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Abstract

Single He nanodroplets doped with Xe atoms are studied via ultrafast coherent X-ray
diffraction imaging. The diffraction images show that rotating He nanodroplets about 200 nm
in diameter contain a small number of symmetrically arranged quantum vortices decorated
with Xe clusters. Unexpected large distances of the vortices from the droplet center (=0.7 —
0.8 droplet radii) are explained by a significant contribution of the Xe dopants to the total
angular momentum of the droplets and a stabilization of widely spaced vortex configurations

by the trapped Xe clusters.

Main Text

Quantum vortices are the hallmark of superfluidity [1-3]; they represent fundamental
excitations of a superfluid and often define its physical properties. Quantum vortices form a
lattice in a rotating container filled with superfluid helium, and they are responsible for
turbulent superfluid flow in various experiments [2-4]. More recently, studies of superfluidity
have been extended towards nano-scale systems [5-6]. The observation of sharp rotational
lines for molecules encapsulated in He nanodroplets with radii < 5 nm provided first evidence
for the superfluid nature of such droplets [5, 7]. However, these experiments were insensitive
to the rotational excitation of the host droplets. Ex-situ transmission electron microscopy
studies of metallic dopant residues deposited on a carbon foil by droplet impact uncovered
the formation of metal nanowires in 1-um-sized “He droplets, a phenomenon ascribed to
aggregation of metal clusters along the cores of quantum vortices [6, 8-9]. Very recently,
ultrafast single-shot X-ray diffraction imaging of Xe doped He droplets employing an X-ray
free electron laser (XFEL) revealed Bragg spots, confirming the existence of quantum vortex
lattices that enabled the condensation of 100-200 Xe clusters in a periodic array [10]. While

these findings provide evidence that quantum vortices exist in droplets as small as a few
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microns in radius, Bragg spots provide only information about the global cluster/vortex
arrangement in large droplets and obscure the details of individual vortex placements.

In an effort to study the regime of quantum rotation in even smaller, self-contained,
superfluid systems, we expand the previous X-ray coherent diffraction imaging studies [10]
to droplets with =100 nm radii. The positions of vortices were deduced from the measured
diffraction images lacking Bragg spots using the recently developed phase retrieval algorithm
for coherent diffraction imaging in droplets (DCDI) [11]. We report the determination of
vortex configurations inside such droplets doped with Xe atoms and demonstrate that the
presence of a few vortices induces the formation of multiple Xe clusters that occupy
symmetric positions far away from the droplet centers. The vortex configurations give access
to the rotational energy, angular momentum, and angular velocity of the nanodroplets, as well
as the coupling between the rotational motion of the host droplet and the dopant Xe clusters,
the details of which remain largely undiscovered.

Figure 1 shows the experimental layout [10]. The method of helium nanodroplet
formation and subsequent doping has been extensively documented elsewhere [6, 12-14]. In
brief, a continuous beam of superfluid He nanodroplets was generated by expanding liquid
*He at temperatures T < 7 K and a backing pressure of 20 bar through a 5 pum orifice into
high vacuum. The fluid exiting the nozzle fragmented into droplets that cooled via
evaporation to 0.38 K [7], reaching final average sizes of Ny~10® He atoms (radii Rp = 100
nm). Each droplet was doped with Nx~10° Xe atoms upon passing through room
temperature Xe gas inside a pick-up cell. The determination of Nx. is described in the
supplemental material (SM) [15]. Following capture by the droplet, Xe atoms cluster along
the vortex cores [8-10, 16] and act as a contrast agent. Further downstream, the droplet beam
crossed the XFEL beam near the focus (=5 um diameter) of the AMO beamline at the Linac

Coherent Light Source (LCLS) [17-18]. X-ray pulses of 100 fs duration, each containing
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~10'? 1.5 keV photons (A = 0.826 nm), were diffracted from single, doped droplets resulting
in characteristic patterns that were imaged by the high-resolution pnCCD X-ray camera of
the CAMP instrument [19]. The image plane was located 565 mm behind the interaction
point on the XFEL beam axis.

Figure 2A1 shows the diffraction image from an un-doped He droplet with a radius of
115 nm that has a circular projection in the detector plane. The image consists of a series of
concentric circular rings. Images from droplets doped with Xe atoms are shown in Figs. 2B1-
F1. They contain high contrast diffraction patterns that emerge from the interference of
scattering signals from He droplets and their Xe content. Figs. 2B1-D1, in particular, exhibit
striking symmetries that invite rationalization in terms of corresponding symmetric Xe
cluster configurations, which may be estimated by modelling [20] as described in the SM
[15]. In general, however, the DCDI iterative phase retrieval algorithm [11] is applied in
order to obtain the density distributions of the Xe clusters from the diffraction images.
Briefly, DCDI represents a modified error reduction algorithm [21] that iteratively performs
Fourier and inverse Fourier transforms while optimizing the agreement between a simulated
and the measured diffraction patterns within boundary conditions set by several physical
constraints. DCDI takes advantage of the fact that the scattering signals in Figs. B1-F1
contain considerable contributions from the droplet itself, which enables an approximate
phasing and serves as a good starting point for the iterative phase retrieval. The results are
projections of the Xe densities onto the detector plane, [10] as shown in Figs. 2A2-F2. The
black contours represent the droplets’ boundaries. The density images consist of 6.4x6.4 nm*
pixels that are defined by the number and size of the CCD pixels, the distance of the CCD
from the scattering center, and the wavelength of the X-rays. The resolution of the images
corresponds to approximately 3 pixels or =20 nm. The calculated diffraction patterns in

Figs. A3-F3 are retrieved from the density distributions in Figs. A2-F2. Their excellent
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agreement with the measured patterns in Figs. A1-F1 demonstrates the self-consistency of the
reconstruction procedure.

All diffraction patterns in Figs. A1-F1 originate from relatively small droplets with
Rp = 100 nm. The average radial distances, d, of the clusters from the droplet centers and
their root mean square deviations extracted from Figs. 2B-D are compiled in Table I, and a
more detailed account of the cluster positions and sizes is given in Table S2 in the SM [15].
The Xe clusters in Figs. 2B2-D2 appear as nearly round, tightly localized density peaks,
while those in Figs. 2E2 and F2 are significantly elongated along a common axis within each
droplet. Similarly to previous imaging studies of rotating nanodroplets [6, 10], we interpret
these patterns as 2D projections of Xe clusters that are attached to vortices inside He
nanodroplets with different axes of rotation. In particular, Figs. 2B2-D2 correspond to
droplets that rotate along an axis perpendicular to the image plane, i.e., pointing toward the
observer, while the axes of rotation for droplets E2 and F2 are significantly tilted with respect
to the direction of observation. The fact that the cluster filament projections in Figs. 2B2-D2
have circular shapes indicates that the images were recorded approximately along the
filament axis. From the size of the density spots, and assuming filament lengths on the order
of =Rp as in Figs. 2E,F, the relative angle between the filament axis and the line of sight is
estimated to be within 0+£15° for Figs. 2B2-D2. Therefore, the measured radial distance of the
center of gravity of the intensity spots in Table 1 approximately gives the distance of the
vortices from the rotational axis. The high symmetries of the densities, in particular, in Figs.
2C,D serve as an additional indication for on-axis imaging. The following discussion will
focus on symmetric patterns of two, four and six vortices. This selection is by no means
representative of the entire range of possible vortex configurations in the nano-droplets. It

rather reflects the limited amount of images we were able to obtain within the available



beamtime. All droplets in Figs. 2A2-F2 exhibit several common attributes that will be
discussed in the following.

All clusters in Figs. 2B2-D2 reside at symmetrically arranged positions far away from
each other and at large radii relative to the droplet center. In the absence of vortices, the van
der Waals interaction between an embedded particle and an isotropic, spherical droplet leads
to a potential energy minimum at the droplet’s center [22], which is expected to confine the
dopant clusters to d < 0.3-Rp for He droplets and Xe clusters with sizes similar to those in
Table I. However, the Xe clusters are located more than twice as far away from the droplet
center as predicted by the isotropic droplet model. Moreover, in an isotropic droplet such
clusters would recombine before the droplet would reach the imaging X-ray beam [23]. The
widely spaced Xe cluster positions, therefore, support the above interpretation that they
represent the locations of vortices that trap the Xe moieties far from the center, with the
repulsion between vortices preventing their recombination into a single large cluster.

Since Xe atoms collide with the droplet randomly during its traversal of the pickup
cell, the atoms will move randomly inside the droplet following capture, sampling different
volume elements of the droplet with the same probability. After thermalization, the velocity
distribution of the Xe atoms will be biased by the rotation of the droplet. The upper boundary
of this velocity is given by the equatorial velocity of the rotating droplet of =1 m/s, given by
the angular velocity of 10" s™ and the droplet radius R = 100 nm. This maximum rotational
velocity is much smaller than the thermal velocity of Xe atoms of about 10 m/s at a droplet
temperature of T=0.8 K in the pickup cell [12]. Therefore, the distribution of the thermalized
Xe atoms is dominated by thermal motion, which also spans every volume element of the
droplet evenly. Moreover, the markedly similar partitioning of Xe atoms between different
large clusters (see Table S2) within each droplet in Figs. 2B2, C2, and D2 indicates that they

must be assembled from large numbers of atoms or sub-clusters. Therefore, all vortices in the
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droplets are expected to be traced by Xe atoms and the probability to have an empty vortex is
negligible due to Poisson statistics.

Packard and coworkers also imaged configurations of two, four, and six vortices in
bulk superfluid He within a 2 mm wide rotating cylinder [24-25]. They concluded that the
vortices in those experiments adopted symmetric arrangements similar to the presently
observed configurations, but at smaller separations relative to the size of the container. For
two vortices in a cylinder, the ratio of vortex separation to cylinder diameter is xo = 0.125,
compared with the ratio of d/Rp = 0.77 for two vortices in a droplet. Similarly, 4 and 6
vortices are observed at d/Rp = 0.79 and 0.78, respectively. According to Hess [26], two
vortices are stable when xo < 0.25. The free energy of two vortices exceeds that of a single
vortex in a rotating cylinder when x, > ~0.25, although an activation barrier exists for a
transition from two vortices to one. Two vortices remain metastable until the barrier
disappears at xo > 0.55, and only a single vortex solution is possible. Thus, multiple vortices
are thermodynamically preferred very close to the center, and are never expected beyond x¢ >
0.55. Very recently, the positions of vortices in droplets with ~5 nm radii were calculated via
density functional theory [27]. These calculations also predict much smaller radial
displacements of the vortices inside rotating droplets than described herein, similar to
previous measurements [24-25] and calculations for a rotating cylinder [26, 28].
Additionally, these works all report the presence of a central vortex in systems containing 6
or 7 vortices, which is absent in our measurements. While the reconstruction shows diffuse
density in the central region of Fig. 2D2, it accounts for less than 2% of the total density and
we believe it to be an artifact of the reconstruction, as discussed in more detail in SM [15].

We propose that the differences between our measurements and previous results stem
from the presence of Xe clusters, which contribute to the rotational energy and angular

momentum in doped droplets and stabilize vortex configurations with large distances
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between the vortices and the droplet center. The discrepancies between the measurements
and the DFT calculations [27] likely stem from the fact that the calculations were performed
for a constant angular velocity compared to the constant angular momentum condition as in
the experiment. In addition, doped vortices are repelled from the droplet surface due to the
solvation potential of the embedded Xe atoms, which may prevent their annihilation at the
surface as in the case of bare vortices. Therefore, configurations of experimentally
observable doped droplet vortices may deviate considerably from the bare vortices described
by theory [27]. Multiple vortices in a spherical vessel have also been modeled in Ref. [29] by
lines that are parallel to the rotation axis and confined to some predetermined configurations
such as a ring with and without a central vortex. However, this modeling predicted a central
vortex when the number of vortices exceeds two, which is at odds with recent DFT
calculations [27]. Therefore, the theoretical modeling of multi-vortex systems in a droplet
seems currently inconclusive. For the purpose of illustration, the effect of Xe on the
equilibrium position of a vortex in a cylinder is discussed in SM [15].

The coordinates of the vortices can be used to estimate the angular velocity, o,
angular momentum, Ly, and rotational energy Ey, of the droplet. The shapes and dynamics of
bare vortices with fixed boundary conditions can, in principle, be calculated using the Biot-
Savart law [30-33]. However, the implementation of this approach is not straightforward due
to the additional acquired mass of the dopant atoms and a possible vorticity-dependence of
the droplet shape. For the purpose of an estimate we assumed that a doped vortex has the
same shape and angular velocity as the bare vortex with 10 nm core diameter in a spherical
He droplet. The diameter was estimated for uniform Xe filaments of length Rp with the
density of solid Xe. The values of Ly, Eyv and @ were calculated numerically [34-35] for a
single vortex with the closest approach to the rotational axis set equal to the measured values

of d. When multiple vortices are present at large d, the motion of the vortices is
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predominantly governed by their self-induced velocity, whereas contributions from the
velocity fields of other vortices are small. Thus, their angular momenta and energies are
approximately additive. The values of L and E for the Xe content of the vortex are calculated
using the angular velocity o of the vortices and the mass of the Xe clusters at distance d from
the droplet center. For example, the two vortices in Fig. 2B2 have a total angular momentum

Ly = 1.8x107 h and a rotational energy Ey = 1.1x10° K with o = 7.3x10° rad/s. Attached Xe

clusters containing a total Nx, = 2.9% 10° atoms carry an additional Ly, = 3.1 X 10’ h and Ex.
= 860 K. For comparison the angular momentum and kinetic energy of a bare single central
straight vortex with a core diameter of 10 nm in the 108 nm droplet are 1.2x10* h and
5.0x10° K, respectively [34-35]. We note that the limited information on the 3D shape of the
embedded Xe clusters leads to a corresponding relatively large uncertainty in the exact
partitioning of angular momentum and rotational energy between the host droplets and the
Xe dopants. The qualitative results, however, are unaffected by the exact shapes of the Xe
clusters.

It is evident that Xe atoms carry a considerable fraction of the rotational energy and
angular momentum of the doped droplets. Doping with Xe atoms causes the evaporation of
about half of the He atoms in the droplet under the present experimental conditions, but it
remains unclear how much angular momentum is removed via evaporation. As Xe atoms
attach to a vortex, they adopt the angular velocity of its revolution about the droplet center.
Since the added mass “borrows” angular momentum from the vortex, the vortex must
compensate by moving outward, resulting in the larger equilibrium distances of the vortices
observed in this work. The fact that similar numbers of atoms were found in symmetric
vortices (see Table S2) is consistent with the conservation of the number of vortices upon

doping. We note that the initial configurations of bare vortices before doping can deviate



considerably from the experimentally determined configurations of doped vortices, but they
cannot be accessed in this work. Ultimately, doped vortices cannot approach the surface
beyond a certain extent due to the decrease of solvation energy of Xe clusters close to the
surface [22]. Hence, upon reaching some critical proximity to the surface (that is currently
unknown) the vortices must become unstable and vanish. Then, Xe clusters orbiting on the
periphery of the superfluid droplet will carry the entire angular momentum and rotational
energy. In the absence of vortices, the van der Waals attraction between Xe clusters will
likely lead to their combination into a single aggregate and prevent observation of the
symmetric structures described herein. Therefore, the findings presented here emphasize that
the motion of vortices and dopants pinned to them mutually influence one another and should
be considered as a coupled system, the detailed kinematics of which remain largely unknown.

The observation of multiple, widely spaced Xe clusters forming symmetrical
configurations in He droplets point to the existence of multiple quantum vortices to which the
clusters are attached. The typical distances of the vortices from the droplet center are about
0.7 — 0.8 of the droplet radius, Rp, much larger than expected from previously observed bare
vortices in a rotating cylinder of bulk superfluid He (0.1 — 0.2 R) [24-25] and from recent
DFT calculations for small nanodroplets [27]. Bare vortices at such large separations are
expected to be unstable, indicating that the presence of Xe clusters stabilizes vortices far
from the droplet center. Our work demonstrates that stable vortices exist in He droplets as
small as 180 nm in diameter. The existence of vortices in droplets less than 10 nm in
diameter has been predicted theoretically [27, 36-37]. In this work, however, droplets with
radii less than =~ 90 nm could not be imaged due to the limited X-ray scattering intensity.
With the currently available pulse energies of X-ray free-electron lasers, a focus size of

0.01 um? or less would be required to interrogate droplets as small as 10 nm in diameter and
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to search for vortices in the smallest droplets predicted to contain them. The presented results
call for further theoretical investigations of systems containing a small numbers of vortices to

ascertain the wavefunctions of self-contained, isolated, nanoscale superfluids.

Acknowledgements

This work was supported by NSF grant DMR-1501276 (A.F.V.) at USC, by the U.S.
Department of Energy, Office of Basic Energy Sciences, (DOE, OBES) Chemical Sciences,
Geosciences and Biosciences Division, through Contract No. DE-AC02-05CH11231, DE-
AC02-06CH11357, and DE-AC02-76SF00515 and by the Max Planck Society by funding
the development and operation of the CAMP instrument within the ASG at CFEL. Portions
of this research were carried out at the Linac Coherent Light Source, a national user facility
operated by Stanford University on behalf of the U.S. DOE, OBES under beam-time grant
L549: Imaging of quantum vortices in superfluid helium droplets. Sebastian Schorb took part
in and provided valuable expertise for the measurements taken during LCLS AMO 54912
beamtime of July 2012 as part of the AMO team. Martin Seifrid and Justin Kwok participated

as part of the USC team.

11



FIG. 1. Experimental layout. (A) Rotating droplets are formed upon expansion of liquid He into vacuum;
(B) quantum vortices are formed upon evaporative cooling of the droplets to below T;; (C) droplets are
doped with Xe atoms when passing through a cell filled with Xe gas; (D) a single doped droplet is
irradiated by a single X-ray pulse from an XFEL; (E) the X-ray diffraction pattern is recorded by a pnCCD
detector.
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FIG. 2. Diffraction patterns of pure (A1) and Xe-doped (B1-F1) helium droplets. Each image is generated
by illuminating a single droplet with a single XFEL pulse. All diffraction images are displayed in a
logarithmic color scale as indicated on the right. The Xe densities shown in B2-F2 in linear scale were
derived using the DCDI iterative phase retrieval algorithm. Panels A3-F3 show calculated diffraction
patterns arising from the He droplets and dopant Xe clusters depicted in A2-F2. In particular, the
configurations A2-D2 were also reproduced by an analytical treatment as described in the SM [15]. Both
the experimental data and the calculated diffraction patterns have been cropped to show the central
450%450 pixel portions of the complete 1024x1024 images.
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TABLE I. Measured parameters for droplets shown in Figs. 2B-D. The errors reflect the root mean square

deviation of the parameters.

Number of clusters 2 4 6

Rp [nm] 108 £6 90+5 1186
d [nm] 83+ 8 71+5 92+5
d/Rp 0.77 0.79 0.78
Nre 1.2x10° 6.9x10’ 1.5x10°
Ny [total] 2.9x10° 3.7x10° 6.0x10°
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