. Further, some experiments require the
use of cluster sizes in excess of the available parameter space
of the scaling laws.> Common strategies to produce very large
clusters in a gas expansion cause experimental problems be-
cause high stagnation pressure and large nozzle diameters
induce a very high gas load even with pulsed sources. In
addition, the use of very low temperatures in the vicinity of
the vapor pressure curve increases the danger of freezing the
nozzle.

In this article we describe a new method for generating
extremely large clusters with a pulsed source. We have an-
alyzed the time structure of a pulsed supersonic cluster jet
by means of single particle imaging with intense x-ray pulses
from the free-electron laser in Hamburg (FLASH).!* We find
that the main cluster pulse is followed by an after-pulse of ex-
tremely large clusters, exceeding the predictions of the scaling
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laws by several orders of magnitude. The discovery and char-
acterization of these um-clusters after the pulse gives access
to a new regime of studies on laser-cluster interaction while
maintaining low gas loads even in high repetition-rate experi-
ments.

Il. EXPERIMENTAL DETAILS

The overall setup is shown in Figure 1 (similar to a pre-
vious experiment*). Xenon clusters were produced by super-
sonic expansion of gas through a cryogenically cooled, con-
ical nozzle (9200 pm, 4° half opening angle) mounted on a
solenoid valve.'* For opening the valve and allowing for gas
flow, a Vespel poppet in a ferromagnetic holder was pulled
back by the solenoid against the force of a spring, and re-
leased again for closing.

We used xenon as sample material since it has a high
binding energy and therefore allows for the production of
large clusters. Temperature and stagnation pressure of the
gas were varied to explore different expansion regimes and
obtain a large range of different cluster sizes. The size and
particle morphology were characterized in single-shot single-
particle scattering experiments at the FLASH free-electron
laser. FLASH delivers ~10'® soft x-ray photons in a single
pulse of about 100 fs duration,'> allowing for recording scat-
tering patterns of individual clusters in single shots.

The experiment was carried out at 92 eV photon energy
within the giant resonance of xenon, i.e., at a large scattering
efficiency. The xenon cluster beam was guided into the main
chamber through two differentially pumped conical skimmers
and spatially overlapped with the focused FEL beam. Overlap
and focal position could be optimized with an ion time-of-
flight mass spectrometer (similar geometry as in Ref. 16).

© 2014 AIP Publishing LLC
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FIG. 1. Schematic setup for analyzing a pulsed supersonic jet with single-
shot single-cluster imaging. For cluster generation a solenoid driven valve
releases a gas pulse through a conical nozzle into vacuum. The time delay
between cluster pulse and FEL pulse was scanned to map the cluster size
distributions along the cluster pulse. See text for further explanation.

pulsed valve

The pulsed valve was opened for 5 ms at a rate of 5 Hz,
matching the repetition rate of the FEL pulses. The synchro-
nization, i.e., time delay between cluster pulse and FEL pulse
was scanned to map the cluster size distributions along the
cluster pulse. The number of clusters in the interaction vol-
ume could be varied by a piezoelectric driven skimmer slit
with an adjustable width between 0 and 1.5 mm. For measure-
ments on individual clusters it was closed until most recorded
images were dark and the interjacent bright patterns typically
showed a single cluster in the focal volume.

The scattering patterns were detected with a large-area
detector at 47 mm distance to the interaction region. The pho-
ton signal was amplified by an MCP with 75 mm active area
and converted into visible photons by a phosphor screen. The
resulting scattering angles range from 4° to 38°, correspond-
ing to a maximal momentum transfer of 0.30 nm~! and a
resolution of 23 nm, respectively (cf. Ref. 17). The visible
image on the screen was recorded shot-to-shot with an out-
of-vacuum CCD camera (not in Fig. 1, cf. Ref. 5). All parts of
the scattering detector system exhibit a hole in the center to
release the primary FEL beam out of the interaction region.

The size of each cluster was determined by analyzing the
radial profile of each single pattern as exemplified in Figure 2.
Therefore, an azimuthal segment of about 80° on the right
side of the scattering pattern'® was radially averaged and max-
ima and minima were automatically identified and fitted with
Mie’s theory (cf. Ref. 5). Only cluster sizes between 15 nm
and 700 nm radius could be analyzed within the current setup.
Smaller clusters did not show a clear minimum on the detec-
tor (first minimum for » = 15 nm at 35°) and larger clusters
than » = 700 nm could not be clearly identified because the
increasingly fine interference rings became irresolvable.

lll. SIZE DISTRIBUTIONS DURING AND AFTER
VALVE OPENING

In our experiments we were able to produce giant clusters
with radii of several hundreds of nanometers in two different
ways:

J. Chem. Phys. 141, 044306 (2014)
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FIG. 2. Two examples for deriving the cluster size from single-cluster scat-
tering images. A segment of the scattering detector is radially averaged.
These scattering profiles are automatically analyzed for maxima and min-
ima. Positions and spacing of the minima are compared to Mie simulations
to obtain the cluster size.

® We found them in the main cluster pulse during the
opening of the solenoid valve. Xenon was expanded
from initial conditions above the vapor pressure curve
where the nozzle was close to clogging due to freezing.
Giant clusters appeared with very low statistics as the
“large limit” of a distribution of typically much smaller
clusters.

® We identified an after-pulse of exclusively large clus-
ters when the main pulse was already over, even at
much more relaxed expansion conditions.

Stagnation pressure and nozzle temperature for all expansion
conditions studied in this work are plotted in Figure 3 within
the phase diagram of xenon (data from Ref. 19). Cases A to D
from far below to significantly above the vapor pressure curve
are discussed in detail in the following paragraphs.
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FIG. 3. Phase diagram with vapor pressure curve of xenon (data from
Ref. 19). The different expansion settings used in this experiment are denoted
as A, B, C, and D.
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FIG. 4. Size distribution in the main pulse for case D, expansion from liquid
phase. Scaling laws for the expansion of gas predict sizes between 30 and
58 nm radius,” !? see text for further explanation. The experimentally ob-
tained radii are distributed around 35 nm. Note that a few giant clusters from
200 to >700 nm radius were produced.

The expansion condition to be investigated for the cluster
size distribution in the main pulse is point D, with a stagnation
pressure of 9.8 bars and a nozzle temperature of T=180 K
residing considerably above the vapor pressure curve. This
is where one intuitively expects the generation of the largest
clusters but as shown later the time structure of the pulse plays
an even more important role. The timing of the source valve
relative to the FEL pulse was put to typical conditions’! of
pulsed supersonic expansion measurements: The FEL inter-
cepted the cluster pulse 3 ms after the valve opening, at about
two thirds of the valve opening period of 5 ms. As the cluster
density during the main pulse is high, the adjustable skim-
mer slit had to be closed until single-cluster-conditions were
achieved. Figure 4 displays the distribution of cluster sizes
found in this measurement. A lognormal fit of the size dis-
tribution indicates an average cluster size of » = 35 nm cor-
responding to 3 x 10° atoms per cluster. Hagena’s law® pre-
dicts an average radius of 58 nm (=1 x 107 atoms per cluster)
for those conditions, which slightly overestimates the exper-
imental results. The extension of the scaling laws for larger
clusters introduced by Dorchies'?> however delivers a value
of r = 30 nm (=2 x 10° atoms per cluster). Considering the
fact that both scaling laws only apply to the expansion of
gas, not from the liquid regime, the agreement is surprisingly
good.

Very few giant (r = 200-700 nm) clusters were found in
the single shot data in the tail of the size distribution. In or-
der to make them more visible, the histogram and fit curve in
Figure 4 were plotted semi-logarithmically and radii bigger
than 150 nm were combined to hundreds. Expanding xenon
from above the vapor pressure curve thus produces a small
amount of giant clusters but as a method it has several dis-
advantages. In conventional gas-phase cluster experiments on
ensembles of clusters the giant clusters would be buried under
the signal of the main distribution. Also single-cluster appli-
cations aiming for large clusters would suffer under bad statis-
tics, an extremely high gas load and very unstable expansion
conditions as the nozzle might freeze.

J. Chem. Phys. 141, 044306 (2014)
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FIG. 5. Cluster size distributions in the after-pulse for cases A, B, and C.
The size distributions in the after-pulses in (a) and (b) can be fitted by lognor-
mal curves. The histogram in (c) reveals radii from 15 to >700 nm without
exhibiting a central maximum. The large number of medium sized clusters
below 50 nm radius might originate from a late part of the main pulse, which
contains already resolvable cluster sizes. Scattering patterns with cluster radii
of 700 nm and larger were all binned into the last peak.

The second way of producing giant clusters in an after-
pulse at more relaxed expansion conditions below and on the
vapor pressure curve (cases A—C in Fig. 3) is much more inter-
esting from this point of view. By scanning the synchroniza-
tion time between valve opening and FEL trigger we found
unexpectedly large clusters after the main cluster pulse, de-
layed by up to several milliseconds. Figure 5 shows the size
distributions found for the expansion conditions A, B, and C
between 2 and 9 ms after the valve was closed. The data sets
were all taken with a fully open skimmer slit since the cluster
density in the after-pulses is small anyway. Therefore, the data
sets are in the single-cluster limit revealing only extremely
large clusters in a rather small size distribution (cf. lognormal
fits in Figs. 5(a)) and 5(b)).?° The predicted cluster sizes in
the main pulse and the experimentally obtained average radii
are compared in Table I. The measured average radii in the
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TABLE I. Cluster sizes measured in the after pulse compared to calculated
sizes from scaling laws.!?

A B C
Experiment: R, fter—pulse 35 nm 155 nm
Experiment: atoms/cluster 3 x 100 3 x 108
Prediction:'? R, uin pulse 7 nm 11 nm 18 nm
Prediction:'? atoms/cluster 3 x 10* 1 x10° 4 % 10°

after-pulse (cf. Figs. 5(a) and 5(b)) exceed the predicted val-
ues by factors 5 (case A) and 14 (case B), respectively. In
terms of atoms per cluster, the clusters in the after-pulses are
100 and 1800 times bigger than the scaling laws predict.

Also more extreme expansion conditions located on the
vapor pressure curve (case C in Fig. 3, 4.8 bars xenon at
195 K) reveal an after-pulse of extremely large clusters reach-
ing and exceeding the resolution limit of 700 nm radius. But
as displayed in Figure 5(c)), the obtained size distribution is
less defined—the reason might be a superposition of medium
sized clusters from the main pulse. Therefore, a reasonable
comparison between experimentally obtained and predicted
size cannot be given for case C. However, the clusters in the
after-pulse are orders of magnitude bigger than predicted: a
xenon cluster with radius 700 nm contains 2 x 10'° atoms,
about a factor of 5 x 10* more than estimated with Dorchies’
law.'?

IV. TIME STRUCTURE OF A PULSED CLUSTER JET

This interesting and unexpected temporal structure of the
pulsed jet was analyzed in more detail for cases A and B.
The scattering signal for case A, integrated over the detec-
tor area and averaged over 100 FEL pulses for every delay, is
plotted versus valve trigger delay in the uppermost panel of
Figure 6. The time structure of a pulsed jet can be nicely ex-
emplified here as the different domains are well separated. An
about 6 ms wide plateau from 0.5 to 6.5 ms is labeled “scal-
ing laws”-domain because the single-shot data contain only
bright patterns of many small clusters as expected from the
scaling laws.'? It is followed by an after-pulse of large clus-
ters around 8 ms, denoted as “XL” (extremely large). In the
XL-domain the single shot data reveal that most patterns are
dark and only few, very bright patterns show single large clus-
ters. From 9 to 10 ms a second domain appears with all bright,
unstructured scattering patterns, which is again followed by a
second after pulse of few single large clusters. Case B, plotted
in the middle panel of Figure 6, follows a similar sequence but
the different domains appear to overlap.

In order to disentangle cluster-related effects and arti-
facts of the used valve, an additional delay scan was taken
with atomic gas, which is displayed in the bottom panel of
Figure 6. Here, the integrated ion signal is plotted versus valve
trigger delay.?? Also in the atomic jet a plateau-like structure
appears between 0.5 and 6.5 ms. This plateau is followed by
a second peak around 9 ms which indicates a second valve
opening, maybe due to a rebounce of the poppet which is
pushed towards the nozzle by a spring (cf. Fig. 1). This second
valve opening is an artifact of our valve, but in fact it helps to

J. Chem. Phys. 141, 044306 (2014)
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FIG. 6. Scans of the valve trigger delay in respect to the arrival time of the
FEL-pulse. (a) Integrated scattering signal versus trigger delay for case A. (b)
Integrated scattering signal versus trigger delay for case B. (c) Integrated ion
time-of-flight signal versus trigger delay for an atomic gas jet. See text for
further explanation.

clarify the question of the origin of the large clusters after the
closing of the valve: both after-pulses in the uppermost panel
of Figure 6, of the long plateau and of the short rebounce,
are very short and appear approximately half a millisecond
after the first and second closing. It can therefore be excluded
that the after-pulses of large clusters are a mere effect of
velocity slip,”® the mechanism that large clusters fly slower
and are outpaced by smaller clusters and gas, because then
the after-pulses would differ in duration and position in re-
spect to the time of closing. Instead we conclude that the pro-
cess of the generation of large clusters is intertwined with the
closing of the valve. Previous experiments in the literature>*
using Rayleigh scattering on pulsed jets also showed after-
pulses. Shao-Hui and coworkers?* interpreted their findings as
small seed-clusters from a pre-expansion in the small volume
in front of the nozzle throat resulting in the growth of large
clusters. We agree that the generation mechanism is specific to
the pulsed valve and the used nozzle geometry, but instead we
propose the following mechanism: The closing valve causes
an additional compression of the gas in the small volume
in front of the nozzle which shifts the expansion conditions
towards more extreme values and subsequently leads to the
formation of large clusters. Further measurements and com-
putational modeling will be necessary to ultimately answer
this question.
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FIG. 7. Examples for single-cluster scattering patterns. The typical shape of clusters changes with increasing size from spherical over twin and triple structures

to grainy hailstones.

V. GRAINY SUBSTRUCTURE OF GIANT CLUSTERS

The information on the shape of the clusters contained
in the scattering patterns can be used to gain further insight
into the growth mechanisms in a gas expansion. Coagula-
tion is known to be the leading growth process for larger
clusters,?2° and not monomer addition which is dominant in
the initial growth period. However, the information whether
the coagulating clusters reach spherical ground state, ex-
pected from energetic considerations, or freeze out in an inter-
mediate non-spherical state was not accessible with previous
methods, because it is not possible to deposit rare-gas clusters
on a substrate.

Representative examples of single cluster scattering
patterns from xenon clusters with radii between 32 nm and
approximately 1 um are displayed in Figure 7. Up to radii
of 200 nm, spherical clusters such as in Figs. 7(a)-7(c)
have been found coexisting with non-spherical structures. For
cluster sizes around 50 nm radius we observe about 20%
twin and even very seldom triple structures such as the pat-
terns displayed in Figures 7(d) and 7(e). A more quantitative
analysis of this size range has been published previously.'”
Towards larger sizes, non-spherical shapes such as in
Figures 7(f)-7(i) become more abundant; from 300 nm radius
on we did not observe any smooth ring patterns. In some cases
the symmetry of the scattering pattern suggests a number of
clusters sticking together such as observed in Fig. 7(f), where
a threefold symmetry can be assumed. But with increasing
size the structures tend to become more and more compli-
cated (cf. Figs. 7(g)-7(i)). For clusters larger than 700 nm ra-
dius such as the example displayed in Figure 7(i) only a rough
estimate of r ~ 1 um can be given.

It would be very desirable to reconstruct the 3D cluster
shape from the scattering patterns and attempts to that goal
using phase retrieval algorithms and 3D simulation methods
are ongoing. However, iterative phase retrieval?’ has turned
out to be difficult in particular in case of the larger clusters
mainly because of the missing information in the center of
the scattering patterns.

But already simple simulations as displayed in Figure 8
based on 2D Fourier transformed outlines can give an idea
of the underlying cluster shape, even though only twin and
triple structures can be assumed to be good matches. The
simulations support an overall tendency for clusters around
50 nm to freeze out in intermediate non-spherical shapes

R;=75 nm

FIG. 8. Simple simulations of characteristic structures in the scattering pat-
terns in Figs. 7(d), 7(e), 7(h), and 7(i). 2D projections in the left column are
used for calculating patterns via 2D FFT, which are displayed in the right
column.
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during coagulation (Figs. 7(d) and 7(e)), continuing towards
larger sizes up to um-sized hailstone-like, mostly spherical
particles with a grainy substructure (Figs. 7(h) and 7(i)). An
open question and subject to future studies is the temperature
dependency of the cluster shape and the ability to return to
spherical ground state. Another interesting aspect in this con-
text would be studying the generation and structure of mixed
clusters,”®3% which are especially interesting for the investi-
gation of electron-ion recombination.

VI. SUMMARY AND OUTLOOK

In summary we have shown with single-particle imaging
techniques that the time structure of pulsed cluster jets shows
a large variation in produced cluster sizes. Long after the main
pulse is over, extremely large clusters are produced exceeding
the prediction from scaling laws by multiple orders of magni-
tude. The generation of large clusters in the after pulse is at-
tributed to the closing poppet in the pulsed valve which leads
to additional compression of the gas. In addition to the clus-
ter size, the single particle images of the clusters reveal fine
structure connected to the cluster morphology. Clusters up to
approximately 100 nm appear mostly spherical with a signifi-
cant fraction of twinned clusters. For larger clusters of several
hundreds of nanometers radius, hailstone-like structures are
most abundant. Their grainy shape indicates that the particles
which grow by coagulation tend to freeze in non-spherical in-
termediate structures from a certain grain size on. The discov-
ery and characterization of these giant clusters gives access to
a new regime of studies on laser-cluster interaction ranging
from infrared to x-rays.
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