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Liquid helium



Helium II
He II is often described by using the two-fluid model

• Normal fluid: viscous, carries entropy

• Superfluid: inviscid, does not carry entropy

sn        ρρρ +=

ρn / ρ and ρs / ρ 

depend on 
temperature 
(more than ρ) 

RJ Donnelly, CF Barenghi w Phys Chem Ref Data 27, 1217 (1998)
RJ Donnelly Phys Today 62, 10, 34 (2009)

MS Mongiovì, D Jou, M Sciacca Phys Rep 726, 1 (2018)
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Helium II

RJ Donnelly, CF Barenghi w Phys Chem Ref Data 27, 1217 (1998)
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Kinematic viscosity
ν = μn/ρ

νHe II ≈ 10-8 m2/s
νwater ≈ 10-6 m2/s
νair ≈ 10-5 m2/s



Helium II
The second sound can be seen as a temperature (entropy) wave, while the 
first (ordinary) sound is due to density (pressure) fluctuations

RJ Donnelly Phys Today 62, 10, 34 (2009)

Symbols n and s on any vertical 
line represent the relative portion 
of normal and superfluid 
components (the number of 
symbols on each vertical line 
denotes the total fluid density)

Second sound can be seen as a 
spatial variation of the component 
relative densities, while the fluid 
density and pressure do not 
change, to a first approximation



Helium II
The second sound can be seen as a temperature (entropy) wave, while the 
first (ordinary) sound is due to density (pressure) fluctuations
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Helium II

The superfluid component of He II can be described as a 
quantum fluid, by using a macroscopic wave function

( )0 4/iS iS

sΨ Ψ  e ρ m  e= =
4

sv S
m

= ∇
ℏ

( ) 0scurl vω = =

Multiply connected fluid region, circulation  Γ ≠ 0

quantum of circulation 
κ = h / m4 ≈ 10-7 m2/s

Quantum turbulence: tangle of quantized vortices 
interacting with the fluid flow

quantized vortex core ≈ 10-10 m
4

sΓ v dl  S dl n 
m

κ= = ∇ = 
ℏ

� �



Quantum fluids

• Liquid helium
4He (boson)

3He (fermion)

• Bose-Einstein
condensates

Superfluidity and 
quantized vorticity: 

macroscopic 
manifestations of 

quantum mechanics



Quantum flows

may also be relevant for
neutron stars and cosmology



Helium II flows
      n n s sj v vρ ρ= +

Normal fluid

Superfluid

Coflow:  j ≠ 0
vn = vs

(on average, at large scales)

mechanically driven flow

(e.g. piston)

Counterflow:  j = 0
ρn vn = − ρs vs

(on average, at large scales)

Normal fluid

Superfluid

1 n
ns n s

s s

q q
v v v

 S  T  S  T

ρ

ρ ρ ρ

 
= − = + = 

 

thermally driven flow

(e.g. heater)

Counterflow velocity vns



Experimental and physical scales

Physical (quantum) scales

• Quantum vortex core ≈ 10-10 m

• Mean distance between quantized vortices ≈ 10-4 m
(loosely related to the Kolmogorov dissipative scale

of classical turbulent flows of viscous fluids)

• Outer flow scale ≈ 10-1 m
(of the order of the experimental volume size)

Experimental scales

• Probe size ≈ 10-5 m
(it is often larger and can be tuned, i.e. increased)



Physical questions

1) Are He II turbulent flows different
from classical turbulent flows of viscous fluids?

The answer depends on the probed scale,
if it is smaller or larger than

the mean distance between quantized vortices

To date, quantum features have been clearly detected solely
at sufficiently small scales, while at large enough scales

a classical-like picture is observed in most cases

2) Do large-scale quantum features
of He II turbulent flows exist?



Experimental answers

2) Do large-scale quantum features
of He II turbulent flows exist?

Which are the available experimental tools?

At large scales
pressure probes, thermometers,

quartz tuning forks, second sound sensors,
visualization with flow-probing particles

and with excimer molecules, …

At small scales
visualization with flow-probing particles, …



Large scales



Large scales

J Maurer, P Tabeling EPL 43, 29 (1998)



Large scales

J Maurer, P Tabeling EPL 43, 29 (1998)



Large scales
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Large scales



Large scales

J Salort et al. Phys Fluids 22, 125102 (2010)



Large scales

J Salort et al. Phys Fluids 22, 125102 (2010)



Large scales



Large scales

J Salort, B Chabaud, E Lévêque, PE Roche EPL 97, 34006 (2012)



Large scales

J Salort, B Chabaud, E Lévêque, PE Roche EPL 97, 34006 (2012)



Second sound

S Babuin, M Stammeier, E Varga, M Rotter, L Skrbek Phys Rev B 86, 134515 (2012)

L denotes the length of quantized 
vortices per unit volume, and is also 
known as the vortex line density [m-2]

1

L
=ℓ



Large scales



Large scales

E Varga, S Babuin, L Skrbek Phys Fluids 27, 065101 (2015)



Large scales

E Varga, S Babuin, L Skrbek Phys Fluids 27, 065101 (2015)



Large scales

E Varga, S Babuin, L Skrbek Phys Fluids 27, 065101 (2015)
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Large scales

( )t Lω κ= Superfluid 
vorticity

where κ is the circulation 
quantum [m2/s] and L
denotes the length of 
quantized vortices per unit 
volume, also known as the 
vortex line density [m-2]

SR Stalp, L Skrbek, RJ Donnelly 
Phys Rev Lett 82, 4831 (1999)



Large scales



Large scales

PE Roche, P Diribarne, T Didelot, O Français, L Rousseau, H Willaime EPL 77, 66002 (2007)



Large scales

PE Roche, P Diribarne, T Didelot, O Français, L Rousseau, H Willaime EPL 77, 66002 (2007)



Large scales

How is the vortex 
line density L related 
to the flow vorticity?

Vortex tangle 
partly polarized
(vortex bundles)



Large scales

AW Baggaley, J Laurie, CF Barenghi
Phys Rev Lett 109, 205304 (2012)



Summary: large scales
2) Do large-scale quantum features

of He II turbulent flows exist?

Different L scaling for counterflow and coflow
E Varga, S Babuin, L Skrbek Phys Fluids 27, 065101 (2015)
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Summary: large scales
2) Do large-scale quantum features

of He II turbulent flows exist?

Different L scaling for counterflow and coflow
E Varga, S Babuin, L Skrbek Phys Fluids 27, 065101 (2015)

Possible explanation: no Fourier law for He II flows

SW Van Sciver Helium Cryogenics Springer (2012)
MS Mongiovì, D Jou, M Sciacca Phys Rep 726, 1 (2018)

( ) 3
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 Fourier law
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Summary: large scales
2) Do large-scale quantum features

of He II turbulent flows exist?

L vs. vorticity spectra
PE Roche, P Diribarne, T Didelot, O Français, L Rousseau, H Willaime EPL 77, 66002 (2007)

Possible explanation: 
tangle polarization 

(quantized vortex bundles)

AW Baggaley, J Laurie, CF Barenghi
Phys Rev Lett 109, 205304 (2012)



Flow visualization (with particles)

earthobservatory.nasa.gov/IOTD/view.php?id=90734



Visualization of He II flows

The (laser) light 
scattered by the 
particles is collected 
by a (digital) camera



Visualization of He II flows
Visualization of cryogenic flows is still in its infancy
The ways to optimise it are yet to be entirely investigated, due 
to a number of technical and fundamental reasons

• Optical access to the helium bath, to minimise heat input

• Choice of suitable particles, to trace low-temperature 
(quantum) flows

• Interaction of particles with quantized vortices, leading 
sometimes to particle trapping (and detrapping)

• Two large-scale velocity fields, in thermal counterflow

W Guo, M La Mantia, DP Lathrop, SW Van Sciver Proc Natl Acad Sci USA 111, 4653 (2014)



Visualization of He II flows

Phys Rev 108, 157 (1957)

Phys Rev Lett 14, 892 (1965)



Visualization of He II flows
Phys Rev Lett 14, 942 (1965)



Visualization of He II flows
wpn w Appl Phys 26, Suppl. 26-3, 107 (1987)



Visualization of He II flows
Cryogenics 29, 438 (1989)



Visualization of He II flows
Physica B 193, 188 (1994)



Visualization of He II flows
T Zhang, SW Van Sciver Nat Phys 1, 36 (2005)



Visualization of He II flows
W Guo, M La Mantia, DP Lathrop, SW Van Sciver Proc Natl Acad Sci USA 111, 4653 (2014)



Experimental apparatus

Cryostat optical tail
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Experimental apparatus

Seeding system

Pressure 

gauge

Solenoid 

valve

Optical tail

Cryostat

V1

H2, D2 or HD

Pressure 

regulator

He

V2

Liquid 
4He bath



Helium II flows
      n n s sj v vρ ρ= +

Normal fluid

Superfluid

Coflow:  j ≠ 0
vn = vs

(on average, at large scales)

mechanically driven flow

(e.g. piston)

Counterflow:  j = 0
ρn vn = − ρs vs

(on average, at large scales)

Normal fluid

Superfluid
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s s

q q
v v v
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thermally driven flow

(e.g. heater)

Counterflow velocity vns



Coflow

30

100

Camera

Laser sheet

PMMA 

cylinder

Optical tail

inner volume

Cylinder

support

• 30-mm long PMMA cylinder of rectangular cross section (3 mm high and 10 mm wide)
• vertical oscillations, perpendicular to the section width, in the middle of the cryostat optical 
tail, of 5 or 10 mm amplitude a and frequency f between 0.05 and 1.25 Hz

Motor

(on top of the 

cryostat)

PMMA cylinder

Oscillating
cylinder



Oscillating cylinder

T = 1.3 K; f = 0.5 Hz; a = 10 mm; 100 fps (shown at 25 fps); 1 cycle;
34 mm (1280 px) wide and 21 mm (800 px) high field of view



Lagrangian pseudovorticity θ

Phase averaging: particle trajectories calculated during the same time 
interval in each cycle, i.e., tracks that have the same phase φ, are analysed
together, in order to gather more information on the oscillatory motion.

We introduce the parameter θ, with the same dimensions as vorticity, 
which depends on the position r on a chosen grid and motion phase φ,
and is defined as

where M is the number of trajectory points,
φi indicates the phase of the i-th point,
ri denotes its position and vi is its velocity,
calculated (linearly) from the particle positions.
The chosen parameters are RM = 200 px and Φ = 7.5 deg.

( )
( )

2

1
,

i M i

i i z

r r R i

r r v
r

M r rϕ ϕ

θ ϕ
− < − <Φ

 − × 
=

−
 



Oscillating cylinder

T = 1.3 K; f = 0.5 Hz; a = 10 mm; 12 fps (one image every 15 deg); 1 cycle;
21 mm (800 px) wide and 16 mm (600 px) high field of view



Experimental and quantum scales

Physical (quantum) scales

• Quantum vortex core ≈ 10-10 m
• Mean distance between quantized vortices ≈ 10-4 m

(loosely related to the Kolmogorov dissipative scale of 
classical turbulent flows of viscous fluids)

• Outer flow scale ≈ 10-1 m
(of the order of the experimental volume size)

Experimental scales

• Particle size ≈ 10-5 m
• Distance travelled by particles between frames

can be larger than the particle size and
can be tuned (in various ways)



Experimental and quantum scales

Smallest length scale: particle size d, few μm; time t between frames, 0.01 s

Length scale probed by the particles:

Flow length scale: mean distance between quantized vortices         for He II

(ν = κ/6) and Kolmogorov length scale       for He I (ν = μn/ρ)

Flow length scale Flow time scale

R is always larger than 0.01 and smaller than 100
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D Duda, P Švančara, M La Mantia, M Rotter, L Skrbek Phys Rev B 92, 064519 (2015)



Counterflow
Counterflow
channel
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Counterflow

The movie shows micrometer-size solid deuterium particles at 1.66 K, with 
an applied heat flux of 492 W/m2 (13 mm wide and 8 mm high field of 
view; movie taken at 100 fps).



Experimental and quantum scales

Smallest length scale: particle size d, few μm; time t between particle 

positions; mean particle velocity Vabs at the smallest t, few ms

Length scale probed by the particles:

Quantum length scale Quantum time scale

R is always larger than 0.01 and smaller than 100
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M La Mantia, P Švančara, D Duda, L Skrbek Phys Rev B 94, 184512 (2016)
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Power-law tails

MP Rast, and JF Pinton Phys Rev E 79, 046314 (2009)
MS Paoletti, DP Lathrop Annu Rev Condens Matter Phys 2, 213 (2011)

AW Baggaley, CF Barenghi Phys Rev E 89, 033006 (2014)
M La Mantia, L Skrbek Phys Rev B 90, 014519 (2014)

( ) ( )Pr Prv rv dr dv r v =  

probability of observing a velocity 
between v and v + dv at any radius( )Prv v dv

probability of taking a measurement 
at a radius between r and r + dr

( ) 1Prr r dr r v
−∝ ∝

( ) ( )
3

Pr Prv rv dr dv r v
−

= ∝

consistent with the experimental data

fluid velocity around a straight vortex, 
with circulation κ, at a distance 
(radius) r from the vortex core2

v
r

κ

π
=



Vortex reconnections
MS Paoletti, ME Fisher, KR Sreenivasan, DP Lathrop Phys Rev Lett 101, 154501 (2008)



Vortex reconnections

MS Paoletti, ME Fisher, KR Sreenivasan, DP Lathrop Phys Rev Lett 101, 154501 (2008)
MS Paoletti, ME Fisher, DP Lathrop Physica D 239, 1367 (2010)

( ) 0t A t tδ κ= −

( )
1 2

0v t t t
−

∝ −

( ) ( )Pr Pr
v t

v dt dv t v =  

probability of observing a velocity 
between v and v + dv at any time( )Pr

v
v dv

uniform probability of taking a measurement 
at a time between t and t + dt

( )Prt t dt

( )
3

Prv v dt dv v
−

∝ ∝ for large velocities (small times)

consistent with the experimental data: particles trapped onto vortices
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M La Mantia, P Švančara, D Duda, L Skrbek Phys Rev B 94, 184512 (2016)
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Velocity PDF tails: upper limit

M La Mantia, P Švančara, D Duda, L Skrbek Phys Rev B 94, 184512 (2016)

for uf = 0 (trapped particle) and for FVT parallel to FS

the velocity threshold for the trapped particle to break free is

2

2 ln
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vortex tension force due to two vortex 
strands attached to a spherical particle

( )6S n p f pF r u uπµ= − Stokes drag force
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consistent with the experimental data: particles trapped onto vortices 
probe the occurrence of quantized vortex reconnections
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M La Mantia, P Švančara, D Duda, L Skrbek Phys Rev B 94, 184512 (2016)
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Velocity PDF tails: lower limit

...
p f f p

p f f

du Du Du du
C

dt Dt Dt dt
ρ ρ ρ

 
= + − + 

 

( ) ( )1 ...
p f S

p f f

p

du Du F
C C

dt Dt V
ρ ρ ρ+ = + + +

YA Sergeev, CF Barenghi w Low Temp Phys 157, 429 (2009)
M La Mantia, L Skrbek Phys Rev B 90, 014519 (2014)

M La Mantia, P Švančara, D Duda, L Skrbek Phys Rev B 94, 184512 (2016)

Particle equation of motion

If we assume that the only contribution to the fluid acceleration is due to 
the velocity field of a straight quantized vortex (perpendicular to the mean 
flow direction) and that the particle acceleration is null, we obtain …



Velocity PDF tails: lower limit

M La Mantia, P Švančara, D Duda, L Skrbek Phys Rev B 94, 184512 (2016)

( ) ( )1 6s
s p S n p f p

Du
C V F r u u

Dt
ρ πµ+ = = −

2
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s
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π µ
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velocity before trapping occurs, positive 
in the direction toward the vortex core

2
s

u
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κ

π
=

2

2 34
sDu

Dt r

κ

π
= −

all particles (regardless of 
their density) are attracted 
to quantized vortices also 
in the absence of viscosity

consistent with the experimental data: particles trapped onto vortices 
probe the occurrence of quantized vortex reconnections



Vortex reconnections: kinetic energy

MS Paoletti, DP Lathrop Annu Rev Condens Matter Phys 2, 213 (2011)
MS Paoletti, ME Fisher, KR Sreenivasan, DP Lathrop Phys Rev Lett 101, 154501 (2008)

M Øieroset, RP Lin, TD Phan, DE Larson, SD Bale Phys Rev Lett 89, 195001 (2002)



Vortex reconnections

E Fonda, DP Meichle, NT Ouellette, S Hormoz, DP Lathrop Proc Natl Acad Sci USA 111, 4707 (2014)



Vortex reconnections

KW Schwarz Phys Rev B 31, 5782 (1985)

Courtesy of E Fonda



Vortex reconnections

S Zuccher, M Caliari, AW Baggaley, CF Barenghi Phys Fluids 24, 125108 (2012)



Vortex reconnections

A Villois, D Proment, G Krstulovic Phys Rev Fluids 2, 044701 (2017)



Vortex reconnections

P Clark di Leoni, PD Mininni, ME Brachet Phys Rev A 95, 053636 (2017)



Quantum vortex reconnections

• Mechanism of energy transfer

• The initial energy carried by the vortices is not solely employed 
to drive the vortex motions after reconnection but is also 
distributed to other processes

• Sound emission and excitation of Kelvin waves

• In the classical (viscous) case, generation of vortical structures 
smaller than the original ones follows instead reconnection

• Mostly numerical results
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M La Mantia, P Švančara, D Duda, L Skrbek Phys Rev B 94, 184512 (2016)
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Results: velocity flatness

M La Mantia, P Švančara, D Duda, L Skrbek Phys Rev B 94, 184512 (2016)
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Counterflow in the heater proximity

Bulk counterflow
13 mm wide and 8 mm high field of view,
6 mm away from both vertical walls
2 hydraulic diameters from the heater

Bulk counterflow
13 mm wide and 8 mm high field of view,

6 mm away from both vertical walls
five times closer to the heater
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Results: velocity flatness
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He II wall-bounded flows

• The surface roughness may provide pinning and nucleation sites for the 
vortices, due to their atomic core size

• The tendency of quantum vortices to preferentially concentrate in regions 
of low fluid velocity, in the boundary proximity, can be related to the 
classical behaviour of the normal component of He II

• Boundary layers may then exist in He II flows, although their 
origin seems to be related more to the quantized vortex 
dynamics than to the fluid viscosity

• The experimental study of wall-bounded flows of He II is still in its infancy

M La Mantia Phys Fluids 29, 065102 (2017)
P Hrubcová, P Švančara, M La Mantia Phys Rev B 97, 064512 (2018)

P Švančara, P Hrubcová, M Rotter, M La Mantia Phys Rev Fluids 3, 114701 (2018)



Summary: flow visualization

Quantum turbulence, generated in thermally and mechanically 
driven flows of superfluid 4He, has been probed experimentally, 
by visualization, at scales straddling about two orders of 
magnitude across the mean distance between quantized 
vortices, the flow characteristic scale.

• Quantum signature is apparent from the particle velocity (and 
velocity increment) distributions, at scales smaller than the flow 
quantum scale.

• Classical (viscous-like) signature is found from the particle 
velocity (and velocity increment) distributions, at scales larger 
than the flow quantum scale.



Summary: open problems

• Large-scale quantum features
Eulerian structure functions, intermittency
(visualization with excimer molecules)

• Study of He II wall-bounded flows is in its infancy
entrance length, fluid velocity profile, role of flow geometry

• Energy transport mechanisms
both below and above the mean distance between quantized 
vortices, i.e., dynamics of vortex reconnections and of large-
scale vortical structures, respectively



Large-scale turbulent vortex ring

The movie shows
micrometer-size
solid deuterium particles
at about 1.75 K;
25 mm wide and
22 mm high field of view;
movie taken at 2000 fps,
shown here at 200 fps;
ring generated
with a heat pulse
of ca. 800 W/m2.



Helium II

EJ Yarmchuk, MJV Gordon, RE Packard Phys Rev Lett 43, 214 (1979)

Quantized vortices

Mutual friction force
Interaction of quantum vortex lines 
with the normal fluid component

Uniformly rotating bucket of He II
Vortices aligned with the rotation axis
Vortex lattice carries the flow vorticity

Feynman’s rule
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Quantized vortices

GP Bewley, DP Lathrop, KR Sreenivasan Nature 441, 588 (2006)


