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ABSTRACT
We report experimental results from electron diffraction of CS2 nanoclusters embedded in superfluid helium droplets. From detailed
measurements of the sizes of doped droplets, we can model the doping statistics under different experimental conditions, thereby obtain-
ing the range of cluster sizes of CS2. Using a least squares fitting procedure, we can then determine the structures and contributions
of dimers, trimers, and tetramers embedded in small droplets. While dimers prefer a stable gas phase structure, trimers and tetramers
seem to forgo the highly symmetric gas phase structures and prefer compact cuts from the crystalline structure of CS2. In larger
droplets containing more than 12 CS2 monomers, the diffraction profile is consistent with a three-dimensional nanostructure of bulk
CS2. This work demonstrates the feasibility of electron diffraction for in situ monitoring of nanocluster formation in superfluid helium
droplets.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0011340., s

INTRODUCTION

Diffraction methods, either using electrons or x-ray photons,
have been considered as one of the most important tools for atomic
structural determinations of molecules.1 Although single crystal
crystallography has been most widely practiced, gas phase electron
diffraction (ED) has been used in solving structures of molecules
without crystals for more than half a century.2–6 A recent develop-
ment, termed “diffract and destroy”7 (D&D) where ultrashort and
ultra-intense x-ray pulses are used to diffract from a single parti-
cle before the particle is destroyed by the radiation, has expanded
the application of crystallography to nanostructures.8,9 The method
has been adopted to determine the shape of and detect vortices
in superfluid helium droplets.10 Without sample orientation, gas
phase ED, x-ray powder diffraction, and even D&D suffer in infor-
mation content. Hence, gas phase ED and powder diffraction can
only be used for systems that have limited independent parame-
ters such as small molecules or highly symmetric systems.4–6 The
orientation problem in D&D is considered solvable under favor-
able conditions for nanocrystals using sophisticated algorithms.11,12

On the other hand, sample alignment in a laser field prior to

diffraction has been demonstrated,13,14 and the ease in aligning
a molecule embedded in superfluid helium droplets has further
prompted the idea of using Coulomb explosion to obtain structures
of small molecules.15–17

In this rapidly advancing landscape of structure-tool develop-
ment, our group has proposed a method called serial single molecule
electron diffraction imaging as a potential means to solve structures
of large biological molecules and nanomaterials.18 The procedure
starts with electrospray ionization to produce ions for doping into
superfluid helium droplets, and then the cooled ions are aligned by
an elliptically polarized laser field and subjected to radiation by high
energy electrons. The collection of images, each from molecules ori-
ented from a chosen projection, is then used to determine the three-
dimensional structure. So far, we have successfully demonstrated the
feasibility of doping proteins, such as the green fluorescent protein
into superfluid helium droplets,19–21 and performed electron diffrac-
tion of neutral molecules, including CBr4, ferrocene, iodine clus-
ters, and pyrene clusters embedded in superfluid helium droplets,
all without laser alignment.22–25

Although without laser alignment, the helium environment
in our work seems a nuisance for data analysis, a potential
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application of our approach in its current form is in monitor-
ing the growth of nanostructures in superfluid helium droplets.
A recent surge in activities of using large superfluid helium
droplets for synthesis of unique nanostructures26–30 has trig-
gered the need of tools for in situ monitoring of nanostructures
prior to deposition. While spectroscopic methods are excellent
for small clusters,31–34 they are limited for structure determina-
tions of nanostructures containing numerous monomers. Electron
diffraction thus serves as an ideal and complementary tool for this
application.

In this work, we present experimental results of ED of CS2. The
goal is to demonstrate the feasibility of structural determination of
dimers, trimers, and tetramers, as well as clusters containing a large
number of monomers. From detailed droplet size measurements and
modeling of the doping statistics, we can narrow down the range of
parameters of the least squares fitting procedure of the diffraction
patterns. We conclude that CS2 dimers adopt the symmetric struc-
ture of gas phase dimers, but larger clusters deviate from the most
stable gas phase structures and seem to adopt the motif of single
crystals.

EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1, largely similar to
that used in our previous reports.22–25 Superfluid helium droplets
are formed by supersonic expansion of high purity helium gas
(99.9995%) at a stagnation pressure of 70 atm. The gas is pre-
cooled through a closed-cycle cryostat (Sumitomo, SRDK-408SW)
and expands through a pulsed nozzle of 0.05 mm in diameter (Digi-
tal Technology Trading and Marketing Ltd., E-L-5-8-C-Unmounted
Cryogenic Copper Even-Lavie valve). After passing through a skim-
mer of 2 mm in diameter, the droplet beam enters a doping chamber
containing a sample pulse valve (PV, Parker, series 9, 0.5 mm in

nozzle diameter). Room temperature CS2 (Aldrich, purity >99%,
water <0.005%) with a vapor pressure of 344 Torr35 is routed to the
sample PV via a vacuum feedthrough. After picking up the gaseous
sample, the droplet beam enters the diffraction chamber via a cone
of 5 mm in diameter. In the diffraction chamber, a pulsed electron
beam (Kimball physics, EGPS-6210B) with a duration of 20 μs, a
spot size of 3 mm in diameter, a beam current between 1.2 mA
and 1.3 mA, and an energy of 40 keV, is directed onto the droplet
beam. The diffracted electrons impinge on a phosphor screen (Beam
imaging Solutions, P43, 40 mm in diameter), while the undiffracted
electrons are collected by a Faraday cup for beam current monitor-
ing. The image is recorded using an Electron Multiplying Charge
Coupled Device camera (EMCCD, Andor Technology, iXon Ultra).
The vacuum levels of the source chamber and the doping chamber
are at 2 × 10−8/1 × 10−6 Torr and 1 × 10−7/1 × 10−7 Torr when
the droplet beam is off/on, and the level rises to the range of 10−6

Torr in the doping chamber when the sample PV is on. The vac-
uum level of the diffraction chamber, at 1 × 10−8 Torr, does not
change when either or both the droplet PV and sample PV are on
or off.

To diagnose the doping condition of the droplet beam and
characterize the size of the doped droplets, a time-of-flight (TOF)
mass spectrometer is constructed along the path of the droplet beam.
The fourth harmonic of a pulsed Nd:YAG (Quantel, Brilliant) at
266 nm is loosely focused to ionize the embedded neutral species.
A series of electrodes and a microchannel plate (MCP) detector are
used for mass resolution of small ions. An additional mesh con-
nected to an operational amplifier with a load of 1 GΩ19,20 15 mm
downstream from the diffraction spot is used to measure the number
of ion doped droplets. In this setting, both the mass spectrum of bare
ions (recorded on the MCP) and the current of ion doped droplets
(recorded on the mesh detector) can be monitored after each laser
pulse.

FIG. 1. Experimental setup showing the
electrodes for the time-of-flight mass
spectrometer and the mesh detector for
measurements of ion doped droplets.
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Both the mass spectra and the diffraction images are recorded
with active background subtraction. The sample pulse valve oper-
ates at twice the repetition rate of the helium droplet beam, and the
difference (Idiff ,CS2) between the signals obtained with (IHeon ,CS2) and
without (IHeoff ,CS2) the droplet beam should contain a negligible con-
tribution from gaseous CS2 diffused from the doping region into the
ionization/diffraction chamber. The solenoid valve for the sample
creates a magnetic field and affects the position of the electron beam;
hence, it has to be energized even when recording the background.
In addition, a separate diffraction profile of neat helium droplets
(Idiff ,neat) is recorded using the same method of active background
subtraction without energizing the sample PV after readjusting the
electron beam. The profile Idiff ,neat will be used in modeling the
contribution of the helium background in the diffraction profile of
Idiff ,CS2.

EXPERIMENTAL RESULTS

Figure 2 shows the mass spectrum of CS2 doped in super-
fluid helium droplets at a stagnation temperature of 10 K. At least
three photons at 266 nm are needed for ionization, and the result-
ing mass spectrum shows extensive fragmentation and, a bit sur-
prisingly, a recombination fragment S2

+, in addition to the atomic
fragments C+ and S+. The presence of attached He with the sam-
ple ions C+ and S+ manifests the presence of the helium droplet.
The source of the contaminant ion H+ could be traced to the lim-
ited vacuum level of the doping chamber (vacuum level: 1 × 10−7

Torr without doping gas) or the gas line of CS2 or marginally to
the original sample. Although not seen explicitly in the mass spec-
trum, the presence of CS2 clusters can be deduced from the presence
of CS2C+.

To minimize the effect of sample fragmentation on the mea-
surement of cluster sizes, we used benzene for a more detailed anal-
ysis. The ionization threshold of benzene is only 9.24 eV,36 and
two photons at 266 nm with a total energy of 9.35 eV are suf-
ficient for ionization. The two-photon process is achievable at a

FIG. 2. Mass spectrum of CS2 doped helium droplets recorded at a source
temperature of 10 K and a doping pressure of 5 × 10−4 Torr.

power density of 105–106 W/cm2 without the need of any focus
lens from our laser system. The mass spectrum of benzene doped
droplets contains no fragments, with only parent ions and clus-
ters of parent ions with helium. Since most of the excess energy
(0.1 eV) released upon ionization is taken away by the depart-
ing photoelectron, size measurements from benzene doped droplets
should be more reliable than those from CS2 doped droplets. The
top panel of Fig. 3 shows the time profiles of ionized droplets on
the mesh detector at three different acceleration (repeller, Fig. 1)
voltages. The droplet source temperature was 20 K, and the delay
time between the droplet PV and the laser was 1133 μs. At 50 V, the
profile is broad, containing multiple components. With an increase
in acceleration voltages, the arrival time advances and the pro-
file contracts. The detected current should contain contributions
of bare ions and ion doped droplets, and the latter could contain
multiple groups with different sizes, as revealed in our previous
measurements.21,37

We fitted the time profiles using the exponentially modi-
fied Gaussian probability distribution function,38 i.e., a convolution
of a Gaussian function with an exponential decay function, and

FIG. 3. Arrival time profiles of benzene doped helium droplets recorded at a source
temperature of 20 K and a doping pressure of 2.5 × 10−4 Torr. The acceleration
voltages on the repeller electrode are labeled in the figure.
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used the nested F-test to avoid overfitting (see the supplementary
material). As shown in the bottom panel, the best result is obtained
with three droplet size groups in addition to the group of bare
ions. The smallest droplet group with an average size of 150
atoms/droplet should only be observable for ionized dopants in
the presence of the acceleration voltage, and when neutral CS2 is
embedded in these droplets during the diffraction experiment, they
would have limited transmission to the diffraction region. This
is because when picking up CS2, the droplet with a velocity of
≤300 m/s would also absorb the momentum of the incident molecule
(3.6 × 10−23 kg m/s), and most likely, this momentum would steer
the droplet (momentum along the flight axis: 3.0 × 10−22 kg m/s)
out of the diffraction region over a traveling distance of ∼20 cm.
Between the two remaining larger size groups, the predominant one
has an average size of 800 atoms/droplet with a relative weight of
78%. The less abundant group has a much larger average size, with
5000 atoms/droplet. When the source temperature is reduced to
10 K, only two size groups, 2.2 × 104 atoms/droplet (abundance:
43%) and 1.4 × 105 atoms/droplet (58%), are statistically significant.
Interestingly, each size group travels at a unique speed, regardless
of the source temperature, and the effect of the source tempera-
ture is primarily manifested in the relative abundances of the dif-
ferent groups, while the average size of each group is only mildly
dependent on the source temperature.21 The overall average size of
the droplets at a fixed source pressure and temperature, weighted

FIG. 4. Scaled radial profiles of diffraction patterns from CS2 doped droplets. The
experimental profiles were recorded at a source temperature of 20 K, doping
pressure of 2.5 × 10−4 Torr, and two different time settings of the electron gun:
solid symbols at 1289 μs and open symbols at 1269 μs. All profiles are results
of multiplying the radial intensity by s to emphasize the contribution of molecular
interference. The insets show the resulting structures for the dimer, trimer, and
tetramer.

by the abundance of each group, is in agreement with literature
reports.39,40 Due to limited velocity slip,41 however, at any sam-
pling time within the droplet pulse, there is more than one group
of droplets with different sizes and velocities. Hence, the time set-
ting of the pulsed electron gun selects the size composition of the
sampled droplets during the diffraction experiment. We note here
that these sizes are measured after ionization; hence, the corre-
sponding size of the droplet prior to doping should be larger by a
few hundred—on the order of 500—after picking up each dopant
molecule.37,42

Figure 4 shows two scaled radial profiles of the diffraction pat-
terns obtained at two different time settings of the electron gun:
the solid squares were recorded at a delay time of 1289 μs after
the droplet PV, and the open squares were at 1269 μs. The fit-
ting procedure and relevant information will be provided in the
section titled “Analysis.” Both profiles are the results of diffraction
of neutral samples without ionization and without sample orien-
tation, and the diffraction profiles are concentric rings due to the
orientation average.2 The horizontal axis represents the momentum
transfer s,2

s = 4π
λ

sin(θd
2
), (1)

in terms of the de Broglie wavelength λ (0.06 Å at 40 keV) and the
diffraction angle θd. The corresponding recording times are 3.41 h
and 3.13 h at a repetition rate of 5 Hz. The predominant monotonic
decay is due to atomic scattering, including He, C, and S, while only
coherent diffraction from atomic pairs produces constructive and

FIG. 5. Scaled radial profile of the diffraction pattern from CS2 doped droplets
recorded at a source temperature of 10 K and a doping pressure of 5 × 10−4 Torr.
The profile is scaled by s to emphasize the contribution of molecular interference.
The inset shows the structure of the crystal and the axes of the unit cell.

J. Chem. Phys. 152, 224306 (2020); doi: 10.1063/5.0011340 152, 224306-4

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0011340#suppl
https://doi.org/10.1063/5.0011340#suppl


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

destructive interferences. To emphasize the contribution of molec-
ular interference and to contrast the difference between the two
results, the radial profiles are normalized by the exposure time of
each profile, and the intensity is multiplied by s. The difference in the
scaled profiles is due to the different doping conditions of the droplet
beam: at the earlier timing of 1269 μs, the droplets are smaller and
contain fewer sample molecules.

Figure 5 shows the diffraction profile after further shifting the
timing of the electron gun to 1581 μs, lowering the source temper-
ature to 10 K, and increasing the effective doping pressure from
2 × 10−4 Torr to 5 × 10−4 Torr (see the supplementary material
for estimates of doping pressure). Compared with Fig. 4, the over-
all diffraction intensity has decreased, but the feature of molecular
interference is more prominent, implying more contribution from
the sample than from the helium atoms.

ANALYSIS

To derive structural information from the diffraction profile,
contributions from the helium background and from all possi-
ble CS2 clusters need to be included. Information on the droplet
size and doping statistics offers auxiliary guidance to the fitting
process.

Modeling smaller clusters in smaller droplets

Structures of gas phase clusters and single crystals of CS2 have
been reported in the literature.43–49 Experiments in high resolution
spectroscopy have concluded that gas phase clusters prefer highly
symmetric shapes: the dimer is cross-shaped with a D2d symmetry,45

as shown in the inset of Fig. 4, the trimer forms a pinwheel with a D3
symmetry,44 and the tetramer forms a barrel with a D2d symmetry.43

A few theoretical calculations have proposed a variety of geome-
tries for small clusters, but the most stable isomer for each cluster
size agrees with the experimental results.48,49 For clusters contain-
ing more than four monomers, convergence to the crystal structure
has been predicted.47 The crystal structure of CS2 at temperatures
below 150 K is known to be orthorhombic,46 containing pairs of
CS2. A unit cell contains three monomers at the edges in addition
to a central monomer slanted at 55.56○ to the c axis, as shown in
the inset of Fig. 5. The molecular arrangement in crystals is substan-
tially different from those of reported gas phase clusters. In fitting
the diffraction profiles, we include different cuts from the crystals
for dimers, trimers, and tetramers (see the supplementary material
for a complete list of possible cuts), in addition to their gas phase
structures,

Idiff ,CS2 = β ⋅ Idiff ,neat + α0 + α1 ⋅ I1 +∑4
2 αig ⋅ Iig +∑4

2 αic ⋅ Iic . (2)

The coefficients α and β are fitting parameters related to contribu-
tions of different components in the overall diffraction profile. In
particular, β represents the contribution of the remaining helium
after doping relative to that of a neat droplet beam, α0 is a baseline
correction largely due to leaked light into the camera, and α1 is the
contribution of monomers. The values of αig (2 ≤ i ≤ 4) represent
contributions of gas phase clusters containing i monomers, and αic
(2 ≤ i ≤ 4) represents all possible cuts of clusters from the crystal

structure (supplementary material). All coefficients are constrained
to being non-negative in the fitting.

To confirm the significance of the regression coefficients, we
used the bootstrap resampling method through balanced variable
selection to determine the standard error of each estimate.50 The
resulting Z values, i.e., the ratio of the estimated coefficient and its
standard error, are compared with a critical value (1.96) from a stan-
dard Normal distribution for a chosen significant level (0.05). If the
Z value of a fitting parameter is larger than 1.96, we can state that
with a confidence level of 95%, the fitting parameter is statistically
significant.

The upper limit of the dopant cluster size of four monomers
in the above fitting is derived from modeling the doping statistics
based on the size distribution of the sampled clusters. For a droplet
containing a few thousand atoms, if pickup of one CS2 requires
evaporation of a few hundred He, the cross section for picking up
the next CS2 should be substantially reduced. When the mean-free-
path of picking up the kth dopant molecule λk changes with k, the
standard Poisson model can no longer be used.51 Instead, we adopt
the Markovian arrival process with non-identical Exponential inter-
arrival times.52 In this model,Xk, the distance traveled by a droplet to
pick up the kth sample after picking up the (k − 1)th sample, inde-
pendently follows the exponential distribution with a mean deter-
mined by the mean-free-path λk of a droplet containing nk helium
atoms53 [after picking up (k − 1) sample molecules] with a doping
particle density ρ,

λk =
1

π × (2.22 × 10−10 × n
1
3
k )

2
× ρ

. (3)

The mean-free-path therefore increases with a decrease in droplet
sizes. The total number of doped molecules i within the overall
doping distance L can be found by

i = max{j,∑j
k=1 Xk ≤ L}, (4)

and the probability Pi is

P0 = P(X1 > L) = 1 − ∫L0 λ1e−λ1x1dx1 = e−λ1L, (5a)

P1 = P(X1 < L,X1 + X2 > L)

= ∫L0 λ1e−λ1x1e−λ2(L−x1)dx1 =
λ1

λ1 − λ2
e−λ2L(1 − e(λ2−λ1)L), (5b)

P2 = P(X1 + X2 < L,X1 + X2 + X3 > L)

= ∫L0 ∫L−x1
0 λ1λ2e−λ1x1−λ2x2e−λ3(L−x1−x2)dx2dx1, (5c)

P3 = P(X1 + X2 + X3 < L,X1 + X2 + X3 + X4 > L)
= ∫L0 ∫L−x1

0 ∫L−x1−x2
0 λ1λ2λ3e−λ1x1−λ2x2−λ3x3

× e−λ4(L−x1−x2−x3)dx3dx2dx1, (5d)
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P4 = P(X1 + X2 + X3 + X4 < L,X1 + X2 + X3 + X4 + X5 > L)
= ∫L0 ∫L−x1

0 ∫L−x1−x2
0 ∫L−x1−x2−x3

0 λ1λ2λ3λ4e−λ1x1−λ2x2−λ3x3−λ4x4

× e−λ5(L−x1−x2−x3−x4)dx4dx3dx2dx1. (5e)

When all λk values are the same, the above equation set reduces to
the standard Poisson model.51

Although we only measured the droplet size after-doping, we
can estimate the probability of CS2 pickup for each size group
assuming a pre-doping size to be 500 atoms larger.37,42 With a dop-
ing pressure of 2 × 10−4 Torr, a doping distance of 5 mm, and a
loss of 500 He after picking up each CS2,54 the calculation results are
listed in Table I by the first number in each cell. Even for the larger
size group at 1289 μs, the probability ratio P4/P1 is only 0.04. Under
these conditions, for both delay times, about 50% of the droplets
contain no sample at all, and about 35% of the droplets contain just
one CS2.

The second number in each cell of the above table shows the
fitting results of the ED profiles based on Eq. (2). The values of β
signify the degree of helium loss due to the presence of the doping
gas: collisions between the doping molecules and the droplets can
destroy small droplets and reduce the size of larger droplets. In both
cases of delay, nearly 50% of He is lost before the droplets can reach
the diffraction region. This amount of helium loss due to doping is
lower than that reported in our previous work on ferrocene, iodine,
and pyrene23–25 due to our choices of the small size of the droplets, a
moderate doping pressure, and a short doping distance. The absolute
values of α1 are of no significance since it is affected by the detec-
tion sensitivity of the phosphor screen and the camera, while only
the ratios of αi/α1 are representative of the relative contributions of
clusters to monomers.

The result of the Z-test shows that only the gas phase structure
for dimers α2g and the closely packed crystal structures for trimers
α3c and tetramers α4c are statistically significant in the diffraction
profiles (see the supplementary material for numerical compar-
isons). In addition, contributions of trimers in the diffraction pro-
files seem to be lower than the calculation results based on the
Markovian arrival process. This discrepancy could be related to the
relative instability of trimers compared to other clusters since crys-
talline CS2 essentially is a composition of dimers.46 The values on
the relative contributions of the other clusters to that of monomers,

however, are remarkably consistent between the diffraction results
and those from the doping statistics.

For completeness, we have also tried to fit the three additional
higher energy structures for gas phase dimers based on the calcula-
tion of Singh and Gadre,49 and within the constraints of the doping
statistics, i.e., α1 > α2g > α3g > α4g , none of these structures are statis-
tically significant. Similar fitting results have also been obtained for
the higher energy trimers and tetramers. Given the limited number
of data points from the diffraction profile and the large number of
high energy isomers from the reference, no global fitting of all pos-
sible structures has been attempted. Hence, we caution here that the
results can only be as good as the model.

Modeling larger clusters in larger droplets

The fitting for the diffraction profile of Fig. 5 is simpler
because we only considered crystalline structures, as suggested in
the literature.47 Both groups of droplets contain at least 2 × 104

atoms/droplet, and after picking up one CS2, the droplet size changes
by less than 3%. Standard Poisson statistics is therefore applicable.51

At a doping pressure of 5 × 10−4 Torr, the most probable number of
CS2 monomers for the smaller droplet group is 12 and for the larger
group is 40. The continuous red line is the result from fitting the
linear regression,

Idiff ,CS2 = β ⋅ Idiff ,neat + α0 + αc ⋅ Ic, (6)

where Ic is the theoretical diffraction profile containing numer-
ous monomers based on the crystalline structure46 of CS2, and αc
is the fitting coefficient. When more than four monomers form
a nanocrystal, within our detection range, features from diffrac-
tion of the atomic pairs located at the crystal edges are over-
shadowed by those from atomic pairs between interior units due
to the high level of repeats of the latter. The resulting diffraction
profile becomes insensitive to the size of the cluster. Nevertheless,
there are many ways of arranging more than 10 CS2 to form a
crystalline structure. The calculated diffraction profile is the result
of two unit cells along the a axis, one unit along the b axis, and
one unit along the c axis with an overall monomer count of 18.
The profile is insensitive to the number of unit cells along each
direction, as long as there is more than one monomer (not unit
cell) along each direction. Limiting the structure to two-dimensions
spanning only the a and c axis, however, resulted in a substantially

TABLE I. Doping statistics and fitting results of diffraction images from Fig. 4.a

Delay time 1269 μs 1289 μs

Droplet sizes 1100 (78%), 5300 (22%) 1200 (84%), 6500 (16%)
Pure droplet (P0 | β) 0.49 | 0.44 0.49 | 0.47
Monomer (P1 | α1) 0.34 | 6.99 0.35 | 15.0
Dimer (P2/P1 | α2g/α1) 0.18 | 0.18 0.13 | 0.13
Trimer (P3/P1 | α3c/α1) 0.10 | 0.05 0.09 | 0.03
Tetramer (P4/P1 | α4/α1) 0.04 | 0.03 0.04 | 0.03

aThe values of αi contain a common scaling factor, so only the ratios of αi/α1 are of physical meaning. For comparison, the ratios
of Pi/P1 are listed for clusters with more than one dopant.
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lower quality of fitting. We therefore suggest that the nanocrystal
is most likely of the same 3D structure as that of a single crystal
of CS2.

Compared with other nanocluster systems we have investi-
gated, dimeric CS2 is similar to pyrene, in which gas phase structures
are preferred over compact structure cuts from the corresponding
crystals.25 On the other hand, clusters containing more than two
monomeric units, including iodine24 and CS2, deviate from their
corresponding gas phase structures and seem to adopt structures of
their corresponding bulk crystals.31,32 The preference for bulk struc-
tures in helium droplets has been attributed to the fast cooling effect
of the droplet environment, even though the helium environment
should be more similar to that of vacuum than to that of typi-
cal crystal formation. A newly captured dopant can be trapped in
a metastable configuration upon entering the droplet, incapable of
finding the global minimum.

CONCLUDING REMARKS

We demonstrate that electron diffraction can be used to mon-
itor the in situ growth of nanostructures in superfluid helium
droplets. The background of helium diffraction can be mitigated by
controlling the doping conditions and the timing of the pulsed elec-
tron gun. However, detailed fitting of the cluster structures relies on
information of cluster size distributions and doping statistics. With-
out this type of prior knowledge, fitting of the diffraction profiles
could become intractable.

The conclusion on the structures of CS2 clusters in superfluid
helium droplets reveals the effect of the helium environment in the
growth of nanocrystals. The smallest cluster adopts the structure of
a gas phase dimer, implying a negligible effect of the environment,
but trimers and larger clusters seem to adopt the structure of a stable
crystal, deviating from the lowest energy structure of gas phase clus-
ters. This trend needs to be confirmed from investigations of more
molecular species containing different types of intermolecular forces
before it can be generalized.

Compared with other structural techniques, ED is advanta-
geous in its relatively low cost, easy execution, and wide size range
of application. For clusters containing heavy atoms, the efficiency of
data collection is sufficient for in situ monitoring of cluster growth.
However, the size specificity, particularly for clusters containing
more than four units, is limited in the current setup in our labo-
ratory. Diffraction from atom pairs located on opposite edges of the
cluster has the highest oscillation frequency among all atom pairs
and is therefore most prominently manifested in the low s region
covered by the Faraday cup. Moving the detector further away from
the diffraction region can reduce the shadow of the Faraday cup and
reveal the missing information.

SUPPLEMENTARY MATERIAL

See the supplementary material for structures of gas phase
clusters, cuts from the crystalline structures of CS2, structures of
large CS2 clusters used in the fitting, and the fitting statistics of the
diffraction profiles. Details on the fittings of the time profiles of
ionized droplets at 10 K and 20 K, and the estimate of the doping
pressure, are also presented.
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