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1.2 Phase Diagrams

Melting curve anomalies of 3He and 4He

Both isotopes show an unusual minimum in their melting curves for
very different reasons

4He: very shallow (hardly to see) minimum at 0.8 K because the phonon entropy 
is higher in the solid phase 

3He: pronounced minimum at 0.32 K because the nuclear spin entropy is higher 
in the solid phase 

10 1 Helium – General Properties

1.3.1 4He

The p–T phase diagram of 4He is shown in Fig. 1.5. It is most remarkable
that helium has no triple point where gas, liquid and solid phase intersect.
It remains liquid under normal pressure even at T = 0 as discussed before.
Solid helium can only be produced at pressures above 25 bar. Depending on
temperature and pressure one finds three different crystalline modifications.
In the whole temperature range – but not at all pressures – solid helium with
hcp structure exists. In a small pressure range at temperatures between 1.45 K
and 1.75 K, 4He first solidifies into a bcc structure. For pressures exceeding
1 kbar and temperatures above 15 K, 4He shows a fcc phase (not shown in
Fig. 1.5).
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Fig. 1.5. Phase diagram of 4He [25]

As we have seen before, there are two liquid phases of 4He: helium I and
helium II. The transition from helium I to helium II depends on pressure and
is shifted towards lower temperatures with increasing pressure. At the melting
curve the lambda transition occurs at T = 1.9 K.

At low temperatures (T ≈ 0.8K) the melting curve exhibits a shallow
minimum, which is not deep enough to be visible on the scale of Fig. 1.5.
Using the Clausius–Clapeyron equation

∂p

∂T

∣∣∣∣
meltingcurve

=
S! − Ss

V! − Vs
, (1.5)

we can draw conclusions about the entropies of liquid and solid 4He from
the melting curve. Here, S and V represent entropy and volume per mole,
respectively. The indices " and s denote liquid and solid state, respectively.
Since the molar volume of liquid 4He is always larger than that of solid 4He,
i.e., V! − Vs > 0, we can conclude from ∂p/∂T < 0 the surprising fact that

Clausius–Clapeyron equation

If       > and        > the slope of
the melting curve becomes negative
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1.2 Phase Diagrams

Here the example of 3He

12 1 Helium – General Properties

Melting Curve

Figure 1.7a shows again the temperature dependence of the melting curve
of 3He, which exhibits a pronounced minimum at a temperature of about
T = 320mK. Using the same reasoning as we did for 4He we can conclude
that the entropy of solid 3He is larger than that of liquid 3He at temperatures
below the minimum.
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Fig. 1.7. (a) Melting curve of 3He. The solid line and the points are from differ-
ent measurements [27–29]. (b) Reduced entropy S/R of liquid and solid 3He as a
function of temperature. The solid lines represent the expected curves for the two
phases. Open and closed circles mark experimental data [30]

This amazing phenomenon is not caused by an anomaly of the phonon
spectrum, as was the case for 4He, because phonons are not the relevant
degrees of freedom in 3He at such low temperatures. The essential contri-
bution to the entropy comes from nuclear spins. In the liquid, the entropy
varies at low temperatures proportional to T as expected for a Fermi gas (see
Sect. 3.1). In solid 3He the atoms are strongly localized and the Fermi-gas
model is not applicable. At high temperatures the orientation of the localized
spins is statistical and their contribution to the entropy is Ss = R ln 2, where
R is the universal gas constant (see Sect. 11.5). With decreasing temperatures
a transition to an antiparallel arrangement of the spins is found. The tran-
sition temperature to the antiferromagnetic state is 0.9 mK. At T = 0.32 K,
the temperature at which the minimum occurs, the entropies of liquid and
solid 3He are equal. The temperature dependence of the entropy of liquid and
solid 3He is shown in Fig. 1.7b

As we will see in Sect. 11.5, it is possible to use the melting curve anomaly
as a cooling mechanism below 0.32 K, by applying pressure. This mechanism
is called Pomeranchuk cooling. With this technique, temperatures down to
about 1 mK can be obtained.

Liquid 3He is a Landau liquid 
more in Chapter 3
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1.3 Thermodynamic Properties

a) Specific heat

8 1 Helium – General Properties

might have been caused by experimental problems [18]. In 1932 Keesom and
Clusius investigated the specific heat of liquid 4He again and observed a
pronounced maximum at about 2.17 K, which they attributed to a phase
transition [19].

Since the true nature of the phase transition was unclear for a long time,
the two phases were distinguished by naming them helium I and helium II,
where helium I denotes the liquid phase above the transition. It was at first
believed that helium II represented a crystalline phase under normal pressure.
Within this description the fact that it still looked like a fluid was explained
in terms of a liquid crystal with flexible planes. This misconception was dis-
proved in 1938 when X-ray diffraction measurements showed undoubtedly
that helium II is, in fact, a liquid phase. Surprisingly, it took more than
30 years from the initial observation to the successful explanation of this
phase transition. As we will discuss in Sect. 2.3, the nature of the phase tran-
sition at 2.17 K can be understood as Bose–Einstein condensation. One of the
most intriguing features of helium II is certainly its ability to flow through
narrow capillaries without any friction at all. Following the naming of the
frictionless transport of electrons in metals as the superconducting state one
often refers to helium II as superfluid helium.

Figure 1.3a shows more recent data of the specific heat of liquid 4He as a
function of temperature. At a temperature of 2.17 K a pronounced maximum
occurs. Because of the shape of this curve, which reminds one of the Greek
letter λ, the transition temperature is often referred to as the lambda point .
Since the phase transition at the lambda point depends unambiguously on the
bosonic character of 4He, the occurrence of a similar transition in 3He, which
carries a nuclear spin I = 1/2, was considered to be very unlikely for a long
time. Instead, the absence of a superfluid state in 3He was seen as important
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Fig. 1.3. Specific heat of (a) 4He [20] and (b) 3He [21] in the temperature range
where the transition from the normal to the superfluid phase occurs, as a function
of temperature

4He: first measurements 1926 by Kamerlingh Onnes and Dana  
(rise at Tl neglected) 
later Keesom and Clausius discovery of phase transition at Tl at 2.17 K

Explanation not before 1938:

first idea: new crystalline phase
Model of liquid crystal
but X-ray scattering results
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1.3 Thermodynamic Properties

3He: Discovery of phase transition with NMR by Richarson, Lee, Osheroff
before specific heat measurements
(also wrong interpretation: phase transition in solid 3He)

8 1 Helium – General Properties
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1.3 Thermodynamic Properties

4He: maximum at Tl

b) Density

1.2 Thermodynamic Properties 7

1.2 Thermodynamic Properties

In the following sections we will briefly consider some basic thermodynamic
properties of the two helium isotopes in their liquid form, including a brief
discussion of the specific heat. A more detailed analysis of the specific heat
of 4He is presented in Chap. 2, and for 3He in Chaps. 3 and 4.

1.2.1 Density

During the first liquefaction of helium in 1908, Kamerlingh Onnes already
realized that the density of liquid helium is exceptionally small. The values
for the densities of 3He and 4He at their boiling points are given in Table 1.1.
In addition, in 1911 Kamerlingh Onnes made the surprising observation that
the density of 4He exhibits a maximum at about 2 K [14]. Later investigations
showed that there is a sharp kink in the temperature dependence of the
density at 2.17 K, and that 4He expands again below that temperature [15].

In Fig. 1.2 the density of liquid 4He and 3He is shown as a function of
temperature. Measurements of the density of liquid 3He were carried out in
1949 when 3He was liquefied for the first time [16]. The density of 3He did
not show a maximum and, as expected, it was much smaller than that of 4He.
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Fig. 1.2. Temperature depen-
dence of the density of liquid 3He
and 4He [17]

1.2.2 Specific Heat

The first measurements of the specific heat of liquid 4He were performed
by Dana and Kamerlingh Onnes in 1923. They found an abnormal rise of
the specific heat around 2 K. In the publication of their results in 1926 they
decided to leave out these data points, because they feared that this anomaly

3He: smooth monotone
temperature dependence
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1.3 Thermodynamic Properties

4He: kink at Tl

c) Latent heat

1.3 Phase Diagrams 9

evidence for the validity of the interpretation of the phase transition in 4He as
a Bose–Einstein condensation. However, the explanation of the microscopic
nature of superconductivity in the framework of BCS theory (see Sect. 10.3) in
1957 changed that viewpoint and intensified the search for a superfluid phase
of 3He. Finally in 1972, superfluid phases of 3He were discovered by Osheroff ,
Richardson and Lee in nuclear magnetic resonance (NMR) measurements
[22]. In contrast to 4He, which exhibits just one superfluid phase, 3He has
three different superfluid phases, depending on temperature, magnetic field,
and pressure. Figure 1.3b displays the temperature dependence of the specific
heat of liquid 3He in the vicinity of one such transition at normal pressure
and zero magnetic field. Compared to 4He the phase transition in 3He occurs
at much lower temperatures, namely in the low millikelvin range.

1.2.3 Latent Heat

Dana and Kamerlingh Onnes were also the first to measure the latent heat L
of vaporization of 4He in 1924 [18]. They observed a minimum of L at the
lambda point. The latent heat of 3He is much smaller and, as expected, no
corresponding minimum occurs around 2 K. Figure 1.4 shows the latent heat
of vaporization of 4He and 3He as a function of temperature.
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been deduced from the vapor-
pressure measurements using
the Clausius–Clapeyron equa-
tion [24]. In the case of 3He the
solid line represents the mea-
sured temperature dependence
of L according to [17]

1.3 Phase Diagrams

The phase diagrams of 4He and 3He are, in several ways, remarkably different
from these of all other known substances. In the following, we will take a brief
look at the phase diagrams of the two helium isotopes and point out their
distinctive features.

3He: smooth temperature 
dependence

evaporation of helium
line: from vapor pressure measurement and Clausius-Claperyron equation
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Chapter 2  Superfluid 4He  − Helium II

2.1 Experimental Observations

a) Boiling

at boiling point:   liquid            dense classical gas

at lambda point Tl = 2.17 K boiling ceases abruptly! 
transition from He-I to He-II

T ~Tl 
T  > Tl T  < Tl 
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2.1 Experimental Observations

b) Viscosity

measurement: flow through thin capillaries

Hagen-Poiseuille law

volume rate

flow velocity  

16 2 Superfluid 4He – Helium II

2.1.1 Viscosity and Superfluidity

The first indications for the occurrence of superfluidity came from flow mea-
surements through very thin capillaries and narrow slits [31, 32]. Using the
Hagen–Poiseuille law

V̇ =
πr4

8
1
η

∆p

L
, (2.1)

one can conclude from measurements of the flow velocity in narrow capillaries
that the viscosity of helium II is several orders of magnitude lower than that
of helium I. The quantity L denotes the length of the capillary, r the radius,
∆p the pressure drop along the capillary and V̇ the volume rate of helium
transported through it. Some measurements that demonstrate the typical
variation of flow velocity v = V̇ /(πr2) with pressure are shown in Fig. 2.1a.
Besides the extremely low viscosity, two other very remarkable observations
can be made, namely that the flow velocity is nearly independent of the pres-
sure gradient along the capillary, and that the flow velocity increases with
decreasing diameter of the capillary. The temperature dependence of the vis-
cosity deduced from flow measurements through narrow capillaries is shown
in Fig. 2.1b. Above the lambda point, the viscosity is nearly temperature
independent, but it falls to an undetectably low value for T < Tλ.

An important question in this context is whether the viscosity becomes
extremely small but finite or whether it actually becomes zero below the
lambda transition. To answer this question persistent-mass flows have been
generated and monitored [37,38], analogous to persistent-current experiments
with superconductors (see Chap. 10). A torus, containing compressed fine
powder is filled with liquid helium and set into rotation above the lambda
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Fig. 2.1. (a) Flow velocity of helium II through capillaries with different diameter
as a function of the applied pressure [39, 40]. (b) Temperature dependence of the
viscosity of liquid helium as determined from flow experiments with thin capillaries
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with superconductors (see Chap. 10). A torus, containing compressed fine
powder is filled with liquid helium and set into rotation above the lambda

0.00 0.05 0.10 0.15
Pressure p / mbar

2

4

6

8

10

12

14

F
lo

w
ve

lo
ci

ty
v

/c
m

s−1
d = 3.9 µm

d = 0.79 µm

d = 0.12 µm

4He

0 1 2 3 4
Temperature T / K

0

10

20

30

V
is

co
si

ty
η

/µ
P

Tλ

4He

Fig. 2.1. (a) Flow velocity of helium II through capillaries with different diameter
as a function of the applied pressure [39, 40]. (b) Temperature dependence of the
viscosity of liquid helium as determined from flow experiments with thin capillaries

Experimental results:

► independent of pressure

► increasing with decreasing diameter

16 2 Superfluid 4He – Helium II

2.1.1 Viscosity and Superfluidity

The first indications for the occurrence of superfluidity came from flow mea-
surements through very thin capillaries and narrow slits [31, 32]. Using the
Hagen–Poiseuille law

V̇ =
πr4
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, (2.1)

one can conclude from measurements of the flow velocity in narrow capillaries
that the viscosity of helium II is several orders of magnitude lower than that
of helium I. The quantity L denotes the length of the capillary, r the radius,
∆p the pressure drop along the capillary and V̇ the volume rate of helium
transported through it. Some measurements that demonstrate the typical
variation of flow velocity v = V̇ /(πr2) with pressure are shown in Fig. 2.1a.
Besides the extremely low viscosity, two other very remarkable observations
can be made, namely that the flow velocity is nearly independent of the pres-
sure gradient along the capillary, and that the flow velocity increases with
decreasing diameter of the capillary. The temperature dependence of the vis-
cosity deduced from flow measurements through narrow capillaries is shown
in Fig. 2.1b. Above the lambda point, the viscosity is nearly temperature
independent, but it falls to an undetectably low value for T < Tλ.

An important question in this context is whether the viscosity becomes
extremely small but finite or whether it actually becomes zero below the
lambda transition. To answer this question persistent-mass flows have been
generated and monitored [37,38], analogous to persistent-current experiments
with superconductors (see Chap. 10). A torus, containing compressed fine
powder is filled with liquid helium and set into rotation above the lambda
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surements through very thin capillaries and narrow slits [31, 32]. Using the
Hagen–Poiseuille law
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one can conclude from measurements of the flow velocity in narrow capillaries
that the viscosity of helium II is several orders of magnitude lower than that
of helium I. The quantity L denotes the length of the capillary, r the radius,
∆p the pressure drop along the capillary and V̇ the volume rate of helium
transported through it. Some measurements that demonstrate the typical
variation of flow velocity v = V̇ /(πr2) with pressure are shown in Fig. 2.1a.
Besides the extremely low viscosity, two other very remarkable observations
can be made, namely that the flow velocity is nearly independent of the pres-
sure gradient along the capillary, and that the flow velocity increases with
decreasing diameter of the capillary. The temperature dependence of the vis-
cosity deduced from flow measurements through narrow capillaries is shown
in Fig. 2.1b. Above the lambda point, the viscosity is nearly temperature
independent, but it falls to an undetectably low value for T < Tλ.

An important question in this context is whether the viscosity becomes
extremely small but finite or whether it actually becomes zero below the
lambda transition. To answer this question persistent-mass flows have been
generated and monitored [37,38], analogous to persistent-current experiments
with superconductors (see Chap. 10). A torus, containing compressed fine
powder is filled with liquid helium and set into rotation above the lambda
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Persistent Flow Experiments

Conclusion:

16 2 Superfluid 4He – Helium II

2.1.1 Viscosity and Superfluidity

The first indications for the occurrence of superfluidity came from flow mea-
surements through very thin capillaries and narrow slits [31, 32]. Using the
Hagen–Poiseuille law

V̇ =
πr4

8
1
η

∆p

L
, (2.1)

one can conclude from measurements of the flow velocity in narrow capillaries
that the viscosity of helium II is several orders of magnitude lower than that
of helium I. The quantity L denotes the length of the capillary, r the radius,
∆p the pressure drop along the capillary and V̇ the volume rate of helium
transported through it. Some measurements that demonstrate the typical
variation of flow velocity v = V̇ /(πr2) with pressure are shown in Fig. 2.1a.
Besides the extremely low viscosity, two other very remarkable observations
can be made, namely that the flow velocity is nearly independent of the pres-
sure gradient along the capillary, and that the flow velocity increases with
decreasing diameter of the capillary. The temperature dependence of the vis-
cosity deduced from flow measurements through narrow capillaries is shown
in Fig. 2.1b. Above the lambda point, the viscosity is nearly temperature
independent, but it falls to an undetectably low value for T < Tλ.

An important question in this context is whether the viscosity becomes
extremely small but finite or whether it actually becomes zero below the
lambda transition. To answer this question persistent-mass flows have been
generated and monitored [37,38], analogous to persistent-current experiments
with superconductors (see Chap. 10). A torus, containing compressed fine
powder is filled with liquid helium and set into rotation above the lambda
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2.1.1 Viscosity and Superfluidity

The first indications for the occurrence of superfluidity came from flow mea-
surements through very thin capillaries and narrow slits [31, 32]. Using the
Hagen–Poiseuille law
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one can conclude from measurements of the flow velocity in narrow capillaries
that the viscosity of helium II is several orders of magnitude lower than that
of helium I. The quantity L denotes the length of the capillary, r the radius,
∆p the pressure drop along the capillary and V̇ the volume rate of helium
transported through it. Some measurements that demonstrate the typical
variation of flow velocity v = V̇ /(πr2) with pressure are shown in Fig. 2.1a.
Besides the extremely low viscosity, two other very remarkable observations
can be made, namely that the flow velocity is nearly independent of the pres-
sure gradient along the capillary, and that the flow velocity increases with
decreasing diameter of the capillary. The temperature dependence of the vis-
cosity deduced from flow measurements through narrow capillaries is shown
in Fig. 2.1b. Above the lambda point, the viscosity is nearly temperature
independent, but it falls to an undetectably low value for T < Tλ.

An important question in this context is whether the viscosity becomes
extremely small but finite or whether it actually becomes zero below the
lambda transition. To answer this question persistent-mass flows have been
generated and monitored [37,38], analogous to persistent-current experiments
with superconductors (see Chap. 10). A torus, containing compressed fine
powder is filled with liquid helium and set into rotation above the lambda
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16 2 Superfluid 4He – Helium II

2.1.1 Viscosity and Superfluidity

The first indications for the occurrence of superfluidity came from flow mea-
surements through very thin capillaries and narrow slits [31, 32]. Using the
Hagen–Poiseuille law

V̇ =
πr4
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, (2.1)

one can conclude from measurements of the flow velocity in narrow capillaries
that the viscosity of helium II is several orders of magnitude lower than that
of helium I. The quantity L denotes the length of the capillary, r the radius,
∆p the pressure drop along the capillary and V̇ the volume rate of helium
transported through it. Some measurements that demonstrate the typical
variation of flow velocity v = V̇ /(πr2) with pressure are shown in Fig. 2.1a.
Besides the extremely low viscosity, two other very remarkable observations
can be made, namely that the flow velocity is nearly independent of the pres-
sure gradient along the capillary, and that the flow velocity increases with
decreasing diameter of the capillary. The temperature dependence of the vis-
cosity deduced from flow measurements through narrow capillaries is shown
in Fig. 2.1b. Above the lambda point, the viscosity is nearly temperature
independent, but it falls to an undetectably low value for T < Tλ.

An important question in this context is whether the viscosity becomes
extremely small but finite or whether it actually becomes zero below the
lambda transition. To answer this question persistent-mass flows have been
generated and monitored [37,38], analogous to persistent-current experiments
with superconductors (see Chap. 10). A torus, containing compressed fine
powder is filled with liquid helium and set into rotation above the lambda
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16 2 Superfluid 4He – Helium II

2.1.1 Viscosity and Superfluidity

The first indications for the occurrence of superfluidity came from flow mea-
surements through very thin capillaries and narrow slits [31, 32]. Using the
Hagen–Poiseuille law

V̇ =
πr4

8
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, (2.1)

one can conclude from measurements of the flow velocity in narrow capillaries
that the viscosity of helium II is several orders of magnitude lower than that
of helium I. The quantity L denotes the length of the capillary, r the radius,
∆p the pressure drop along the capillary and V̇ the volume rate of helium
transported through it. Some measurements that demonstrate the typical
variation of flow velocity v = V̇ /(πr2) with pressure are shown in Fig. 2.1a.
Besides the extremely low viscosity, two other very remarkable observations
can be made, namely that the flow velocity is nearly independent of the pres-
sure gradient along the capillary, and that the flow velocity increases with
decreasing diameter of the capillary. The temperature dependence of the vis-
cosity deduced from flow measurements through narrow capillaries is shown
in Fig. 2.1b. Above the lambda point, the viscosity is nearly temperature
independent, but it falls to an undetectably low value for T < Tλ.

An important question in this context is whether the viscosity becomes
extremely small but finite or whether it actually becomes zero below the
lambda transition. To answer this question persistent-mass flows have been
generated and monitored [37,38], analogous to persistent-current experiments
with superconductors (see Chap. 10). A torus, containing compressed fine
powder is filled with liquid helium and set into rotation above the lambda
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2.1.1 Viscosity and Superfluidity

The first indications for the occurrence of superfluidity came from flow mea-
surements through very thin capillaries and narrow slits [31, 32]. Using the
Hagen–Poiseuille law
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one can conclude from measurements of the flow velocity in narrow capillaries
that the viscosity of helium II is several orders of magnitude lower than that
of helium I. The quantity L denotes the length of the capillary, r the radius,
∆p the pressure drop along the capillary and V̇ the volume rate of helium
transported through it. Some measurements that demonstrate the typical
variation of flow velocity v = V̇ /(πr2) with pressure are shown in Fig. 2.1a.
Besides the extremely low viscosity, two other very remarkable observations
can be made, namely that the flow velocity is nearly independent of the pres-
sure gradient along the capillary, and that the flow velocity increases with
decreasing diameter of the capillary. The temperature dependence of the vis-
cosity deduced from flow measurements through narrow capillaries is shown
in Fig. 2.1b. Above the lambda point, the viscosity is nearly temperature
independent, but it falls to an undetectably low value for T < Tλ.

An important question in this context is whether the viscosity becomes
extremely small but finite or whether it actually becomes zero below the
lambda transition. To answer this question persistent-mass flows have been
generated and monitored [37,38], analogous to persistent-current experiments
with superconductors (see Chap. 10). A torus, containing compressed fine
powder is filled with liquid helium and set into rotation above the lambda
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16 2 Superfluid 4He – Helium II

2.1.1 Viscosity and Superfluidity

The first indications for the occurrence of superfluidity came from flow mea-
surements through very thin capillaries and narrow slits [31, 32]. Using the
Hagen–Poiseuille law

V̇ =
πr4

8
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, (2.1)

one can conclude from measurements of the flow velocity in narrow capillaries
that the viscosity of helium II is several orders of magnitude lower than that
of helium I. The quantity L denotes the length of the capillary, r the radius,
∆p the pressure drop along the capillary and V̇ the volume rate of helium
transported through it. Some measurements that demonstrate the typical
variation of flow velocity v = V̇ /(πr2) with pressure are shown in Fig. 2.1a.
Besides the extremely low viscosity, two other very remarkable observations
can be made, namely that the flow velocity is nearly independent of the pres-
sure gradient along the capillary, and that the flow velocity increases with
decreasing diameter of the capillary. The temperature dependence of the vis-
cosity deduced from flow measurements through narrow capillaries is shown
in Fig. 2.1b. Above the lambda point, the viscosity is nearly temperature
independent, but it falls to an undetectably low value for T < Tλ.

An important question in this context is whether the viscosity becomes
extremely small but finite or whether it actually becomes zero below the
lambda transition. To answer this question persistent-mass flows have been
generated and monitored [37,38], analogous to persistent-current experiments
with superconductors (see Chap. 10). A torus, containing compressed fine
powder is filled with liquid helium and set into rotation above the lambda
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Temperature Dependence of Viscosity

16 2 Superfluid 4He – Helium II

2.1.1 Viscosity and Superfluidity

The first indications for the occurrence of superfluidity came from flow mea-
surements through very thin capillaries and narrow slits [31, 32]. Using the
Hagen–Poiseuille law

V̇ =
πr4

8
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L
, (2.1)

one can conclude from measurements of the flow velocity in narrow capillaries
that the viscosity of helium II is several orders of magnitude lower than that
of helium I. The quantity L denotes the length of the capillary, r the radius,
∆p the pressure drop along the capillary and V̇ the volume rate of helium
transported through it. Some measurements that demonstrate the typical
variation of flow velocity v = V̇ /(πr2) with pressure are shown in Fig. 2.1a.
Besides the extremely low viscosity, two other very remarkable observations
can be made, namely that the flow velocity is nearly independent of the pres-
sure gradient along the capillary, and that the flow velocity increases with
decreasing diameter of the capillary. The temperature dependence of the vis-
cosity deduced from flow measurements through narrow capillaries is shown
in Fig. 2.1b. Above the lambda point, the viscosity is nearly temperature
independent, but it falls to an undetectably low value for T < Tλ.

An important question in this context is whether the viscosity becomes
extremely small but finite or whether it actually becomes zero below the
lambda transition. To answer this question persistent-mass flows have been
generated and monitored [37,38], analogous to persistent-current experiments
with superconductors (see Chap. 10). A torus, containing compressed fine
powder is filled with liquid helium and set into rotation above the lambda
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2.1 Experimental Observations 17

point. Because of its viscosity, the helium is dragged along with the torus
under these conditions. The rotating torus is cooled below Tλ and is gently
brought to rest. Subsequently, the evolution of the angular velocity of the he-
lium with time is determined. In several experiments this has been achieved
by implementing the torus as part of a superfluid gyroscope. From the obser-
vation of a constant angular velocity for many hours one can conclude that
the viscosity drops at the lambda point by at least eleven orders of magni-
tude. Within the accuracy of the experiment, this means that helium II is
truly flowing without dissipation.

It has been observed, however, that the results of viscosity measurements
on helium II, but not on helium I, depend on the measuring method employed.
As we will see later, this very peculiar phenomenon can be explained in the
framework of the two-fluid model. Before introducing this model in Sect. 2.2,
we will take a brief look at the results obtained with two standard techniques
for measuring viscosity: the rotary viscosimeter (Fig. 2.2a) and the oscillating-
disc method (Fig. 2.2b). In both experiments, the viscosity does not drop
instantaneously to zero at the lambda point but remains finite well below the
phase transition. For the rotary viscosimeter, the measured viscosity even
increases again on cooling below about 1.8 K and substantially exceeds the
viscosity of helium I below 1 K. In contrast, η drops steadily below Tλ with
decreasing temperature if measured with an oscillating disc. In addition, in
these experiments with oscillating discs, the damping has quite a strong affect
on the amplitude of the oscillation, indicating a nonlinear behavior.
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Fig. 2.2. Viscosity of liquid helium as a function of temperature measured (a) with
a rotary viscosimeter [41,42] and (b) with an oscillating disc [43]
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c) Beaker Experiments

2.1 Experimental Observations 19
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Fig. 2.4. Level height of a beaker as a
function of time. The level was 13 cm
below the surface of the surrounding
helium bath at the beginning of the
experiment [44]

time, which means that the transfer rate is independent of the level differ-
ence, as in the experiments discussed previously. But surprisingly, at the time
when the level difference has almost vanished, an undamped oscillation of the
helium level in the beaker is observed. In the particular experiment discussed
here, the amplitude of this oscillation was about 0.35 mm. The origin of this
oscillation is an overshoot of the flow because of the inertia of the flowing
helium film every time the levels are equal, leading to a periodic reversal of
the flow. Because of superfluidity the oscillation persists nearly undamped
over several minutes in the experiment discussed here. This does not always
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Fig. 2.5. (a) Schematic illustration of a beaker experiment that allows a detailed
determination of the helium transfer. The inner diameter of the tube was only
0.58 mm. The copper base of the beaker was incorporated to provide good thermal
contact. For clarity, the helium in the beaker is drawn in light grey, although there
is no difference between the inner and outer helium. (b) Time evolution of the
helium height in the beaker [45]

liquid level

► helium flows over the rim of beakers

► helium flows with constant rate independent of level difference

► flow can be reversed at equal rate
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Detailed Beaker Experiments

► detailed measurement with thin neck         small DV            large Dh

► oscillations are observed when level equalizes           not damped (in special cases) 

2.1 Experimental Observations 19
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time, which means that the transfer rate is independent of the level differ-
ence, as in the experiments discussed previously. But surprisingly, at the time
when the level difference has almost vanished, an undamped oscillation of the
helium level in the beaker is observed. In the particular experiment discussed
here, the amplitude of this oscillation was about 0.35 mm. The origin of this
oscillation is an overshoot of the flow because of the inertia of the flowing
helium film every time the levels are equal, leading to a periodic reversal of
the flow. Because of superfluidity the oscillation persists nearly undamped
over several minutes in the experiment discussed here. This does not always
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0.58 mm. The copper base of the beaker was incorporated to provide good thermal
contact. For clarity, the helium in the beaker is drawn in light grey, although there
is no difference between the inner and outer helium. (b) Time evolution of the
helium height in the beaker [45]
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time, which means that the transfer rate is independent of the level differ-
ence, as in the experiments discussed previously. But surprisingly, at the time
when the level difference has almost vanished, an undamped oscillation of the
helium level in the beaker is observed. In the particular experiment discussed
here, the amplitude of this oscillation was about 0.35 mm. The origin of this
oscillation is an overshoot of the flow because of the inertia of the flowing
helium film every time the levels are equal, leading to a periodic reversal of
the flow. Because of superfluidity the oscillation persists nearly undamped
over several minutes in the experiment discussed here. This does not always
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is no difference between the inner and outer helium. (b) Time evolution of the
helium height in the beaker [45] persistent flow
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happen, because, unless special care is taken, temperature gradients between
the inside and the outside of the beaker occur, leading to dissipation and thus
to a rapid damping of the oscillation.

2.1.3 Thermomechanical Effect

The thermomechanical effect is another unique property of helium II. A
schematic illustration of an experimental setup to observe this effect is shown
in Fig. 2.6. Two vessels (A and B), both containing helium II are connected
via a very thin capillary. Temperature and pressure are equal in both vessels
at the beginning of the experiment and thus the helium levels in the two
vessels are the same. Increasing the pressure in A results in a flow of helium
towards B. Surprisingly, this causes a difference in temperature in the two
vessels. The temperature in B decreases somewhat, whereas it increases in A.
Equalizing the pressure difference again brings the system back to its starting
condition indicating that this is a reversible process. This experiment clearly
shows that there is mass flow in helium II associated with the heat flow. How-
ever, the fact that the direction of heat flow is actually opposite to the flow
of mass is very peculiar.
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Fig. 2.6. Schematic illustration of the
principle of the thermomechanical effect

The reversal of the experiment discussed above, namely generation of
a pressure difference by heating makes possible the observation of a very
attractive phenomenon, the so-called fountain effect (Fig. 2.7). It was first
observed by Allen and Jones in 1938 in connection with thermal transport
measurements [46]. The fountain effect can be realized by using a flask with
a thin neck immersed in helium at T < Tλ. The lower part of the flask is
filled with a fine compressed powder and is open at the bottom. Above the
powder tablet an electrical heater is located in the flask. Without heating,
the flask fills up with helium until the level of the bath is reached. Heating
the helium in the flask results in a fountain of helium ejected from the top
of the flask due to the thermomechanical effect. Stationary fountains with
heights up to 30 cm have been achieved in this way. Usually, such fountains
show turbulent flow. However, under certain conditions (low heater power,
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2.1.1 Viscosity and Superfluidity

The first indications for the occurrence of superfluidity came from flow mea-
surements through very thin capillaries and narrow slits [31, 32]. Using the
Hagen–Poiseuille law

V̇ =
πr4

8
1
η

∆p

L
, (2.1)

one can conclude from measurements of the flow velocity in narrow capillaries
that the viscosity of helium II is several orders of magnitude lower than that
of helium I. The quantity L denotes the length of the capillary, r the radius,
∆p the pressure drop along the capillary and V̇ the volume rate of helium
transported through it. Some measurements that demonstrate the typical
variation of flow velocity v = V̇ /(πr2) with pressure are shown in Fig. 2.1a.
Besides the extremely low viscosity, two other very remarkable observations
can be made, namely that the flow velocity is nearly independent of the pres-
sure gradient along the capillary, and that the flow velocity increases with
decreasing diameter of the capillary. The temperature dependence of the vis-
cosity deduced from flow measurements through narrow capillaries is shown
in Fig. 2.1b. Above the lambda point, the viscosity is nearly temperature
independent, but it falls to an undetectably low value for T < Tλ.

An important question in this context is whether the viscosity becomes
extremely small but finite or whether it actually becomes zero below the
lambda transition. To answer this question persistent-mass flows have been
generated and monitored [37,38], analogous to persistent-current experiments
with superconductors (see Chap. 10). A torus, containing compressed fine
powder is filled with liquid helium and set into rotation above the lambda
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The latter expression was first derived by H. London and thus is often called
the London equation [58]. Figure 2.16 shows experimental values of the tem-
perature difference between the two beakers as a function of the level differ-
ence, which corresponds to a pressure difference.

The data demonstrate nicely the linear relation between ∆p and ∆T pre-
dicted by (2.19). As expected, the thermomechanical effect weakens with in-
creasing temperature. At ∆h = 2 cm and T = 1.5 K a temperature difference
of about 1 mK is found. In principle, one could use the thermomechanical
effect for cooling, but this method is very inefficient.
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2.2.6 Heat Transport

So far we have discussed the mass transport of helium II in thin capillaries
under the assumption that the normal-fluid component is completely blocked.
However, for capillaries with finite width this is only approximately true. In
fact, even in equilibrium (∆p = !S∆T ), there is always a flow of normal-fluid
component !n from the warm to the cold end. The superfluid component !s

moves in the opposite direction. Because of the difference in entropy of the
two components, this counterflow is associated with entropy transport and
thus with the transport of heat. The heat flow is only limited by the viscosity
of the normal-fluid component. We describe the flow of !n within classical
hydrodynamics by

V̇n =
β

ηn

∆p

L
. (2.20)

Here, L denotes the length of the flow channel and β is a constant that is
determined by the geometry of the flow channel. For capillaries the Hagen–
Poiseuille law is valid and thus β ∝ r4. For heat transport through small slits
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happen, because, unless special care is taken, temperature gradients between
the inside and the outside of the beaker occur, leading to dissipation and thus
to a rapid damping of the oscillation.

2.1.3 Thermomechanical Effect

The thermomechanical effect is another unique property of helium II. A
schematic illustration of an experimental setup to observe this effect is shown
in Fig. 2.6. Two vessels (A and B), both containing helium II are connected
via a very thin capillary. Temperature and pressure are equal in both vessels
at the beginning of the experiment and thus the helium levels in the two
vessels are the same. Increasing the pressure in A results in a flow of helium
towards B. Surprisingly, this causes a difference in temperature in the two
vessels. The temperature in B decreases somewhat, whereas it increases in A.
Equalizing the pressure difference again brings the system back to its starting
condition indicating that this is a reversible process. This experiment clearly
shows that there is mass flow in helium II associated with the heat flow. How-
ever, the fact that the direction of heat flow is actually opposite to the flow
of mass is very peculiar.
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The reversal of the experiment discussed above, namely generation of
a pressure difference by heating makes possible the observation of a very
attractive phenomenon, the so-called fountain effect (Fig. 2.7). It was first
observed by Allen and Jones in 1938 in connection with thermal transport
measurements [46]. The fountain effect can be realized by using a flask with
a thin neck immersed in helium at T < Tλ. The lower part of the flask is
filled with a fine compressed powder and is open at the bottom. Above the
powder tablet an electrical heater is located in the flask. Without heating,
the flask fills up with helium until the level of the bath is reached. Heating
the helium in the flask results in a fountain of helium ejected from the top
of the flask due to the thermomechanical effect. Stationary fountains with
heights up to 30 cm have been achieved in this way. Usually, such fountains
show turbulent flow. However, under certain conditions (low heater power,
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The latter expression was first derived by H. London and thus is often called
the London equation [58]. Figure 2.16 shows experimental values of the tem-
perature difference between the two beakers as a function of the level differ-
ence, which corresponds to a pressure difference.

The data demonstrate nicely the linear relation between ∆p and ∆T pre-
dicted by (2.19). As expected, the thermomechanical effect weakens with in-
creasing temperature. At ∆h = 2 cm and T = 1.5 K a temperature difference
of about 1 mK is found. In principle, one could use the thermomechanical
effect for cooling, but this method is very inefficient.
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2.2.6 Heat Transport

So far we have discussed the mass transport of helium II in thin capillaries
under the assumption that the normal-fluid component is completely blocked.
However, for capillaries with finite width this is only approximately true. In
fact, even in equilibrium (∆p = !S∆T ), there is always a flow of normal-fluid
component !n from the warm to the cold end. The superfluid component !s

moves in the opposite direction. Because of the difference in entropy of the
two components, this counterflow is associated with entropy transport and
thus with the transport of heat. The heat flow is only limited by the viscosity
of the normal-fluid component. We describe the flow of !n within classical
hydrodynamics by

V̇n =
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Here, L denotes the length of the flow channel and β is a constant that is
determined by the geometry of the flow channel. For capillaries the Hagen–
Poiseuille law is valid and thus β ∝ r4. For heat transport through small slits
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happen, because, unless special care is taken, temperature gradients between
the inside and the outside of the beaker occur, leading to dissipation and thus
to a rapid damping of the oscillation.

2.1.3 Thermomechanical Effect

The thermomechanical effect is another unique property of helium II. A
schematic illustration of an experimental setup to observe this effect is shown
in Fig. 2.6. Two vessels (A and B), both containing helium II are connected
via a very thin capillary. Temperature and pressure are equal in both vessels
at the beginning of the experiment and thus the helium levels in the two
vessels are the same. Increasing the pressure in A results in a flow of helium
towards B. Surprisingly, this causes a difference in temperature in the two
vessels. The temperature in B decreases somewhat, whereas it increases in A.
Equalizing the pressure difference again brings the system back to its starting
condition indicating that this is a reversible process. This experiment clearly
shows that there is mass flow in helium II associated with the heat flow. How-
ever, the fact that the direction of heat flow is actually opposite to the flow
of mass is very peculiar.
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The reversal of the experiment discussed above, namely generation of
a pressure difference by heating makes possible the observation of a very
attractive phenomenon, the so-called fountain effect (Fig. 2.7). It was first
observed by Allen and Jones in 1938 in connection with thermal transport
measurements [46]. The fountain effect can be realized by using a flask with
a thin neck immersed in helium at T < Tλ. The lower part of the flask is
filled with a fine compressed powder and is open at the bottom. Above the
powder tablet an electrical heater is located in the flask. Without heating,
the flask fills up with helium until the level of the bath is reached. Heating
the helium in the flask results in a fountain of helium ejected from the top
of the flask due to the thermomechanical effect. Stationary fountains with
heights up to 30 cm have been achieved in this way. Usually, such fountains
show turbulent flow. However, under certain conditions (low heater power,
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The latter expression was first derived by H. London and thus is often called
the London equation [58]. Figure 2.16 shows experimental values of the tem-
perature difference between the two beakers as a function of the level differ-
ence, which corresponds to a pressure difference.

The data demonstrate nicely the linear relation between ∆p and ∆T pre-
dicted by (2.19). As expected, the thermomechanical effect weakens with in-
creasing temperature. At ∆h = 2 cm and T = 1.5 K a temperature difference
of about 1 mK is found. In principle, one could use the thermomechanical
effect for cooling, but this method is very inefficient.
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2.2.6 Heat Transport

So far we have discussed the mass transport of helium II in thin capillaries
under the assumption that the normal-fluid component is completely blocked.
However, for capillaries with finite width this is only approximately true. In
fact, even in equilibrium (∆p = !S∆T ), there is always a flow of normal-fluid
component !n from the warm to the cold end. The superfluid component !s

moves in the opposite direction. Because of the difference in entropy of the
two components, this counterflow is associated with entropy transport and
thus with the transport of heat. The heat flow is only limited by the viscosity
of the normal-fluid component. We describe the flow of !n within classical
hydrodynamics by

V̇n =
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Here, L denotes the length of the flow channel and β is a constant that is
determined by the geometry of the flow channel. For capillaries the Hagen–
Poiseuille law is valid and thus β ∝ r4. For heat transport through small slits
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happen, because, unless special care is taken, temperature gradients between
the inside and the outside of the beaker occur, leading to dissipation and thus
to a rapid damping of the oscillation.

2.1.3 Thermomechanical Effect

The thermomechanical effect is another unique property of helium II. A
schematic illustration of an experimental setup to observe this effect is shown
in Fig. 2.6. Two vessels (A and B), both containing helium II are connected
via a very thin capillary. Temperature and pressure are equal in both vessels
at the beginning of the experiment and thus the helium levels in the two
vessels are the same. Increasing the pressure in A results in a flow of helium
towards B. Surprisingly, this causes a difference in temperature in the two
vessels. The temperature in B decreases somewhat, whereas it increases in A.
Equalizing the pressure difference again brings the system back to its starting
condition indicating that this is a reversible process. This experiment clearly
shows that there is mass flow in helium II associated with the heat flow. How-
ever, the fact that the direction of heat flow is actually opposite to the flow
of mass is very peculiar.
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The reversal of the experiment discussed above, namely generation of
a pressure difference by heating makes possible the observation of a very
attractive phenomenon, the so-called fountain effect (Fig. 2.7). It was first
observed by Allen and Jones in 1938 in connection with thermal transport
measurements [46]. The fountain effect can be realized by using a flask with
a thin neck immersed in helium at T < Tλ. The lower part of the flask is
filled with a fine compressed powder and is open at the bottom. Above the
powder tablet an electrical heater is located in the flask. Without heating,
the flask fills up with helium until the level of the bath is reached. Heating
the helium in the flask results in a fountain of helium ejected from the top
of the flask due to the thermomechanical effect. Stationary fountains with
heights up to 30 cm have been achieved in this way. Usually, such fountains
show turbulent flow. However, under certain conditions (low heater power,
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The latter expression was first derived by H. London and thus is often called
the London equation [58]. Figure 2.16 shows experimental values of the tem-
perature difference between the two beakers as a function of the level differ-
ence, which corresponds to a pressure difference.

The data demonstrate nicely the linear relation between ∆p and ∆T pre-
dicted by (2.19). As expected, the thermomechanical effect weakens with in-
creasing temperature. At ∆h = 2 cm and T = 1.5 K a temperature difference
of about 1 mK is found. In principle, one could use the thermomechanical
effect for cooling, but this method is very inefficient.
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2.2.6 Heat Transport

So far we have discussed the mass transport of helium II in thin capillaries
under the assumption that the normal-fluid component is completely blocked.
However, for capillaries with finite width this is only approximately true. In
fact, even in equilibrium (∆p = !S∆T ), there is always a flow of normal-fluid
component !n from the warm to the cold end. The superfluid component !s

moves in the opposite direction. Because of the difference in entropy of the
two components, this counterflow is associated with entropy transport and
thus with the transport of heat. The heat flow is only limited by the viscosity
of the normal-fluid component. We describe the flow of !n within classical
hydrodynamics by

V̇n =
β

ηn
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L
. (2.20)

Here, L denotes the length of the flow channel and β is a constant that is
determined by the geometry of the flow channel. For capillaries the Hagen–
Poiseuille law is valid and thus β ∝ r4. For heat transport through small slits
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happen, because, unless special care is taken, temperature gradients between
the inside and the outside of the beaker occur, leading to dissipation and thus
to a rapid damping of the oscillation.

2.1.3 Thermomechanical Effect

The thermomechanical effect is another unique property of helium II. A
schematic illustration of an experimental setup to observe this effect is shown
in Fig. 2.6. Two vessels (A and B), both containing helium II are connected
via a very thin capillary. Temperature and pressure are equal in both vessels
at the beginning of the experiment and thus the helium levels in the two
vessels are the same. Increasing the pressure in A results in a flow of helium
towards B. Surprisingly, this causes a difference in temperature in the two
vessels. The temperature in B decreases somewhat, whereas it increases in A.
Equalizing the pressure difference again brings the system back to its starting
condition indicating that this is a reversible process. This experiment clearly
shows that there is mass flow in helium II associated with the heat flow. How-
ever, the fact that the direction of heat flow is actually opposite to the flow
of mass is very peculiar.
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The reversal of the experiment discussed above, namely generation of
a pressure difference by heating makes possible the observation of a very
attractive phenomenon, the so-called fountain effect (Fig. 2.7). It was first
observed by Allen and Jones in 1938 in connection with thermal transport
measurements [46]. The fountain effect can be realized by using a flask with
a thin neck immersed in helium at T < Tλ. The lower part of the flask is
filled with a fine compressed powder and is open at the bottom. Above the
powder tablet an electrical heater is located in the flask. Without heating,
the flask fills up with helium until the level of the bath is reached. Heating
the helium in the flask results in a fountain of helium ejected from the top
of the flask due to the thermomechanical effect. Stationary fountains with
heights up to 30 cm have been achieved in this way. Usually, such fountains
show turbulent flow. However, under certain conditions (low heater power,
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2.1.1 Viscosity and Superfluidity

The first indications for the occurrence of superfluidity came from flow mea-
surements through very thin capillaries and narrow slits [31, 32]. Using the
Hagen–Poiseuille law

V̇ =
πr4

8
1
η

∆p

L
, (2.1)

one can conclude from measurements of the flow velocity in narrow capillaries
that the viscosity of helium II is several orders of magnitude lower than that
of helium I. The quantity L denotes the length of the capillary, r the radius,
∆p the pressure drop along the capillary and V̇ the volume rate of helium
transported through it. Some measurements that demonstrate the typical
variation of flow velocity v = V̇ /(πr2) with pressure are shown in Fig. 2.1a.
Besides the extremely low viscosity, two other very remarkable observations
can be made, namely that the flow velocity is nearly independent of the pres-
sure gradient along the capillary, and that the flow velocity increases with
decreasing diameter of the capillary. The temperature dependence of the vis-
cosity deduced from flow measurements through narrow capillaries is shown
in Fig. 2.1b. Above the lambda point, the viscosity is nearly temperature
independent, but it falls to an undetectably low value for T < Tλ.

An important question in this context is whether the viscosity becomes
extremely small but finite or whether it actually becomes zero below the
lambda transition. To answer this question persistent-mass flows have been
generated and monitored [37,38], analogous to persistent-current experiments
with superconductors (see Chap. 10). A torus, containing compressed fine
powder is filled with liquid helium and set into rotation above the lambda

0.00 0.05 0.10 0.15
Pressure p / mbar

2

4

6

8

10

12

14

F
lo

w
ve

lo
ci

ty
v

/c
m

s−1

d = 3.9 µm

d = 0.79 µm

d = 0.12 µm

4He

0 1 2 3 4
Temperature T / K

0

10

20

30

V
is

co
si

ty
η

/µ
P

Tλ

4He

Fig. 2.1. (a) Flow velocity of helium II through capillaries with different diameter
as a function of the applied pressure [39, 40]. (b) Temperature dependence of the
viscosity of liquid helium as determined from flow experiments with thin capillaries
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The latter expression was first derived by H. London and thus is often called
the London equation [58]. Figure 2.16 shows experimental values of the tem-
perature difference between the two beakers as a function of the level differ-
ence, which corresponds to a pressure difference.

The data demonstrate nicely the linear relation between ∆p and ∆T pre-
dicted by (2.19). As expected, the thermomechanical effect weakens with in-
creasing temperature. At ∆h = 2 cm and T = 1.5 K a temperature difference
of about 1 mK is found. In principle, one could use the thermomechanical
effect for cooling, but this method is very inefficient.
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2.2.6 Heat Transport

So far we have discussed the mass transport of helium II in thin capillaries
under the assumption that the normal-fluid component is completely blocked.
However, for capillaries with finite width this is only approximately true. In
fact, even in equilibrium (∆p = !S∆T ), there is always a flow of normal-fluid
component !n from the warm to the cold end. The superfluid component !s

moves in the opposite direction. Because of the difference in entropy of the
two components, this counterflow is associated with entropy transport and
thus with the transport of heat. The heat flow is only limited by the viscosity
of the normal-fluid component. We describe the flow of !n within classical
hydrodynamics by

V̇n =
β

ηn

∆p

L
. (2.20)

Here, L denotes the length of the flow channel and β is a constant that is
determined by the geometry of the flow channel. For capillaries the Hagen–
Poiseuille law is valid and thus β ∝ r4. For heat transport through small slits
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Heater
Powder

Fig. 2.7. (a) Schematic sketch of an experimental setup used to demonstrate the
fountain effect. The helium inside and outside the flask has been drawn in a slightly
different shade for clarity. (b) Photo of a fountain generated in helium II [47]

low temperatures, etc.) fountains can be produced exhibiting pure potential
flow, like the one shown in Fig. 2.7b.

2.1.4 Heat Transport

Early experiments on heat transport in superfluid 4He indicated that the
thermal conductivity of helium II is more than five orders of magnitude larger
than that of helium I [48,49]. This extremely high thermal conductivity of the
superfluid immediately explains the remarkable observation that the boiling
of liquid helium stops suddenly when passing the lambda transition. The
temperature distribution becomes homogeneous within the liquid and thus
evaporation takes place only at the free surface.

Not only is the heat transport of helium II very high, it also has a num-
ber of other unusual properties. Figure 2.8 shows that under certain cir-
cumstances a pronounced maximum of the heat current density is observed
at about 1.8 K. Using capillaries with large diameters one finds, in addi-
tion, that the heat-current density q̇ rises proportional to |grad T |1/3. This
means, that the thermal transport cannot be described by the usual expres-
sion q̇ = −Λ gradT , because the thermal conductivity Λ would not be con-
stant but would diverge for small temperature gradients as Λ ∝ |gradT |−2/3.

Detailed investigations of the heat flux Q̇ of helium II through very thin
capillaries have shown that for small temperature differences the heat flux
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2.1.1 Viscosity and Superfluidity

The first indications for the occurrence of superfluidity came from flow mea-
surements through very thin capillaries and narrow slits [31, 32]. Using the
Hagen–Poiseuille law
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one can conclude from measurements of the flow velocity in narrow capillaries
that the viscosity of helium II is several orders of magnitude lower than that
of helium I. The quantity L denotes the length of the capillary, r the radius,
∆p the pressure drop along the capillary and V̇ the volume rate of helium
transported through it. Some measurements that demonstrate the typical
variation of flow velocity v = V̇ /(πr2) with pressure are shown in Fig. 2.1a.
Besides the extremely low viscosity, two other very remarkable observations
can be made, namely that the flow velocity is nearly independent of the pres-
sure gradient along the capillary, and that the flow velocity increases with
decreasing diameter of the capillary. The temperature dependence of the vis-
cosity deduced from flow measurements through narrow capillaries is shown
in Fig. 2.1b. Above the lambda point, the viscosity is nearly temperature
independent, but it falls to an undetectably low value for T < Tλ.

An important question in this context is whether the viscosity becomes
extremely small but finite or whether it actually becomes zero below the
lambda transition. To answer this question persistent-mass flows have been
generated and monitored [37,38], analogous to persistent-current experiments
with superconductors (see Chap. 10). A torus, containing compressed fine
powder is filled with liquid helium and set into rotation above the lambda
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Fig. 2.1. (a) Flow velocity of helium II through capillaries with different diameter
as a function of the applied pressure [39, 40]. (b) Temperature dependence of the
viscosity of liquid helium as determined from flow experiments with thin capillaries
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The latter expression was first derived by H. London and thus is often called
the London equation [58]. Figure 2.16 shows experimental values of the tem-
perature difference between the two beakers as a function of the level differ-
ence, which corresponds to a pressure difference.

The data demonstrate nicely the linear relation between ∆p and ∆T pre-
dicted by (2.19). As expected, the thermomechanical effect weakens with in-
creasing temperature. At ∆h = 2 cm and T = 1.5 K a temperature difference
of about 1 mK is found. In principle, one could use the thermomechanical
effect for cooling, but this method is very inefficient.
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Fig. 2.16. Temperature difference as
a function of the level difference in the
two beakers that are connected via a
superleak [59]

2.2.6 Heat Transport

So far we have discussed the mass transport of helium II in thin capillaries
under the assumption that the normal-fluid component is completely blocked.
However, for capillaries with finite width this is only approximately true. In
fact, even in equilibrium (∆p = !S∆T ), there is always a flow of normal-fluid
component !n from the warm to the cold end. The superfluid component !s

moves in the opposite direction. Because of the difference in entropy of the
two components, this counterflow is associated with entropy transport and
thus with the transport of heat. The heat flow is only limited by the viscosity
of the normal-fluid component. We describe the flow of !n within classical
hydrodynamics by

V̇n =
β

ηn

∆p

L
. (2.20)

Here, L denotes the length of the flow channel and β is a constant that is
determined by the geometry of the flow channel. For capillaries the Hagen–
Poiseuille law is valid and thus β ∝ r4. For heat transport through small slits

► heating of helium inside vessel              helium shoots out at the top

► stationary heights up to 30 cm, have been observed!


