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Abstract:  
Helium nanodroplets are considered ideal model systems to explore quantum 

hydrodynamics in self-contained, isolated superfluids. However, exploring the dynamic 

properties of individual droplets is experimentally challenging. Here, we investigate the rotation 

of single, isolated, superfluid 4He droplets, containing ~ 108 - 1011 atoms, using single-shot 

femtosecond X-ray coherent diffractive imaging. The formation of quantum vortex lattices inside 

the droplets is confirmed by observing characteristic Bragg patterns from Xe clusters trapped in 

the vortex cores. The vortex densities are up to five orders of magnitude larger than observed in 

bulk liquid He. The droplets exhibit large centrifugal deformations but retain axially symmetric 

shapes at angular velocities well beyond the stability range of viscous classical droplets. 
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Main Text: 
The discoveries of superconductors, superfluids, and Bose-Einstein condensates (1-2) 

reveal that a large number of particles can occupy a single quantum state that extends across 

macroscopic length scales. A notable example is superfluid 4He (3-6), which, below a critical 

temperature of Tλ = 2.17 K, lacks any viscosity, and its motion is described by a single 

wavefunction (1-2, 5-7). Isolated He nanodroplets were employed to study the onset of 

superfluidity through the observation of frictionless, quantized rotation of embedded molecules 

surrounded with varying numbers of 4He atoms (8). However, the unambiguous demonstration of 

a quantum mechanical state of motion of an entire helium nanodroplet remains challenging. 

 In a finite droplet, any manifestation of liquid flow must involve rotational motion, which 

in a superfluid embodies itself in quantum vortices (6-7). Indeed, the formation of regular arrays 

of parallel vortices was detected in a rotating bucket filled with superfluid He (9-10). However, 

surprisingly little is known about quantum rotation in superfluid droplets. Calculations predict 

that vortices may exist in 4He droplets as small as a few nanometers in diameter (11-13) but 

experimental studies of this elusive phenomenon remain challenging (14). Recently, traces of 

vortices were detected in He droplets about 1 µm in diameter (15). These exploratory 

experiments, however, did not provide detailed hydrodynamic properties of the spinning droplets, 

such as their shapes or the spatial arrangements of the vortices they contain. Herein, we study the 

rotation of single, isolated superfluid He nanodroplets via coherent scattering of X-rays from a 

free-electron laser (FEL) (16-18). Figure 1 illustrates the experiment, in which 4He droplets with 

radii R = 100 – 1000 nm (NHe = 108 – 1011) were produced upon fragmentation of liquid helium 

expanding into vacuum (15, 19-20), see Section S1 of (21). After a time of flight of 3.8 ms 

across a distance of 640 mm from the nozzle, the droplets traversed the focus of the FEL beam 

(hν = 1.5 keV, λ = 0.827 nm). Diffraction images were recorded using a pnCCD detector placed 

≈ 565 mm behind the interaction volume. Each image originates from a single droplet irradiated 

by a single FEL shot. The low density core of 4He vortices is ≈ 0.2 nm in diameter (7), which 

does not provide sufficient contrast for direct detection by X-ray scattering. Therefore, the 

droplets are doped with Xe atoms (NXe ≈ 10-3∙NHe), which cluster along the vortex cores (10, 15) 

and act as a contrast agent. 

 Figures 2, A-C show diffraction images of individual neat helium droplets. The circular 

and elliptical diffraction contours in Figs. 2A and 2B are consistent with diffraction from 

spheroidal droplets with a symmetry half axis, a, and two equal perpendicular half axes, b, (Fig. 

S2). The aspect ratio,     1     axishalfshortaxishalflongAR , of the diffraction contours 

quantifies the distortion of the droplets from a spherical shape (AR = 1). Each diffraction image 

reflects the projection of a single droplet’s density profile onto the detector plane; the longer axis 

in the diffraction pattern corresponds to the shorter droplet axis and vice versa. Because the a-

axis subtends an arbitrary angle with the X-ray beam, only the b-axis and an upper boundary, a ≤ 

b/AR, can be deduced from each image. The pattern in Fig. 2A originates either from a spherical 

droplet with R = a = b = (298 ± 5) nm or from a spheroidal droplet with b = R and its a-axis 

aligned parallel to the X-ray beam. The diffraction pattern in Fig. 2B corresponds to a spheroid 

with b = (284 ± 5) nm and a ≤ 0.87∙b = (247 ± 5) nm (Section S2 of (21)).  

 Surprisingly, approximately 1% of the diffraction images cannot be described by ellipses 

and exhibit very high aspect ratios of 1.7 < AR < 2.3, such as AR =1.92 in Fig. 2C. Figure 2D 

shows the outline of the corresponding droplet, which was obtained by inverse Fourier transform 

(IFT) of Fig. 2C (Section S3 of (21)). The droplet is wheel-shaped with two nearly parallel 

surfaces and half axes a = (220 ± 15) nm and b = (422 ± 10) nm. The intense diagonal streak in 
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Fig. 2C indicates that the droplet was imaged edge-on within ± 5º (see Section S3 of (21)).  Thus, 

values for both a and b can be determined. 

Our measurements reveal that, on average, approximately 40% of He droplets (Section S5 

of (21)) in the beam are not spherical, as was previously assumed (20), but are better represented 

by spheroids or wheel shapes. In general, a droplet may acquire a non-spherical shape due to 

rotational or vibrational excitation. However, our estimates show that vibrational shape 

oscillations should decay before the interaction point (Section S6 of (21)). Therefore, the 

elliptical and streaked diffraction patterns are ascribed to oblate rotating droplets. The droplet 

rotation likely originates from inhomogeneous flow of helium through the nozzle during the 

expansion (15). 

The shapes adopted by the rotating quantum droplets display similarities and pointed 

differences when compared with their classical counterparts. A classical droplet, rotating as a 

rigid body, can be described by the reduced angular velocity, 










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32

3 V
,    (1) 

which defines the droplet’s aspect ratio (22-23). Here, ρ is the density, σ is the surface tension, 

and V is the volume of the droplet. No droplet is stable beyond the disintegration limit of ΩMAX = 

0.75. At small Ω, a droplet has a spheroidal shape. Beyond Ω = 0.56 (b/a = 1.50) viscous 

classical droplets become unstable and begin to exhibit two-lobed shapes, resembling a peanut 

that rotates around its short axis. Multi-lobed droplet shapes emerge at even higher Ω (22-24). In 

this work, we observe axially symmetric droplets with aspect ratios as high as b/a = 2.3, 

corresponding to Ω = 0.71 (Section S4 of (21)), which is considerably higher than the shape 

instability threshold of classical droplets. No evidence for multi-lobed shapes was detected. Our 

results confirm the predicted extended range of stability in rotating quantum liquids (23) and 

indicate that superfluid droplets remain axially symmetric up to rotational speeds close to ΩMAX. 

The angular velocities, of rotating droplets can be determined from the degree of 

centrifugal distortion, quantified by the a - and b - half axes (Section S4 of (21)) (23). For the 

image in Fig. 2C, this analysis leads to = 1.4×107 s-1. The rotation of a superfluid may manifest 

as a lattice of uniformly distributed parallel vortices (1, 6-7, 9) with an area density of: 

 
h

M
nV




2
.     (2)  

Here, M is the mass of the 4He atom, h is Planck’s constant, and Vn  is the number of vortices per 

unit area in a plane perpendicular to the axis of rotation (6-7). For the droplet imaged in Fig. 2C, 

Eq. 2 predicts a vortex density of Vn  = 2.8×1014 m-2 and a total number of vortices of 

1602  VV nbN  . Evidently, droplets in the beam are characterized by a substantial degree 

of rotational excitation, and thus should contain large numbers of quantum vortices. The 

existence of these vortices is confirmed by doping the He droplets with Xe atoms. 

Figure 3 shows diffraction images of He droplets doped with Xe atoms. In addition to the 

characteristic ring patterns from the droplets, many images exhibit Bragg spots that either lie on 

a line crossing the image center (Fig. 3A) or form an equilateral triangular pattern (Fig. 3B). The 

Bragg spot separations in Fig. 3 correspond to regularly spaced Xe structures with periods of d ≈ 

100 nm, whereas the ring patterns arise from a droplet with R ≈ 1 m. These numbers are 

consistent with the condensation of Xe atoms along the cores of multiple parallel vortices 

arranged in a lattice within the superfluid droplet (Fig. 3C). According to this model, both linear 

and triangular Bragg spot arrangements emerge from ordered lattices with different relative 
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angles, Θ, between the X-ray beam and the vortex lines. The actual shape of the vortices cannot 

be determined from the Bragg spots, although the vortices in the arrays are expected to have 

some curvature as they terminate perpendicular to the droplet's surface. Approximately 5% of the 

doped droplet images exhibit Bragg spots. Considering that the appearance of Bragg spots 

depends critically on the relative alignment of the vortex structures and the X-ray beam, which is 

randomly distributed in these experiments, we estimate that about 50% of droplets contain vortex 

lattices (Section S7 of (21)).  

The identification of quantum vortices provides direct evidence of the superfluidity of He 

nanodroplets. The appearance of triangular vortex arrangements agrees with previous 

observations of triangular arrays of quantum vortices in rarified BECs (25-26). The diameters of 

the vortex cores in superfluid He, however, are small compared to the droplet sizes and the 

vortex length scales, which can lead to extended, three-dimensional vortex arrangements.  

The diffraction pattern in Fig. 3B provides a direct measure of the vortex density, Vn  = 

4.5×1013 m-2, and the droplet radius, b = 1100 nm, corresponding to a total number of vortices 

170VN . The angular velocity of the rotating droplet is ω = 2.2×106 s-1 (Eq. 2). The diffraction 

rings in Fig. 3B are circular within the experimental resolution (~3%). This observation and, in 

particular, the emergence of the triangular Bragg pattern, indicate that the droplet was imaged 

almost exactly along the a axis. From the angular velocity and the equatorial radius b, the aspect 

ratio and reduced angular velocity of the droplet are estimated to be AR=1.34 and =0.50, 

respectively (Section S4 of (21)). These values fall well within the axisymmetric shape stability 

limits for rotating droplets. The vortex density in this droplet is about five orders of magnitude 

larger than previously observed in rotating bucket experiments with bulk superfluid helium (9-

10). These numbers demonstrate that superfluid He droplets provide access to unexplored 

regimes of rotational excitation in quantum liquids. It is intriguing that, although observation of 

the wheel shapes in smaller droplets (b ≈ 300-400 nm) indicates the existence of high vortex 

densities in the range of Vn  ≈ 3×1014 m-2, no corresponding Bragg patterns were observed in 

these droplets. (Section S7 of (21))  This may indicate that vortices at extremely high densities 

fail to crystallize and instead form a disordered state with little resemblance to a lattice. Another 

possibility is the existence of non-equilibrium states, which may be related to quantum 

turbulence. However, estimates (Section S6 of (21)) show that turbulence, which accompanies 

establishment (27) or breakdown (28) of equilibrium quantum rotation, decays before the 

interaction point. Hydrodynamic instability of the droplet shape at high angular velocities may 

also disrupt vortex arrays. The possibility for the formation of non-stationary vortex states in 

superfluid helium has been discussed (6) but has never been confirmed experimentally. In 

addition, BECs at high ω are predicted to undergo a quantum phase transition into a highly 

correlated non-superfluid state devoid of any vortices (26). It would therefore be interesting to 

explore whether similar concepts apply to rotating He droplets at high ω. 
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Fig. 1. Experimental setup.  

(A) Rotating droplets are produced by expanding He fluid into vacuum through a 5 μm nozzle at 

a temperature of T0 ≈ 5 K and a backing pressure P0 = 20 bar; (B) quantum vortices form upon 

evaporative cooling of rotating droplets to below Tλ; (C) droplets are doped with Xe atoms in a 

cell filled with Xe gas; (D, E) X-ray diffraction images of single droplets are recorded using 

single FEL light pulses. 
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Fig. 2. X-ray diffraction images of neat He droplets.  
(A), (B), and (C) represent circular, elliptical, and streaked patterns, respectively, displayed in a 

logarithmic color scale. 3D representations of the droplet shapes have been placed below the 

corresponding images (E-G). (D) shows a droplet outline reconstructed from the diffraction 

pattern in (C) by IFT. Note that the droplet itself is not hollow but filled. 
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Fig. 3. He droplets doped with Xe atoms.  
(A and B) show X-ray diffraction images of doped droplets, displayed in a logarithmic intensity 

scale. (C) depicts the droplet and embedded Xe clusters. (A) and (B) correspond to tilted and 

parallel alignments of the vortex axes with respect to the incident X-ray beam, respectively. 
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Supplementary Materials: 

Materials and Methods 

 

S1. Experimental Technique 

 The He droplet molecular beam experiment has been described previously (20, 29). 

Figure S1 shows a schematic of the vacuum apparatus employed in this work, in which helium 

nanodroplets form upon expansion of high purity (99.9999%) He into vacuum through a nozzle 

(NZ) with a 5 µm nominal diameter and a 2 µm nominal channel length, at a temperature of 5 K 

and a backing pressure of 20 bar. In this work, two different nozzle plates were used to produce 

droplets containing average numbers of He atoms of 
9103HeN  and 

10109HeN , 

corresponding to average radii of 320 nm and 1000 nm, respectively. Average droplet sizes were 

determined by titrating the droplets with Xe atoms using a procedure described in ref. (19).  

Some measurements reported in Figs. S5 and S6 were also performed at higher nozzle 

temperatures. 

For the experiments described herein, the central part of the He beam expansion was 

directed through a 0.5 mm diameter skimmer (SK) and the resulting droplet beam was doped 

with Xe atoms in a 10 cm long pickup cell (PC) placed 15 cm from the droplet source. The 

degree of Xe doping was controlled by varying the Xe pressure in the pickup cell, which was 

measured in absolute units by a membrane manometer. The droplet beam then crossed the 25 

μm2 focus of the X-ray beam from the free-electron laser (FEL) at the interaction point (IP) 640 

mm away from the He nozzle. The FEL was operated at hν = 1.5 keV (λ= 0.827 nm) and 

delivered approximately 1012 photons per 100 fs pulse at a repetition rate of 120 Hz. The 

experiments were performed using the CFEL-ASG Multi-Purpose (CAMP) instrument at the 

Atomic, Molecular, and Optical Science (AMO) beamline of the Linac Coherent Light Source 

(LCLS); for details, see refs. (16-18). Scattered X-rays were detected at small scattering angles 

(< 0.05 rad) using a cooled pnCCD detector with approximately 106 pixels (75×75 µm2/pixel). 

The detector consists of two panels (75×37 mm2 each) separated by about 2 mm and placed 

perpendicular to the X-ray beam at distances of 564 mm and 567 mm behind the scattering 

center (see Fig. S2). Both panels have semicircular cuts to accommodate the primary X-ray 

beam, which crossed the detector approximately in its geometric center. One detected X-ray 

photon results in about 35 units of intensity, as shown by the color scale in Fig. 2 of the main 

article.  

The probability for a droplet to reside in the FEL focal volume during a laser pulse was 

estimated to be less than ≈10-3, using the measured droplet flux (19). This estimate agrees with 

the observed hit rate. Therefore, the probability of finding two droplets in the detection volume is 

negligible (≤10-6) and each diffraction image originates from a single droplet irradiated by a 

single FEL shot. In addition to scattering from He and Xe atoms, many X-ray photons within a 

single FEL shot are absorbed, leading to ionization and, ultimately, disintegration of the droplets 

via Coulomb explosion. The increase in the radius of a droplet due to Coulomb explosion (30) 

during an FEL pulse was estimated to be less than 1%, which is within the uncertainty of droplet 

size determinations in this work. For each hit, the resulting ion distribution was measured using a 

time-of-flight (TOF) mass spectrometer, confirming the purity of the droplets. Therefore, the 

obtained diffraction images represent the shapes of intact, single He droplets in the beam. 
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After passing through the scattering chamber, the droplet beam entered the beam dump 

vacuum chamber, where the beam intensity was monitored via the partial He pressure, PHe. The 

average number of Xe atoms captured per He droplet, XeN , as well as the average droplet size 

before doping, HeN , were estimated by measuring the attenuation of the droplet beam due to 

dopant-induced evaporation of He atoms (19). Upon repeated capture of Xe atoms and 

concomitant evaporation of He atoms, HeN  decreases, as monitored by a reduction in the 

average partial pressure of He in the dump chamber, ΔPHe. The energy absorbed by the droplet 

upon capture of Xe atoms primarily arises from the binding energy released by the formation of 

XeN clusters and the kinetic energy of room-temperature Xe atoms in the pickup cell. Thus 

XeN  can be estimated by 

Xe

He

He

HeHe

Xe
E

E

P

NP
N 


  ,       (S1.1) 

where EHe is the 0.6 meV (31) binding energy of He atoms to the droplet, HeN  is the initial 

average size of the He droplet, and EXe ≈ 0.15 eV is the average total energy released upon 

capture and condensation of one Xe atom. In Fig 3 of the main article, He droplets were doped 

with Xe atoms until about 5% of the He atoms were evaporated. This corresponds to a droplet 

radius reduction of approximately 2%. The doped droplets contained a factor of about 5000 more 

He then Xe atoms. 

 As He droplets capture Xe atoms in the pickup cell, their temperature increases above the 

minimum temperature they reach in vacuum (T = 0.37 K (32)). This temperature rise was 

estimated (19, 31) using the known temperature-dependence of the vapor pressure of He (33) and 

the rate of evaporation of He atoms from the droplet during a time-of-flight through the pickup 

cell of about 600 μs. For all experiments carried out in this work, the droplet temperature in the 

pickup cell did not exceed 0.8 K and remained well below the superfluid transition temperature 

of 2.17 K. 
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Supplementary Text 

 

S2. Scattering of X-Rays by Spheroids 

 S2.1. Rayleigh-Gans Theory for Small Angle Scattering 

 Figure S2 shows the geometry of the FEL X-ray beam scattered by a spheroidal droplet. 

For an optically thin object, each of its volume elements can be considered as an independent 

Rayleigh scattering center for the incident wave (34), which constitutes the so-called Rayleigh-

Gans approximation. The total scattering amplitude is described by the superposition of 

scattering waves from all infinitesimal volume elements of the droplet. The amplitude of the 

scattered wave is given by Eq. (8.1.1) in ref. (34):  

   
















V

dqi de
n

n
kS 






2

1

4

3
2

2
3 .      (S2.1) 

Here, 
 dqie




 accounts for the phase difference between wavelets originating from different 

volume elements with real-space coordinates d


; n is the complex refractive index of the droplet; 

kk


 is the wave number of the incident wave; and q


 is the change of the wave vector upon 

elastic scattering,  2sin2 kq 


, in which θ is the scattering angle.  

 The Rayleigh-Gans approximation holds if 1
12






nR
 (λ: wavelength of light, R: 

typical radius of scattering object). The refractive index of liquid He at hν = 1.5 KeV (λ= 0.827 

nm) is given by   1106.11034.11 85   in . Thus, the Rayleigh-Gans approximation is 

well satisfied for the largest He droplets in this work, with R ≈ 1500 nm, for which 

05.0
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
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. Consequently, the intensity of the scattered light can be obtained from:  
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In Eq. (S2.2), r is the distance between the scattering center and the detector, V is the 

volume of the droplet (Eq. 8.1.5 in ref. (34)), and I0 is the incident photon flux.  P  is the form 

factor ((34), Eq. 8.1.6): 

   
2

2

1



V

dqi de
V

P 


.       (S2.3) 

 

S2.2. Spherical Droplet 

 For a spherical droplet of radius, R, the form factor is: 

 
3

2

2/3

)(

))((

2

9

qR

qRJ
Psphere


  ,       (S2.4) 

in which 
2

3J  is the Bessel function of the order of 3/2 ((34), Table 8.5, p 482). Substituting Eq. 

(S2.4) to Eq. (S2.2) and taking 3

3

4
RVV sphere


  the scattering intensity is: 
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S2.3. Spheroidal Droplets 

 The form factor of a spheroid with symmetry half axis, a, and two equal half axes, b, (see 

Fig. S2) is also expressed in terms of the Bessel function of the order of 3/2 as: 

 
3

2

2/3

)(

))((
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9

u

uJ
Pspheroid


  ,       (S2.6) 

in which ),,,,( 0 baRqu eff  ((34), Table 8.5 p.484). In the limit of small angle scattering, 

the effective radius, Reff , is given by (35):  
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in which   is the angle between the symmetry axis a and the X-ray beam, while Φ and Φ0 define 

the azimuthal angles of q and of the projection of a in the scattering plane, respectively, as 

shown in Fig. S2. Following from Eq. (S2.7), the aspect ratio, A/B, of the elliptical diffraction 

image is given by Eq. (S2.8), 
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b

a

B

A
,     (S2.8) 

in which A and B are the principal image axes. Accordingly, A/B > 1 for oblate spheroids and 

A/B < 1 for prolate spheroids.  

 Equation (S2.7) shows that only the angle Φ0 or (Φ0 + π/2) and the half axes b (which do 

not contain the symmetry axes) can be determined from the elliptical diffraction pattern. In 

contrast, the symmetry half axis, a, and the angle,  , remain interrelated. Therefore, the 

observed elliptic patterns are consistent with both oblate and prolate droplets. For example, the 

pattern in Fig. 2B of the article can be described by (b, Φ0) = (284 ± 5 nm, 0.79 rad) or (247 ± 5 

nm, 2.36 rad) and may originate from either an oblate or a prolate spheroidal droplet with 

    2222 sincos ab = (247 ± 5) nm or (284 ± 5) nm, respectively. Since   remains 

undefined, it follows that only boundary values can be obtained for the symmetry axis a: a  247 

nm or a  284 nm, respectively. In order to estimate the values of b and     2222 sincos ab ,   

the observed diffraction patterns were fitted with Eqs. (S2.6-S2.7) using a non-linear least 

squares procedure. 

 

S3. Wheel-Shaped Droplets 

 Diffraction patterns with streaks, as shown in Fig. 2C of the main article, cannot be fitted 

by ellipses. Streaks are not expected for ellipsoidal bodies of any aspect ratio; their presence 

indicates diffraction from a wheel-shaped droplet with two (nearly) parallel surfaces. In lieu of 

an analytical expression for diffraction from such shapes, we used the inverse Fourier transform 

(IFT) of the square root of the intensity in Fig 2C to obtain the droplet shape. In order to 

reconstruct the phase information, we assumed that the droplet was centro-symmetric, as per a 

classical rotating droplet (22), and was characterized by a real-valued scattering amplitude. 

Accordingly, we assigned alternating (+/-) signs for the scattering amplitudes of consecutive 
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diffraction maxima in Fig. 2C. The outline of a diffracting droplet that has two nearly parallel 

surfaces is shown in Fig. 2D of the main article. The droplet density profile cannot be obtained 

via IFT from the available data due to the loss of low frequency information in the central hole of 

the detector. The pronounced diagonal streak in the diffraction pattern (Fig. 2C) indicates that the 

wheel shape was imaged edge-on within about ± 5 degrees. This tolerance was estimated by 

calculating diffraction patterns from a wheel shaped droplet for different angles between the 

droplet axis a and the X-ray beam. At relative angles beyond ≈ 90 ± 5º, wheel-shaped droplets 

will produce nearly elliptical diffraction images devoid of any streaks. Therefore, in contrast to 

the case of spheroidal droplets, absolute values for both a- and b-axes can be determined for 

droplet images that exhibit pronounced streaks. The two half axes of the wheel-shaped droplet 

were derived from the average distance between the consecutive diffraction maxima along the 

major and minor axes of the diffraction image and were found to be a = (220 ± 15) nm and b = 

(422 ± 10) nm, respectively. These values agree well with those obtained directly from the IFT in 

Fig. 2D (a ≈ 215 nm, b ≈ 430 nm). 

 

S4. Centrifugal Distortion in Rotating Droplets 

 The shape of a classical droplet executing rigid body rotation is defined by the balance 

between the surface tension of the curved droplet and the centrifugal force. According to ref. 

(23), an axially symmetric, rotating droplet can be described by a dimensionless rotational 

number, Σ, which determines the shape of the droplet at angular velocity ω: 










8

32 b
.        (S4.1) 

In Eq. (S4.1), ρ = 145 kg/m3 is the density of liquid helium, b is the equatorial radius of the 

droplet, and σ = 0.354×10-3 N/m is the surface tension of liquid helium (33). The droplet has a 

spherical shape at Σ = 0 and is a spheroid at small Σ. As Σ increases, the figure rapidly departs 

from the spheroidal form: at Σ = 1 the droplet adopts a wheel shape with flat poles; at Σ > 1 the 

droplet develops a dimple that deepens quickly and reduces the polar droplet diameter to zero at 

Σ = 2.33 (23). The shape of a rotating, axially symmetric droplet is given, in terms of Σ, by Eq. 

(A16) in ref. (23). A related quantity, the bond number, Ω, is used in the more recent literature 

(22): 












32

3 V
,        (S4.2) 

Here, V is the volume of the droplet. No droplet is stable beyond the disintegration limit of ΩMAX 

= 0.75. This equation was used to obtain Ω and Σ for droplets as a function of their aspect ratios, 

b/a, as illustrated in Figs S3A and S3B, respectively. These functions were combined with Eq. 

(S4.1) to calculate the droplets’ angular velocities from Σ and the absolute value of b. Cross 

sections of representative droplet shapes are shown in Fig. S4. The shapes of rotating superfluid 

droplets in equilibrium are expected to resemble classical droplets rotating at the same ω due to 

similar velocity fields far from the vortex cores. For example, the shape of a rotating superfluid 

in a cylindrical container adopts a parabolic shape similar to that of a classically rotating liquid 

(2, 7). In principle, deviations from equilibrium conditions, such as a radially varying vorticity, 

may limit the applicability of Eqs. S4.1 and S4.2. The observation of Bragg spots, however, 

suggests that equilibrium can be established within the time-of-flight of the droplets before they 

reach the interaction volume. 
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S5. Fraction of Non-Spherical Droplets 

 The aspect ratio, AR, is defined as the ratio of the semi-major axis and the semi-minor 

axis of a droplet’s projection onto the detector plane. The one-sigma precision of the axis 

determination is ~2 %, resulting in a ~3 % precision for AR. We define non-spherical droplets as 

those whose aspect ratios deviate from AR = 1 by at least two sigma (AR ≥ 1.06). Figure S5 

shows the fraction of non-spherical droplets at different average droplet sizes, obtained from the 

semi-major axis of the droplet’s projection onto the detector. The results are based on the 

analysis of 663 diffraction images of neat He droplets with radii R ≤ 600 nm generated under 

various conditions. Note that the ratios shown in Fig. S5 are lower bounds for the fractions of 

non-spherical droplets, since spheroids with symmetry axes aligned perpendicular to the detector 

will cast circular diffraction patterns independent of their aspect ratios. 

 

S6. Relaxation Time of Different Excitations in He droplets 

 The relaxation times of different types of droplet excitations depend on the droplet’s 

temperature. After formation close to the nozzle, a droplet moving at ≈170 m/s encounters four 

distinct regions during its flight toward the interaction point (Fig. S1):  

Region 1 The distance between the nozzle and the first skimmer (x ≈ 20 mm), which the 

droplet traverses within t ≈ 120 µs;  

Region 2 The region inside the skimmer chamber excluding the pickup cell, x = 370 mm,       

t = 2.2 ms, P = 6×10-4 mbar;  

Region 3 The region inside the pickup cell, x = 100 mm, t = 0.6 ms;  

Region 4 The region inside the scattering chamber before the interaction region, x = 150 mm, 

t = 0.9 ms, P = 10-6 mbar.  

The droplet temperature in Region 1 can be estimated from the local pressure, assuming the 

droplet temperature is defined by the saturated vapor pressure (33). The local pressure in the 

nozzle chamber is estimated to be about 10-2 mbar. Therefore, in Region 1, the temperature drops 

from 5 K close to the nozzle to ~0.9 K at the skimmer. The temperatures T2 and T4 in Regions 2 

and 4, respectively, are estimated from the collision rate (19) to be 0.7 K and 0.4 K, respectively. 

Finally, during the doping in the pickup cell, the temperature of the droplets increases to T3 ~0.8 

K. 

 

S6.1. Droplet Shape Oscillations 

The lifetime of the shape oscillations in a viscous droplet of radius, R, having kinematic 

viscosity,  , is given by (36): 

   





112

2

ll

R
SO   ,       (S6.1) 

where l is the order of the excitation and l = 2 represents the lowest quadrupolar droplet 

excitation. Equation (S6.1) holds when the mean free path of the droplet’s elementary 

excitations, λ, is smaller than the droplet’s radius. For a representative droplet in this work, with 

R = 500 nm, Eq. (S6.1) is valid at T > 0.9 K. At lower temperatures, the mean free path of the 

elementary excitations grows larger than the droplet size and Eq. (S6.1) should be replaced by 

one applicable to the molecular dissipation regime. It is clear that Eq. (S6.1) applies to Region 1. 

Calculations at T = 0.9, 1.5 and 3.0 K (ν = 4.3×10-8, 9.3×10-9 and 2.5×10-8 m2/s, respectively 

(33)) give SO  = 1.2×10-6, 5.4×10-6 and 2.0×10-6 s, respectively. These results are in good 

agreement with experimentally determined lifetimes of quadrupole excitations in magnetically 

levitated He droplets with R = 2.3 mm at T = 0.65 – 2 K upon appropriate R2 scaling (37). 
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Therefore, we conclude that the shape oscillations decay much faster than the flight time through 

Region 1 of about 10-4 s. The large fraction of nearly spherical (AR < 1.06) droplets in the beam 

provides additional support for fast quenching of shape oscillations. Droplet generation in the 

breakdown of a liquid jet (19) most likely leads to a substantial degree of shape oscillations in 

the vast majority of droplets near the nozzle. These oscillations must decay before the interaction 

region because the majority of observed droplets are spherical (see Fig. S5). Therefore, we 

ascribe all deformations to oblate rotating droplets. 

 

S6.2. Vortex Dynamics 

It is likely that vortices form in rotating droplets upon cooling to temperatures below Tλ, 

although neither the point along the expansion line where the vortices nucleate nor the 

corresponding temperature of the droplets is known. Such a transition may proceed via an 

intermediate turbulent state (27-28). Excitations may also take the form of Kelvin waves on the 

vortices as well as vortex density waves.  

 The lifetime of vortex Kelvin waves of wavenumber k due to interaction with thermal 

elementary excitations is given by (38)  













ka
k

s
KW

2
ln

4

2


  ,       (S6.2) 

where ρs is the superfluid density, γ is the temperature dependent mutual friction coefficient (39) 

and a ≈ 0.1 nm is the radius of the vortex core. Taking the smallest possible wavenumber 

corresponding to a wavelength twice the droplet’s diameter, Rk 2 , then at T = 0.5, 0.9 and 

1.5 K, the lifetimes are KW  = 2.3, 9×10-3 and 2.5×10-5 s, respectively. The relaxation time 

increases rapidly with decreasing temperature and exceeds the droplet time of flight of ~4 ms 

near 1 K. Therefore, Kelvin waves with long wavelengths may persist into the interaction region, 

distorting the shape of the vortices from equilibrium. The termination of vortices at the droplet’s 

surface may lead to relaxation due to interaction with surface ripplons, thus shortening this 

lifetime. However the corresponding mutual friction coefficients remain unknown. 

 Relaxation times of density waves in the vortex lattice, DW , also affect the droplet 

dynamics. For a breathing mode of a vortex lattice in a cylinder filled with superfluid (2, 7), the 

lifetime is given by: 











2

s
DW  ,        (S6.3) 

where Mh  is the quantum of circulation and ω is the angular velocity. Taking ω = 107 s-1, 

at T = 0.5, 0.9 and 1.5 K, Eq. (S6.3) gives DW  = 0.07, 3×10-4 and 8×10-7 s, respectively. The 

relaxation time is, therefore, fast compared to the flight times in the expansion region and slow in 

the high vacuum regimes.  

 The establishment of quantum rotation via formation of a vortex array may proceed 

through a stage of quantum turbulence characterized by chaotic motion of vortex lines in the 

velocity fields of the other lines (27-28). Numerous experiments have demonstrated that the 

mean square vorticity, L, defined as the average length of vortex lines per unit volume, decays at 

long times (t >> 0) according to Eq. (S6.4) (28): 
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In this expression, d is the characteristic size of the system, usually associated with the container 

diameter for experiments using bulk LHe, taken here to be the droplet diameter, and C is the 

Kolmogorov constant usually estimated to be C ≈ 1.5. From a recent study of quantum 

turbulence at temperatures down to 0.08 K (28), Eq. (S6.4) was found to be still valid. However, 

the effective kinematic viscosity coefficient at T < 0.8 K is ≈ 3×10-3 m2/s, a factor of 30 less than 

at T > 1 K. This effect was attributed to dissipation of small wavelength Kelvin waves by 

emission of phonons at low temperatures. Equation (S6.4) shows that the length of the vortex 

lines in turbulent flow drops by a factor of 1000 between 10-5 s and 10-3 s.  

From the above discussion we conclude that initial turbulence in the beam, which may 

affect the superfluid transition in rotating droplets and the formation of vortex lines, decays 

before the interaction point. However, the vortices may still contain some degree of Kelvin wave 

and density wave excitations. The corresponding degrees of these excitations cannot be 

estimated because the nucleation point of the vortices along the cooling curve is unknown. Even 

so, the observation of a hexagonal vortex lattice, as in Fig. 3B, indicates that droplet excitations 

have sufficiently relaxed for the formation of vortex lattices to occur.  

 

S7. Fraction of Large Droplets with Vortex Lattices 

In general, the Bragg spots are found by determining where the surface of an Ewald 

sphere, having in our case a radius of 60.72  EK nm-1, intersects the reciprocal lattice 

structure, which is related to the direct space structure by Fourier transform. The reciprocal 

lattice of a hexagonal vortex lattice is approximated by a two dimensional hexagonal lattice. The 

experimental images correspond to intersections at different polar, θ, and azimuthal, φ, angles, 

defined by the vortex array orientation with respect to the incoming X-ray beam. In the case of a 

hexagonal reciprocal lattice, a hexagonal diffraction pattern will be obtained if the X-ray beam 

impinges perpendicular to the reciprocal lattice plane at θ = 0, such as observed in Fig. 3B. The 

intensity of the Bragg spots decreases upon increase of the scattering angle due to the effect of 

the curvature of the Ewald sphere and the finite size of the diffracting Xe clusters trapped inside 

vortices. At θ ≠ 0, a series of intense spots lying approximately on a line arises at some favorable 

values of φ, such as in Fig. 3A. Finally, at the majority of θ and φ values, the Ewald sphere does 

not cut through any dots in the reciprocal lattice and no Bragg spots are observed. Using 

arbitrary values of θ and φ, and assuming that a droplet contains a hexagonal array of 100 

vortices, the probability for obtaining a hexagonal pattern is estimated to be about 10-3, whereas 

a linear pattern has a probability of about 0.1, in agreement with its much more frequent 

occurrence. 

In total, approximately 5% of the images of doped droplets exhibit Bragg spots, 

suggesting that approximately 50% of all droplets contain Xe cluster arrays and therefore vortex 

lattices. These results are based on the observation of 2030 diffraction images of doped droplets.  

 

S8. Appearance of Bragg Spots. 

Figure S6 shows a distribution of observed Bragg plane densities. The plot results from 

analyzing 69 diffraction images obtained from doped He droplets, for which both the separation 

between Bragg planes and the droplets’ radii could be determined from the diffraction rings, 

such as in Figures 3A and 3B of the main article. In addition, some images contained clear Bragg 
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spots, but the droplet diffraction rings could not be resolved due to low intensity or insufficient 

spatial resolution of the detector. The value  223 l  is plotted against the average droplet 

radius, where l is the distance between Bragg planes. For the (1,1) Bragg planes in equilateral 

triangular lattices,   is equal to the vortex density, Vn . However, because the overwhelming 

majority of Bragg spots appeared as in Fig. 3A and could not be indexed, the value of 

represents an upper boundary for Vn .  
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Fig. S1. Schematic of the He droplet apparatus. 

The nominal turbo-molecular pumping speeds in each vacuum chamber are given in L/s, and the 

diameters of the skimmers and the apertures are given in mm. Labels used in the figure: NZ is 

the cold nozzle; SK1 and SK2 are the skimmers; PC is the pickup chamber with Xe inlet and 

pressure sensor tubes; PC AP1 and PC AP2 are the pickup cell apertures; IP is the interaction 

point with the X-ray beam, which enters perpendicular to the plane of the drawing; TOF is the 

time of flight mass spectrometer; AP3 and AP4 are the downstream apertures; FLAG is the 

beam shutter; and QMS is the quadrupole mass spectrometer.  
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Fig. S2. Scattering of the X-ray beam by a spheroid. 
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Fig. S3. Aspect-ratio dependence of angular velocity.  

(A) Bond number, Ω, and (B) rotation number, Σ, as functions of the aspect ratio b/a for axially 

symmetric, rotating helium droplets. 
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Fig. S4. Cross sections of rotating axisymmetric droplets. 

Corresponding values of Σ are indicated. All droplets have the same volume.  
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Fig. S5. Size-dependent fraction of non-circular diffraction patterns. 

Different droplet sizes are defined by the semi-major axis of the droplet’s projection onto the 

detector. The histogram results from analyzing 663 diffraction images obtained from neat He 

droplets. Error bars indicate one-sigma statistical uncertainties. 
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Fig. S6. Vortex Bragg plane density  223 l  versus average droplet radius. 

The parameter l is the distance between Bragg planes. The plot results from analyzing 69 

diffraction images obtained from doped He droplets for which the droplets’ radii could be 

determined. 
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