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Superfluidity of liquid helium
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Flow without viscosity

4He phase diagram

etc.

What is superfluid?

Firstly realized in liquid 4He

Bosonic nature 
(Delocalization of atoms)

Differences from classical liquids
1. Remains liquid at T=0 (at p=0)

2. Becomes superfluid at T = 2.17K



Capturing molecules in He droplets
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Molecular isolation is easy!

molecule

Superfluid nano He droplet

collisional 
capturing

pulsed valve (Parker Series 99) with a Kel-F poppet is
mounted to the low temperature stage of a closed-cycle
He cryocooler (Sumitomo RDK 408D2). To improve the
cooling of the nozzle, its faceplate is machined from
copper with an inserted stainless-steel piece which pro-
vides the sealing to the main valve body. The valve opening
is a 0.8 mm diameter hole followed by a 90!, 1 cm long
cone. The valve temperature can be adjusted between 4.7 K
and 30 K, the helium pressure can be regulated up to
50 bar, and the valve is typically operated with " 200 !s
long pulses at a 4 Hz repetition rate. Five centimeters
downstream from the nozzle, the beam is skimmed
(Beam dynamics model 2, 2 mm opening) and enters the
ion trap. The droplets move slowly (" 200–300 ms# 1);
however, their mass can be large and so will be their kinetic
energy. When a droplet picks up an ion, the kinetic energy
of the doped droplet will exceed the longitudinal trapping
potential energy and, inside the droplets, the ions can leave
the trap. The ion-doped helium droplets pass straight
through the bender and can be analyzed and detected
further downstream. The charged droplets can be deflected
by applying voltages to a pair of parallel metal plates, and
the ion current can be measured 50 cm after the plates on a
movable copper plate. Because of the high droplet mass in
these experiments, it is not possible to use sensitive
charged particle detectors that rely on electron release
from a surface upon ion impact as the first step. Instead,
the direct ion current is measured via a current to voltage
amplifier. Two types of amplifiers are used. One (FEMTO
DLPCA-200) has a calibrated maximal gain of 1011 V=A

and a bandwidth of 1.1 kHz. The other one (AMPTEK
A250) provides a better signal to noise; however, it is not
calibrated and is the one used in most of the here presented
experiments.
In a typical experiment, a pulse of He buffer gas is

injected into the ion trap. Incoming ions with a kinetic
energy just barely above the trapping potential energy lose
energy via collisions and are stored in the trap. After a few
seconds, depending on the ion current, the number of ions
in the trap increases no further as presumably the space-
charge limit (106–107e$ cm# 3) is reached. Then, the
bender is turned off, helium droplets are generated for 15
seconds and the ion current of charged droplets is mea-
sured as a function of time after valve opening. After these
15 seconds, the number of ions in the trap is reduced by the
helium droplets to about 50% of its initial value (measured
in the time of flight mass spectrometer) [21] and the cycle
is repeated after reloading the trap. At the ion densities in
the trap, the pickup of multiple ions is unlikely.
The experiments are performed on droplets doped with

protonated singly charged phenylalanine (Phe) as well as
with the 104 amino acid protein cytochrome C (CytC) in
different charge states. This protein (Aldrich, horse heart)
has a mass of 12 327 amu and is known to be present in a
broad range of charge states after electrospray, ranging
from z ¼ þ 9 up to z ¼ þ 17. In these experiments, the
charge states z ¼ þ 9, þ 14, and þ 17 are selected.
In Fig. 2(a), time of flight profiles of helium droplets

doped with CytC in the charge state þ 14 are shown as a
function of source temperature T0. At early times, an
interference caused by the trigger pulse of the valve can
be observed. The ion signal appears at around 8 ms and has
a width of " 1 ms. Measuring the current with the cali-
brated amplifier gives peak currents of up to " 20 pA,

L2

L1

ze/t

L1

L2

CytC-doped
He droplet

FIG. 1 (color online). Scheme of the experimental setup. Ions
are brought into the gas phase via electrospray ionization, are
mass-to-charge ratio selected by a quadrupole mass spectrometer
and stored in an ion trap. Helium droplets can pick up those ions
and after some distance downstream, the direct ion current is
measured. Electric field deflection can be used to determine the
droplet size distribution (see text).
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FIG. 2 (color online). (a) Time of flight profiles of CytC ions
(z ¼ þ 14) embedded in He droplets. The He droplets are
produced at P0 ¼ 30 bar and varying source temperatures T0

from 5 K to 11 K. With increasing T0 the peak shifts to earlier
arrival times. A considerable portion of the peak widths can be
attributed to the time response of the current amplifier. Measured
velocities [(blue) points and curve] of ion-doped helium droplets
as a function of source temperature T0 (b) and pressure P0 (c).
Also shown are predictions for an ideal He gas expansion
[(green) solid curve] as well as a liquid expansion [(red) dashed
curve] following the Bernoulli expression.

PRL 105, 133402 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

24 SEPTEMBER 2010

133402-2

12.3 kDa

Typical size: 10 nm

Atoms to protein molecules



Droplet production

Temperature 
/ K

Time / s
10-7 10-6 10-3

4He

3He
0.37 K

0.14 K
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Theory 
Stringari et al. Z. Phys. D 15, 257 (1990)

“Molecular beam” =  
Nozzle expansion of cold, high-pressure gas

Evaporative 
cooling

adiabatic 
expansion

clustering

0.37 K within ~10 µs 
=> Superfluidity

Expansion 
start

Phase diagram

Gas

Liquid

Solid

HeII

HeI T =     10             21
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Molecular rotation in He droplets
SF6 rotational spectroscopy

Hartmann et al, Phys. Rev. Lett. 75, 1566 (1995)
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0.1 cm-1

1. Droplet temperature can be determined from 
rotational population of the dopant molecules.

Two important issues were found.
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T = 0.37 K➠

2. Rotational constants decreases by about 1/3.

B = ~2/2Irotational 
constant

6–8 He atoms attached➠
Theory (PIMC):  

Whaley et al. (2000)
“Thermometer”

Increase in the “effective” moment of inertia

“Helium response”E = BJ(J + 1) +DJ2(J + 1)2

Rotational lines!



Superfluidity of helium droplets

�10

Compare 3He and 4 He droplets
Tennis and Vilesov, Science 279, 2083 (1998). 

OCS in 4He/3He droplets

Angew. Chem. Int. Ed. 2004, 43, 2622 – 2648

Phase diagrams4He (boson) 3He (fermion)

1. Sharp rotational structure originates 
from the superfluidity of helium droplets.

super 
-fluid

normal 
fluid ※  mK で超流動転移

superfluid

normal fluid

su
pe

rfl
ui

di
ty 2. N = 60 4He atoms are required to 

observe the superfluid character.

Size effect bridging over the neighboring hierarchies
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Relation between micro–&macroscopic
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Response to molecular rotation

Microscopic probe of superfluidity

➠

Macroscopic superfluidity

thin-spaced 
disks

rotation

Flow without viscosity

in superfluid He (bulk)

mm scale

& 
fountain effect 
second sound 

etc…

Andronikashvili’s 
experiment

Microscopic superfluidity

Macroscopic effects

?

“two-fluid model”

Quests for the next stage of understanding superfluidity in helium droplets
New probe of 

microscopic superfluidity
Superfluidity in 
large droplets

N = 105

Other superfluids



Rotational probe of molecules
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ν4 of CH4 in He droplets with NHe = 2000

peaks 
in gas

Narrow linewidth < 100 MHz

ν4 
bend

Aakash, Kuma et al., Phys. Rev. A 84, 020502 (2011)



Results
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ν4 of CH4 in He droplets with NHe = 2000

peaks 
in gas

Narrow linewidth !

ν4 
bend

Aakash, Kuma et al., Phys. Rev. A 84, 020502 (2011)
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Asymmetric shape
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Frequency (ν)

I(ν)

c(
t)

t

c(t)

ν′ = ν0

Δ > 0

Lineshape analysis for dynamics
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I(⌫) / Re

Z 1

0
c(t)e�2⇡i⌫tdt

�
c(t) = hµ̂(0)µ̂(t)i = exp(2⇡i⌫0t) exp(�2⇡�t)

Apkarian et al. 
[JCP 133, 054506(2010)]

Fourier  
transform

Lineshape Correlation function  
of the dipole moment

c(t) = hµ̂(0)µ̂(t)i = exp(2⇡i⌫0t) exp(�2⇡�t)

Dynamically skewed spectral 
lines arise for chirped damped 
oscillators.

⌫0(t) = ⌫c +�[1� exp(�2⇡�t)]

Asymmetric 
lineshape



Results of skewed line analysis
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contrary, the “mirror image” lineshapes of the P and R
branches of OCS in large droplets toward the vibrational
band origin have not been explained clearly until recently.
van Staveren and Apkarian [27] have interpreted the mir-
ror image asymmetry for OCS in He droplets as arising
from the chirping of effective rotational frequencies due
to the delayed response of He environment surrounding
He shell upon rotational excitation. We found that the
model explains the line asymmetries for CH4, a light ro-
tor case, as well as described below.
The lineshape I(ν) of the frequency domain spec-

trum is related to the time correlation function c(t)
of a dipole operator µ̂ via the Fourier transformation,
I(ν) ∝ Re

[∫∞

0
c(t)e−2πiνtdt

]

, where c(t) = ⟨µ̂(0)µ̂(t)⟩ =
exp(2πiν′t) exp(−2πγt) with ν′ and γ being the fre-
quency of the dipole oscillation and its decay rate, respec-
tively. The value 2γ is the FWHM of the frequency do-
main spectrum. In condensed phase spectroscopy, when
there is a lag in the response of environment upon pho-
toexcitation, the frequency ν′ becomes time-dependent.
We assume [27] that the change of ν′ in time is given by
ν′(t) = νc +∆[1 − exp(−2πβt)], where the frequency ν′

changes from ν′(0) = νc to ν′(∞) = νc +∆. The param-
eter β represents the damping of the frequency chirping.

TABLE I. The fitted lineshape parameters. (Deleted 16K
data)

Parameters
νc (cm−1) a γ (MHz) ∆ (MHz) β (MHz)

P (2) 1295.9475(25) 160.5 −68.8 47.5
P (1) 1300.4409(11) 36.1 0 −

Q(1) 1305.7325(32) 32.0 0 −

R(0) 1311.0918(5) 40.0 0 −

R(1) 1315.8753(19) 76.3 59.0 35.9

a The average value of several measurements. The standard
deviation (1σ) for the last digit is given in parentheses (also in
Table II).

The observed spectral lines in Fig. 1 were analyzed
by this model with νc, ∆, β, and γ as parameters for
a least-squares fitting. The determined parameters are
listed in Table I. As shown in Fig. 1 with red traces, the
model reproduces the observed shape quite well. Since
there were no differences in the frequencies νc at any
T0, νc values in Table I are given by the average values
of several measurements at different values of T0. The
parameter ∆ for P (1), Q(1), and R(0) at T0 = 11 K was
fixed to zero, as their lineshapes are almost symmetric.
At T0 = 11 K, It is found that the parameter∆ is about

60 MHz for both P (2) and R(1) lines, but with opposite
sign. The up-chirp (∆ > 0), which is associated with
R(1) (∆J = 1), and down-chirp (∆ < 0), which is asso-
ciated with P (2) (∆J = −1), imply that dωCH4

/dt > 0
after the excitation in the former case, and dωCH4

/dt < 0
in the latter, where ωCH4

is the angular velocity of the

rotor. The temporal change of the frequency is associ-
ated with the change of the effective moment of inertia
of the system, Ieff = ICH4

+ IHe. As ICH4
is regarded

a constant, changes in Ieff are attributed to the changes
in IHe, which is related to the change of the fraction of
normal component around the rotor upon rotational ex-
citation. The normal fraction around CH4 is expected
to be < 5 % [6, 7] but its change is still detected as the
parameter ∆, owing to the extremely sharp linewidths in
these transitions. Our analysis shows that Ieff decreases
as the rotational angular momentum J increases, which
in turn indicates that the normal fraction decreases as
ωCH4

increases. This is consistent with the nature of
the rotor-superfluid interaction as a faster rotor couples
more weakly to the environment and therefore, the nor-
mal fraction is less at the equilibrium [28]. It should
be noted that the physical meaning of the parameter ∆
in the present system is completely different from that
in the case of OCS previously analyzed [27]. OCS is a
heavy rotor, so that the first shell of He atoms bounded
strongly to OCS without having superfluid nature. The
change in IHe in the OCS case is mostly the change of
the structure of the normal He atoms in the first shell,
and therefore it carries less information on the superfluid
nature. As expected, Naturally, the ∆ values for OCS
is significantly bigger than that for the present system.
are much smaller than that for the heavier OCS molecule
[27].
This analysis does may not contradict the fact that

the centrifugal distortion D is a large positive value (see
Table II). The positive D and positive ∆ for the ∆J = 1
transition imply that the rotor pushes away the surround-
ing He atoms immediately upon rotational excitation due
to the increase of the angular velocity, which results in
a delayed decrease of the equilibrium normal fraction
around the rotor. It should also be mentioned, however,
that the sign and magnitude of D are not simply related
to the change of the moment of inertia, as it is an effective
constant, which renormalizes the anisotropic potential ef-
fects into the kinetic parameters [4].
The damping rate 2πβ of the chirping was ∼250 MHz

for both P (2) and R(1) at T0 = 11 K, corresponding
to a response time of 4 ns. The main contributions to
this response time are thought to be from the exchange
between normal and superfluid fractions, and the rear-
rangement of He structures upon excitation. The slow
response time (∼ns) is a hallmark characteristic of a su-
perfluid system, as the the motion of nuclei in classical
fluids happens on the timescale of picoseconds or faster
[29]. This is the first direct observation of the dynam-
ical response time of a superfluid, which demonstrates
that the high-resolution spectroscopy of a light rotor is a
powerful tool for the study of microscopic superfluidity.
The shape in small droplets at T0 = 16 K should be

interpreted as a convolution of both the chirped rotor and
the statistical distribution. If we analyze with the chirped

� > 0

� < 0

�17

⌫0(t) = ⌫c +�[1� exp(�2⇡�t)]

time0 10

J = 2

En
er

gy
Skewed parameters

Mechanism

J = 1 20 ns

⌫0(t) = ⌫c +�[1� exp(�2⇡�t)]

R(1) case  
ΔJ = +1

Increase in the rotational constant  
after the transition (rotor speed-up)

Decrease in the moment of inertia

Detachment of He atoms 
Normal- to superfluid transition

➠
➠10 ns adiabatic response

Aakash, Kuma et al., Phys. Rev. A 84, 020502 (2011)



Summary of the CH4 skewed lineshape

• CH4, light rotor: sensitive probe of superfluid response of helium 
droplets. 

• Skewed lineshape: the dynamics in the surrounding helium 
environment. 

• Finite time (nanosecond) adiabatic response of helium in the 
normal- to superfluid transition
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Superfluidity of p-H2?

�19

Ginzburg & Sobayanin (1972)electron
proton

Composite bosonH2

= Candidate for molecular superfluidity

Idea

Superfluid transition temperature TS

TS =
3.31�2

kB

n2/3

g2/3m

n: density 
m: mass 

g: degeneracy 

Species Ts (pred.)
4He 3.1 K (2.2 K, obs.)

H2, para 6 K
H2, ortho 1.5 K

Next candidate

Supercooled H2 Clusters  
in He droplets @ 0.4 K
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“Lifetime” of He droplets

 28

Typically 1 millisecond. wall

To extend it more, bend the flight path!?



RIKEN Cryogenic Electrostatic Ring

RICE

T = 4 K

• Circulation of ions by 
electrostatic fields only 

• Mass-independent 
• Low-T, Low-P

P < 10-10 Pa



RIKEN Cryogenic Electrostatic Ring

RICE
ion-doped  
droplets



Colder droplets expected in the ring 

Temperature 
/ K

Time / s
10-7 10-6 1 ms

4He

3He

0.4 K

 31

Theory:  
Stringari et al. (1990)

Evaporative 
cooling

Adiabatic 
nozzle expansion

Clustering
Expans

ion 
start

0.4 K: 
determined by thermal balance 
of evaporation vs internal energy in 1 ms

1 s

0.2 K

Colder droplets 
More superfluid
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HE DROPLET MACHINE @ RIKEN

Photoionization of molecules

 in He droplets

Aniline+-He68



≥ 1 of the diffraction contours quantifies the dis-
tortion 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 from either a spherical droplet
with R = a = b = 298 T 5 nm or 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 spheroidwith b= 284 T 5 nm
and a ≤ 0.87b = 247 T 5 nm [section S2 of (21)].
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 [sec-
tion S3 of (21)]. The droplet is wheel-shaped with
two nearly parallel surfaces andhalf-axesa=220 T
15 nm and b = 422 T 10 nm. The intense diagonal
streak in Fig. 2C indicates that the droplet was
imaged edge-onwithin T 5° [see section S3 of (21)].
Thus, values for both a and b can be determined.

Our measurements reveal that, on average,
~40% of He droplets [section S5 of (21)] in the
beam are not spherical, as was previously as-
sumed (20), but are better represented by
spheroids or wheel shapes. In general, a droplet
may acquire a nonspherical shape due to rota-
tional or vibrational excitation. However, our
estimates show that vibrational shape oscilla-
tions should decay before the interaction point
[section S6 of (21)]. Therefore, the elliptical and
streaked diffraction patterns are ascribed to ob-
late rotating droplets. The droplet rotation prob-
ably originates from inhomogeneous flow of helium
through the nozzle during the expansion (15).

SCIENCE sciencemag.org 22 AUGUST 2014 • VOL 345 ISSUE 6199 907

RESEARCH | REPORTS

Fig. 1. Experimental setup. (A) Rotating droplets are produced by expanding He fluid into a vacuum through a 5-mm 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 Tl. (C) Droplets are doped with Xe atoms in a cell
filled with Xe gas. (D and E) X-ray diffraction images of single droplets are recorded using single FEL light pulses.

Fig. 2. X-ray diffraction images of neat He droplets. Images in (A) to (C) represent circular, elliptical, and streaked patterns, respectively, displayed in
a logarithmic color scale. (D) Image showing a droplet outline reconstructed from the diffraction pattern in (C) by IFT. Note that the droplet itself is not
hollow but filled. (E to G) 3D representations of the droplet shapes in (A) to (C) have been placed below the corresponding images.

Direct observation in He droplets

 35
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32. We also performed the opposite experiment, in which the
control pulses were always s−, and the target pulse was half of
the times s+ and half of the times s−. The obtained results
were completely consistent with the ones presented here.
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HELIUM SUPERFLUIDITY

Shapes and vorticities of superfluid
helium nanodroplets
Luis F. Gomez,1* Ken R. Ferguson,2 James P. Cryan,3 Camila Bacellar,3,4

Rico Mayro P. Tanyag,1 Curtis Jones,1 Sebastian Schorb,2 Denis Anielski,5,6

Ali Belkacem,3 Charles Bernando,7 Rebecca Boll,5,6,8 John Bozek,2 Sebastian Carron,2

Gang Chen,9† Tjark Delmas,10 Lars Englert,11 Sascha W. Epp,5,6 Benjamin Erk,5,6,8

Lutz Foucar,6,12 Robert Hartmann,13 Alexander Hexemer,9 Martin Huth,13 Justin Kwok,14

Stephen R. Leone,3,4,15 Jonathan H. S. Ma,3,16 Filipe R. N. C. Maia,17‡ Erik Malmerberg,18,19

Stefano Marchesini,9,20 Daniel M. Neumark,3,4 Billy Poon,18 James Prell,4 Daniel Rolles,6,8,12

Benedikt Rudek,5,6§ Artem Rudenko,5,6,21 Martin Seifrid,1 Katrin R. Siefermann,3‖
Felix P. Sturm,3 Michele Swiggers,2 Joachim Ullrich,5,6§ Fabian Weise,3¶
Petrus Zwart,18 Christoph Bostedt,2,22# Oliver Gessner,3# Andrey F. Vilesov1,7#

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. In this work, we used
single-shot femtosecond x-ray coherent diffractive imaging to investigate the
rotation of single, isolated superfluid helium-4 droplets containing ~108 to 1011 atoms.
The formation of quantum vortex lattices inside the droplets is confirmed by
observing characteristic Bragg patterns from xenon clusters trapped in the vortex
cores. The vortex densities are up to five orders of magnitude larger than those observed
in bulk liquid helium. The droplets exhibit large centrifugal deformations but retain
axially symmetric shapes at angular velocities well beyond the stability range of
viscous classical droplets.

T
he discoveries of superconductors, super-
fluids, and Bose-Einstein condensates (BECs)
(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): It
lacks any viscosity below a critical temperature
of Tl = 2.17 K, and its motion is described by a
single wave function (1, 2, 5–7). Isolated He
nanodroplets were employed to study the onset
of superfluidity through the observation of fric-
tionless, quantized rotation of embedded mole-
cules surrounded with varying numbers of 4He
atoms (8). However, the unambiguous demon-
stration of a quantum mechanical state of mo-
tion 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 ro-
tation in superfluid droplets. Calculations pre-

dict that vortices may exist in 4He droplets as
small as a few nanometers in diameter (11–13),
but experimental studies of this elusive phenom-
enon remain challenging (14). Recently, traces of
vortices were detected in He droplets ~1 mm in
diameter (15). However, these exploratory experi-
ments did not provide detailed hydrodynamic
properties of the spinning droplets, such as their
shapes or the spatial arrangements of the vor-
tices they contain. In this work, we studied the
rotation of single, isolated superfluid He nano-
droplets via coherent scattering of x-rays from a
free-electron laser (FEL) (16–18). Figure 1 illus-
trates the experiment, in which 4He droplets with
radii R = 100 to 1000 nm [number of He atoms
(NHe) = 108 to 1011] were produced upon frag-
mentation of liquid helium expanding into a
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 FELbeam[photon energy= 1.5 keV,
wavelengthl =0.827nm].Diffraction imageswere
recorded with a pn-junction charge-coupled device
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 diam-
eter (7), which does not provide sufficient contrast
for direct detection by x-ray scattering. There-
fore, the droplets are doped with Xe atoms (NXe ≈
10−3NHe), which cluster along the vortex cores
(10, 15) and act as a contrast agent.
Diffraction images of individual neat helium

droplets are shown in Fig. 2, A to C. The circular
and elliptical diffraction contours in Fig. 2, A and
B, are consistentwith diffraction from spheroidal
droplets with a symmetry half-axis a and two
equal perpendicular half-axes b (fig. S2). The as-
pect ratio AR = (long half-axis)/(short half-axis)
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The shapes adopted by the rotating quantum
droplets display similarities andpointed differences
when comparedwith their classical counterparts. A
classical droplet, rotating as a rigid body, can be
described by the reduced angular velocity

W ¼
ffiffiffiffiffiffiffiffiffiffi
3rV
32ps

r
w ð1Þ

which defines the droplet’s aspect ratio (22, 23).
Here, r is the density, s is the surface tension, V
is the volume of the droplet, and w is its angular
velocity. No droplet is stable beyond the dis-
integration limit of WMAX = 0.75. At small W, a
droplet has a spheroidal shape. BeyondW = 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. Multilobed droplet shapes emerge at even
higher W (22–24). In this work, we observe
axially symmetric droplets with aspect ratios as
high as b/a = 2.3, corresponding to W = 0.71
[section S4 of (21)], which is considerably higher
than the shape instability threshold of classi-
cal droplets. No evidence for multilobed 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 WMAX.
The angular velocities (w) 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 w = 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

nV ¼ 2wM
h

ð2Þ

Here,M is themass of the 4He atom, h is Planck’s
constant, and nV 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 ofnV = 2.8× 1014m–2

and a total number of vortices of NV = pb2nV =
160. Evidently, droplets in the beam are charac-
terized by a substantial degree of rotational ex-
citation 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 drop-

lets 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 mm. These numbers are
consistent with the condensation of Xe atoms
along the cores of multiple parallel vortices ar-
ranged 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 an-
gles between the x-ray beam and the vortex lines.
The actual shape of the vortices cannot be de-
termined 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
~50% of droplets contain vortex lattices [section
S7 of (21)].
The identification of quantum vortices pro-

vides direct evidence of the superfluidity of He
nanodroplets. The appearance of triangular vor-
tex arrangements agrees with previous observa-
tions of triangular arrays of quantum vortices in
rarified BECs (25, 26). The diameters of the
vortex cores in superfluid He, however, are small
compared with the droplet sizes and the vortex
length scales, which can lead to extended, three-
dimensional (3D) vortex arrangements.
The diffraction pattern in Fig. 3B provides a

direct measure of the vortex density, nV = 4.5 ×
1013 m–2, and the droplet radius, b = 1100 nm,
corresponding to a total number of vorticesNV =
170. The angular velocity of the rotating droplet
is w = 2.2 × 106 s–1 (Eq. 2). The diffraction rings in
Fig. 3B are circular within the experimental res-

olution (~3%). This observation and, in particular,
the emergence of the triangular Bragg pattern,
indicate that the droplet was imaged almost ex-
actly along the a axis. From the angular velocity
and the equatorial radius b, the aspect ratio and
reduced angular velocity of the droplet are es-
timated to be AR = 1.34 and W = 0.50, respec-
tively [section S4 of (21)]. These values fall well
within the axisymmetric shape stability limits for
rotating droplets. The vortex density in this drop-
let is about five orders of magnitude larger than
previously observed in rotating bucket experi-
ments with bulk superfluid helium (9, 10). These
numbers demonstrate that superfluid He drop-
lets provide access to unexplored regimes of ro-
tational excitation in quantum liquids. It is
intriguing that, although observation of the wheel
shapes in smaller droplets (b ≈ 300 to 400 nm)
indicates the existence of high vortex densities in
the range of nV ≈ 3 × 1014 m–2, no corresponding
Bragg patterns were observed in these droplets
[section S7 of (21)]. This may indicate that vor-
tices 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 nonequilibrium states, which
may be related to quantum turbulence. However,
estimates [section S6 of (21)] show that turbu-
lence, which accompanies establishment (27) or
breakdown (28) of equilibrium quantum rota-
tion, decays before the interaction point. Hydro-
dynamic instability of the droplet shape at high
angular velocities may also disrupt vortex ar-
rays. The possibility for the formation of non-
stationary vortex states in superfluid heliumhas
been discussed (6) but has never been confirmed
experimentally. In addition, BECs at high w are
predicted to undergo a quantum phase transi-
tion into a highly correlated nonsuperfluid state
devoid of any vortices (26). It would therefore be
interesting to explore whether similar concepts
apply to rotating He droplets at high w.
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Fig. 3. He droplets doped with Xe atoms. (A and B) X-ray diffraction images of doped droplets, displayed in a logarithmic intensity scale. (C) Droplet and
embedded Xe clusters. Images in (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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Microscopic probe of superfluidity 
‣ Rotational response 
‣ New superfluid of molecular hydrogen

He droplets are unique nano-size superfluid systems.

On-going efforts 
‣ Slow dynamics with storage ring 
‣ Direct probe of quantized vortices
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