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Abstract. We study diamagnetically levitated foams with widely different liquid fractions. Due to the
levitation, drainage is effectively suppressed and the dynamics is driven by the coarsening of the foam
bubbles. For dry foams, the bubble size is found to increases as the square root of foam age, as expected
from a generalized von Neumann law. At higher liquid content the behavior changes to that of Ostwald
ripening where the bubbles grow with the 1/3 power of the age. Using Diffusing Wave Spectroscopy we
study the local dynamics in the different regimes and find diffusive behavior for dry foams and kinetic
behavior for wet foams.

Foams are models of soft matter consisting of gas bub-
bles enclosed in a liquid which have solid properties due
to surface tension of the bubbles and their inside pres-
sure [1]. Depending on the amount of liquid in the foam,
bubbles can either be in contact or separated. In the for-
mer most common case of “dry” or “almost dry” foams,
bubbles are substantially deformed and the thin flat liq-
uid films in the contact area between them provide sub-
stantial mechanical stability to the foam [1]. “Wet” foams
are less stable because the rather homogeneous mixture
of separated bubbles is rapidly destroyed by flows due to
buoyancy pushing bubbles upwards [1]. In “wet” and “al-
most dry” foams the dynamics is driven by the drainage
of liquid between the bubbles due to gravity [2]. However,
additional dynamics occurs even without drainage because
of gas exchange between bubbles [3,4] due to the Laplace
pressure Δp = 2σ/r with r being the bubble’s radius of
curvature and σ the liquid-gas surface tension [5]. As a
consequence, the average bubble size increases with time
because of the lower gas pressure in the larger bubbles.
This process, known as coarsening, has been described by
von Neumann [6] and has been experimentally observed in
two-dimensional foams [3] as well as for very dry foams [7,
8]. It has also been shown that drainage and coarsening
can interact [9,10].

Here we study three-dimensional foams which are lev-
itated by a strong magnetic field gradient [11,12]. Due
to the diamagnetism of water, it is possible to effectively
suppress the buoyancy of the gas bubbles and thus stabi-
lize the foam against drainage even at high liquid content.
With this simple trick it becomes possible to study the
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coarsening dynamics in 3D foams without chemical sta-
bilizers for dry as well as wet foams over many hours in
laboratory. Without levitation such foams would decay
within minutes on Earth [13] which is why major efforts
are under way to investigate them at conditions of steady
microgravity at the International Space Station [14].

In dry foams the exchange of gas between bubbles
takes place directly through the thin liquid films sepa-
rating the bubbles [15]. Because the rate of exchange is
governed by the Laplace pressure Δp, the growth rate of a
bubble, i.e. the current density of gas exchange, is propor-
tional to Δp, i.e. to the inverse of its radius. This implies
j = dV

Adt ∝ dr/dt ∝ 1/r. Here, A is the contact area of a
bubble which is of order r2 and V its volume. Given this
dynamics, one obtains after integration that the average
size of bubbles will increase with time as 〈r〉 ∝ t1/2. This
can also be derived more rigorously, as for instance done
in [16], where strictly speaking the pressure difference be-
tween two different bubbles is considered. This implies
that one has to consider a state of the bubbles where the
distribution is random giving rise to variations in the pres-
sure difference, such that coarsening can take place. For
the argument to hold, the distribution of bubbles during
coarsening has to be statistically self-similar, something
which may only appear after a long time depending on
the initial state of the foam after production.

When the bubbles are no longer in contact, it can be
surmised that the mechanism of gas exchange between
bubbles will have to change. In fact, the exchange of gas
will now have to be achieved via diffusion in the liquid
and the difference of the gas pressure in the bubbles to the
saturation pressure in the liquid. Here, the diffusive cur-
rent density j ∝ dr/dt will be determined by the gradient
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of the concentration, i.e. the gradient in pressure differ-
ence. This means that we obtain j ∝ dr/dt ∝ dp/dr.
Again using the fact that the pressure inside the bubbles
is given by Laplace’s law, we obtain dr/dt ∝ 1/r2 and
hence a growth of the form 〈r〉 ∝ t1/3. Again, this can
be derived studying the detailed dynamics [17–21]. This
qualitatively different type of coarsening is also known as
Ostwald ripening and is for instance observed in the dy-
namics of the growth of inclusions in solids [22]. Since the
nature of the dynamics changes when the bubbles are no
longer in contact, the boundary between the two regimes
is expected to be at a liquid fraction of ∼ 30%, which cor-
responds to that of the inverse structure of closely packed
spheres (26% for ordered structures, 36% for disordered
structures). This transition has also been obtained in sim-
ulations of two-dimensional foams considering different
liquid fractions [23]. Since levitated foams can be created
with a varying amount of liquid and relative stability to
drainage, these predictions can thus be tested experimen-
tally with our setup.

In order to assess the growth of the foam bubbles with
age inside the three-dimensional foam we use multiply
scattered light transmitted through the foam [24]. The
transport mean free path of light in the turbid medium of
the foam has been found to be proportional to the bubble
size [26–28]. This holds both for dry foams, where scat-
tering mainly takes place at the thin liquid films between
bubbles as well as for liquid foams, where the scatter-
ing centers are the bubbles themselves. For comparison
we use direct visualization by video microscopy of bub-
bles near the sample surface. In addition, the transmitted
diffuse light can be used to obtain information on the aver-
aged local dynamics of the foam via Diffusing Wave Spec-
troscopy (DWS) [29]. Here, the auto-correlation function
of the multiply scattered light field directly provides the
time dependence of the optical phase shift incurred by the
local motions of the scattering particles. Thus it is possible
to determine whether the dynamics of the scatterers is dif-
fusive or ballistic and from the respective time scales [30],
the size of the dynamic particles can be obtained.

The foams used in the experiments consist of water,
sodium dodecyl sulfate (SDS) as a surfactant and N2 gas
with a surfactant concentration of 8% by weight. The
water-SDS mixture and the gas are put in two separate sy-
ringes, which are connected through a thin tube [31]. The
water-SDS mixture is then transferred to the gas-filled
syringe and the resulting mixture is transferred through
the thin tube several times in order to achieve turbulent
mixing. In this way an irregular foam with a given mean
pressure in the bubbles determined by the pressure on the
syringes is obtained. This irregular initial state ensures a
quick approach to a statistically self-similar state and thus
the asymptotic coarsening regime. The liquid content in
the foam is determined by the ratio of the volume of water-
SDS mixture and that of gas initially present within the
two syringes [31]. Due to the compression of the gas in the
foam bubbles, the effective liquid fraction of the foam will
be somewhat higher than the initial composition given by
the content in the two syringes. An initial liquid fraction
of 25% corresponds roughly to an effective liquid fraction
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Fig. 1. Image of the surface of the foam chamber at different
times during the ageing of the foam with an initial liquid frac-
tion of 20%. This shows the absolute size and polydispersity
of the foam. The scale bar corresponds to 1 mm. Shown are
images 10min (top) and 152min after creation (middle). The
average radius of the bubbles as a function of time is shown
in the bottom figure, showing a growth law 〈r〉 ∝ tβ with an
exponent β = 0.45(5).

of 30%. This can be estimated from the pressure exerted
by the foam in the syringes. The polydisperse foam with
an average bubble radius of r0 � 100μm (see fig. 1a) thus
created is then transferred to a sample cell of diameter
of 1.7 cm and height of 1.2 cm, which is placed inside the
room temperature bore of a superconducting cryomagnet
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Fig. 2. Schematic illustration of the diamagnetic levitation
setup. The foam sample cell, shown in detail in the inset, is
illuminated from below and observed from above. The trans-
mitted light is captured by a photodiode for the determination
of the bubble size. A photomultiplier (PM) is used to determine
the autocorrelation function to study the local dynamics.

capable of applying a field of 18T (fig. 2). Due to the insuf-
ficient thermal insulation of the bore and the high freezing
point of a water-SDS mixture, a small heating coil is added
around the sample cell in order to keep the foam at con-
stant temperature of 36(1)◦ all times (see fig. 2). Therefore
the temperature dependence of coarsening rates [32] does
not influence the results below. The magnet is a super-
conducting solenoid at the end of which the field shows a
substantial gradient [33]. This means that there is a sig-
nificant upward force on the diamagnetic water-SDS mix-
ture, given by f = χB∂B/∂z, where f is the force density
and χ is the diamagnetic susceptibility. At a specific point,
when B∂B/∂z = ρg/χ, this force exactly compensates the
gravitational force [11]. Due to the field distribution, this
will lead to a stable levitation at this point [12], where the
levitation will be homogeneous to one part in a thousand
within a volume of 1 cm3, thus for almost the whole foam
sample [33]. The residual accelerations of 0.001 g will still
lead to macroscopic flows, however the associated inherent
time scales will correspondingly be increased a thousand-
fold, such that the stability of the foam becomes limited
by coarsening rather than drainage. Additional magnetic
interaction forces between bubbles due to demagnetiza-
tion effects are many orders of magnitude smaller than
the force due to Laplace pressure to form or deform the
bubbles and also small compared to the residual accel-
eration forces discussed above. Eliminating drainage this

way opens up the possibility of observing the coarsening
dynamics over extraordinary long times.

In order to study the time evolution of the bubble ra-
dius and the local dynamics the foam is illuminated with
a Coherent Verdi solid state CW laser at a wavelength
of 532 nm and a power of 100 mW and the transmit-
ted light is detected either with a photodiode or a glass
fiber leading to a photomultiplier and a correlator card for
DWS measurements [34]. The reflective side boundaries of
the container ensure that the photodiode collects the total
transmitted intensity. The schematic setup is again shown
in fig. 2. In addition, we directly imaged the surface bub-
bles for some foams using a lipstick camera, in order to
characterize the absolute bubble size and polydispersity.
An example is shown in fig. 1 for a foam of an initial liq-
uid fraction of 20%, at times of 10min (top) and 152min
(middle) after creation. The time evolution of the aver-
age bubble radius obtained from such pictures is shown in
fig. 1, bottom part, showing a power law increase with an
exponent of β = 0.45(4). Due to the fact that our initial
measurement takes place a few minutes after creation of
the foam, the growth phase corresponding to the constant
initial bubble radius is not observed. This is also the case
for the optical measurements discussed below.

In the multiple scattering regime, the transmitted in-
tensity is given by Ohm’s law, i.e. T = 1+ze

L/l∗+2ze [24],
where L is the thickness of the sample, l∗ is the transport
mean free path and ze is a parameter describing the first
scattering events and is of order unity. It was shown that
ze in a foam depends on liquid fraction [25], changing from
1 in the dry case to 1.5 in the liquid case. However for our
experiments, the thickness L is at least ten times bigger
than the mean free path, such that the above expression
reduces to T ∝ l∗/L, independent of ze. Thus by deter-
mining the average transmitted intensity, we can directly
obtain a measure of the change of the mean free path l∗

with foam age, since both the sample thickness and the
incident intensity are fixed. The mean free path of light
in the sample has been shown before to give a determi-
nation of the bubble size with l∗ ∝ r [35] for the bulk of
the three-dimensional foam. In fig. 3, this dependence of
l∗ with foam age is shown for a set of foams with different
liquid content. As can be seen in this double logarithmic
plot, all foams show a scaling behavior with a power law
increase of bubble size with age, r ∝ tβ . At lower liquid
fraction, the data are within errors equal to that obtained
directly from the surface bubbles shown in fig. 1. For dry
foams, this increase is faster with an exponent close to
β = 1/2, whereas for wet foams it is slower with β = 1/3.
These exponents are the asymptotic dynamics of the the-
oretical predictions for foam dynamics in the dry and wet
case, respectively [6,17–21]. In the transition region, there
is an intermediate behavior, where two distinct regimes
can be seen corresponding to the two different dynamics.
A possible slow cross-over between the two behaviors can
be quantified by a power law fit with an intermediate ex-
ponent.

These results are summarized in fig. 4, where the ex-
ponents fitted for all experiments within a large range of
liquid fractions are plotted. It can be clearly seen that
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Fig. 3. The bubble size determined via the optical transmit-
tance as a function of foam age is shown for five different liquid
fractions. The plot is on doubly logarithmic scales indicating a
power law dependence of the size with age. Straight lines with
a slope of 1/2 (solid) and 1/3 (dashed) indicating the expo-
nents of von Neumann and Ostwald dynamics are added for
comparison.
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Fig. 4. The bubble growth exponent, β, determined from mea-
surements as those shown in fig. 3 is shown as a function of
liquid fraction (given in %). For comparision, the expectation
of von Neumann dynamics, β = 1/2, and that of Ostwald ripen-
ing, β = 1/3 is shown by the full and dashed lines, respectively.
The transition between these two regimes is rather narrow at
liquid fractions between 25% and 35%.

below a liquid fraction of 25%, the exponents are all com-
patible with 1/2, whereas above an initial liquid fraction
of 35%, they are all compatible with 1/3. Thus there is
a clear transition in the coarsening behavior of the foams
at a liquid fraction corresponding to the close packing of
spheres. Both the transition and the asymptotic values of
the exponents are predicted by theory [6,17–21].

Having observed this transition, it is interesting to in-
vestigate the difference in the local dynamics in the two
different regimes more closely. For this purpose, we deter-

mine the mean square fluctuations of the positions of the
foam interfaces using DWS [30].

In DWS, the time auto-correlation function of the fluc-
tuating transmitted intensity is determined. These fluctu-
ations are caused by small movements of the scatterers
essentially due to center-of-mass displacements of foam
bubbles in the wet case and rearrangements of thin liquid
walls in the dry case, respectively. Both lead to a change
in the speckle interference pattern of different multiple
scattering paths through the sample [29]. The DWS time
auto-correlation function of the intensity in a transmis-
sion speckle spot is approximately given, in the diffusion
approximation, by g2(t) = A exp(−2〈δφ(t)2〉l∗2/L2) + 1,
where δφ(t) = kΔr(t) is the time-dependent phase shift
incurred by the light on each scattering event on a moving
particle in the different multiple scattering paths, where k
is the wave vector of the light used. In addition, we deter-
mine the transport mean free path as before, l∗/L ∝ T ,
such that we obtain log(g2(t) − 1) · T 2 ∝ 〈Δr2(t)〉 [30].
The displacements observed correspond to a length scale
of 10–100 nm, where the uncertainty is given by the un-
certainty in the determination of the absolute value of the
mean free path. These fluctuations are shown for foams of
different wetness (i.e. initial liquid fraction) of 22%, 30%
and 38%, in fig. 5. The different 〈Δr2(t)〉 shown for a sin-
gle foam correspond to different ages of the foam, where
each curve corresponds to a single data point in fig. 3.
The evolution of aging time is indicated by the arrow and
the ages for the different foams range from 8 to 303 min
for 22% liquid fraction, 5 to 424 min for 30% liquid frac-
tion and 9 to 755 min for 38% liquid fraction, respectively.
As can be seen, for dry foams, 〈Δr2(t)〉 increases linearly
with correlation time indicating a diffusive dynamics of
the scatterers. The slope directly indicates the mobility of
the scatterers, which can be seen to decrease with the age
of the foam. Taking into account the increase of the bub-
ble size with age shown above, the mobility is inversely
proportional to this size. The mobility of the fluctuations
is however much higher than that expected from a move-
ment of the bubbles themselves.

For wet foams in contrast, the dynamics is rather inde-
pendent of the age of the foam and the mean square fluctu-
ations increase quadratically with time. This corresponds
to a kinetic dynamics, where the scatterers travel ballisti-
cally during the observed time. Moreover, the time scale of
this kinetic dynamics is essentially independent of the size
of the bubbles, indicating that the bubbles move according
to a small local flow present in the system. Such random
ballistic motion due to intermittent rearrangements has
been observed in foams of high liquid fractions before [36].

In conclusion, using diamagnetically levitated foams
not affected by drainage, we have shown the existence
of a transition in the bulk coarsening dynamics of three-
dimensional foams at an effective liquid fraction of roughly
30%. At lower liquid fraction, the coarsening dynamics is
governed by a von Neumann law [6,16], which corresponds
to a growth of the average bubble size with the square
root of time. At higher liquid fraction, the bubbles grow
via Ostwald ripening [17–21], i.e. the average bubble size
grows with time to the power of 1/3. The difference in
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Fig. 5. The mean square displacement of scatterers in the foam
is shown as a function of correlation time for three different
liquid fractions (a: 22%, b: 30% and c: 38%). This shows the
local dynamics of bubbles, which can be seen to be diffusive
(〈Δr2〉 ∝ t) in the von Neumann regime and ballistic (〈Δr2〉 ∝
t2) in the Ostwald regime.

coarsening dynamics is driven by the fact that at low liq-
uid content the bubbles are in close contact thus changing
the nature of gas transport between bubbles.

In addition, we have shown that for wet foams, the lo-
cal dynamics is kinetic, i.e. the bubbles essentially follow
the weak convective flow of the interstitial liquid which,
we think, arises from residual temperature gradients com-
bined with slightly imperfect levitation conditions across
the sample volume. The time scale of this dynamic cor-
respondingly is independent of the age of the foam. Thus
the DWS correlation time solely reflects the increase of
the mean free path of light due to the increase in size.

For dry foams in contrast, where bubbles are closely
packed, the dynamics of the bubbles is diffusive as would
be expected in a dense out-of-equilibrium system. These
movements are for instance induced by local shape fluctu-
ations of the bubbles [32], as well as rearrangements where
bubbles move to relieve accumulated stresses [37,27]. The
time scale of these fluctuations also increases with the age
of the foam. In the future it will be interesting to char-
acterize the dynamics of these rearrangements, which can
give a complete picture of how local dynamics influences
the global dynamics of the foam. Moreover, the point of
transition between wet and dry foams, i.e. the jamming
point of bubbles will be interesting to investigate, however
further work is needed in order to control the levitation
conditions and possible magnetic interactions.
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