
the allowable achromatic bandwidth is 0.97% or (l/Dl) ¼ 103, we
see that a thickness difference of up to 1.5 mm between the refractive
lens and the refractive Fresnel lens profile still satisfies the coherence
length requirement for the bandwidth used. It is this net thickness
difference that is the important parameter; one could go up to this
limit in (l/Dl) ¼ 103 steps of 2p phase change, or 34 steps of 6p
phase change, to pick two examples. Finally, since the radius r of a
plano-convex lens with a thickness t at its centre is given by r ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2RCt 2 t2
p

; with RC ¼ 5.6 mm and t ¼ 1.5 mm one can have a
lens radius up to 3.8 mm (or a numerical aperture of up to 0.75) and
still remain within the coherence length requirement of a Fresnel
lens with 0.93% bandwidth.

In practice, one can imagine lithographically fabricating an
achromatic Fresnel optic (AFO) on a single thin membrane, with
the Fresnel zone plate fabricated on one side, and a refractive Fresnel
lens on the other side, as shown in Fig. 1 (possibly fabricated using
multilevel21,22 or imprint23 methods). The achievable efficiencies of
the zone plate and the Fresnel lens are about 30–50% and 30–80%,
respectively, leading to a combined efficiency of 10–40% for the
AFO which compares quite favourably with, for example, the ,5%
net throughput of a next-generation lithography system using six
optics with 60% reflectivity each to gain the required resolution and
field of view.

The size of the AFO and its imaging field are likely to be limited by
primary aberrations. Seidel wavefront aberrations for imaging finite
conjugates with zone plate optics have been calculated by Young24.
At 1.34-nm wavelength (Cu L absorption edge) with a 4:1 demag-
nifying geometry (a standard set-up used in lithography cameras),
aberration-free imaging fields of between 2 and 15 mm can be
expected for outermost zone widths between 40 and 95 nm without
aberration correction. When used with EUV radiation near 12.5 nm
wavelength, the NAs are increased nearly tenfold and primary
aberrations become more problematic unless the field of view is
kept to a few tenths of 1 mm. Spherical aberration does not exist for
Fresnel zone plates when the zone placement is computed for a
specific imaging geometry. This property, along with the achro-
matic nature of the AFO, allows one to reduce the field curvature
and astigmatism to an acceptable level by increasing the AFO
diameter (therefore the focal length) while maintaining the same
field of view. Coma can be reduced and eliminated in some cases by
appropriate aperturing.

In general, the AFO design provides two important benefits: it
makes a large bandwidth of electromagnetic radiation usable, and it
allows large-diameter high-resolution optics to be produced with-
out suffering from chromatic aberration. The increased bandwidth
should greatly improve the throughput of applications using broad-
band X-ray sources, such as X-ray tubes and laser-produced
plasmas. In addition, non-spectroscopic imaging applications
such as tomography at synchrotron radiation sources could operate
with reduced imaging time using multilayer monochromators
rather than narrow-bandpass crystal monochromators. The large
diameter gives large working distance and large imaging field,
both valuable attributes in imaging applications. The present AFO
design has the potential to make significant impact in X-ray
microscopy and microanalysis, and next-generation lithography
applications. A
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The brownian motion of mesoscopic particles is ubiquitous
and usually random. But in systems with periodic asymmetric
barriers to movement, directed or ‘rectified’ motion can arise and
may even modulate some biological processes1. In man-made
devices, brownian ratchets and variants based on optical or
quantum effects have been exploited to induce directed
motion2–14, and the dependence of the amplitude of motion on
particle size has led to the size-dependent separation of bio-
molecules6,8,15. Here we demonstrate that the one-dimensional
pores of a macroporous silicon membrane16, etched to exhibit a
periodic asymmetric variation in pore diameter, can act as
massively parallel and multiply stacked brownian ratchets that
are potentially suitable for large-scale particle separations. We
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show that applying a periodic pressure profile with a mean value
of zero to a basin separated by such a membrane induces a
periodic flow of water and suspended particles through the pores,
resulting in a net motion of the particles from one side of the
membrane to the other without moving the liquid itself. We find
that the experimentally observed pressure dependence of the
particle transport, including an inversion of the transport direc-
tion, agrees with calculations17,18 of the transport properties in
the type of ratchet devices used here.

Particle separation is often accomplished by exploiting the
dependence of drift or diffusion on size. That is, the process starts
with a mixture, and as the particles move with different velocities,
different components can be picked up at different positions away
from the starting point. In contrast, ratchet-based devices14 tend to
exploit changes in drift direction as a function of particle size, which
can in principle lead to smaller devices capable of continuous
operation. Microscopic calculations of the transport of particles
in ratchet devices similar to those used here have revealed the closely
related effects of the dependence of the net motion direction of the
particles on particle size (for a fixed pressure) and on pressure
amplitude (for fixed particle size)17. In these experiments, we
demonstrate that the transport in our membranes exhibits the
predicted pressure dependence.

Our experimental set-up consists of two basins filled with an
aqueous solution of dispersed particles and separated by a hori-
zontally mounted ratchet membrane (Fig. 1). The upper basin is
open, and the lower basin closed and connected to an electrically
driven pressure oscillator. The pore arrays were grown by a photo-
electrochemical etching process19,20, which has been extended to
allow very strong diameter modulations16,21,22. The particles were
commercial luminescent polystyrene spheres with well-defined
diameters of 0.1 mm, 0.32 mm, 0.53 mm and 1 mm, respectively. The
concentration used was approximately one particle per pore.
Interactions between the beads can therefore be neglected. The
total number of particles in the upper basin was measured by
photoluminescence (PL).

Applying square wave pressure oscillations to the lower basin
generated a periodic back and forth streaming of the water-plus-
particle system between the two basins through the membrane. By
simultaneously recording the pressure in the lower basin and the
filling level in the upper basin, we could investigate the water flow.

For carefully prepared hydrophilic pore walls and hyper-pure water
as carrier liquid, the well-known macroscopic hydrodynamic
equations are appropriate. The flow through the straight pores
can be described by the Hagen–Poiseuille law. For the shaped pores
the flow was still well approximated by the Hagen–Poiseuille law
when using the minimum diameter. In addition, the oscillations of
the particles together with the carrying water through the capillaries
was directly observed by lock-in PL-spectroscopy using the pressure
oscillations as reference signal. We modulated our whole exper-
iment and toggled the driving pressure oscillations on and off every
60 seconds to exclude long-term drifts caused, for example, by water
evaporation. This toggling also enables us to obtain more infor-
mation about the system. Together with the macroscopic simu-
lations presented later, this helps us to understand in more detail the
drift and diffusion contributions.

In Fig. 2a the curve labelled U shows the evolution of the PL
signal, starting from a homogeneous particle distribution. The
applied root-mean-square (r.m.s.) pressure during the ‘on’ phase
is 2,000 Pa with a frequency of 40 Hz. The ‘on’ phases of the cycles
are highlighted in grey. When switched on for the first time at
t ¼ 60 s, the PL signal increases nearly linearly with time. After 60 s
the total PL intensity and therefore the total number of particles in
the upper basin has increased by about 8%. Turning off the periodic
pressure oscillations leads to a nearly constant signal. Only a very
slight decrease is visible. Repeating this cycle several times, we
observe an increase of the signal during the ‘on’ phases of the cycles,
although for longer times the number of added particles is reduced.
On the other hand, during the ‘off ’ phases the number of vanishing
particles strongly increases with time. The profile changes from a
stepwise function to a sawtooth-like behaviour and suggests the
onset of a mechanism that pushes the particles back into the
membrane.

Our experimental set-up does not permit us to measure the PL in
the lower basin. In a second experiment we therefore mounted the
membrane with reversed orientation. In Fig. 2a the curve labelled
Ureversed shows the corresponding PL evolution. There is no pro-
nounced systematic correlation with the ‘on’ and ‘off ’ phases to be
seen, but the number of particles is, except for some perturbations,
clearly decreasing with time. A second control experiment was
performed using straight cylindrical pores with a diameter of
2.4 mm. Curve Ucylindrical in Fig. 2a shows that particle transport is

Figure 1 Experimental set-up. a, Schematic representation. The horizontally mounted

membrane structure with asymmetric diameter modulated pores separates two basins,

upper and lower. b, Scanning electron micrograph of a cleaved modulated macroporous

silicon wafer. The macropores are arranged in a triangular lattice with a pitch of 6 mm and

a depth of about 150 mm. c, Scanning electron micrograph of a cleaved modulated

macroporous silicon ratchet membrane. After drying, some colloidal spheres with a

diameter of 1 mm stick to the silicon surface. The maximum pore diameter is 4.8 mm and

the minimum 2.5 mm. The length of one period is 8.4 mm.
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indeed only observable for the shaped pores.
Two processes are superimposed during the water-plus-particle

oscillations: the brownian motion of the particles and its oscillations
through the channel itself. The particle is diffusing randomly
between liquid layers of different speed. Owing to the spatial
asymmetry the liquid velocity field, and hence the friction forces
onto the beads, possess a ratchet-like profile, enabling uni-
directional motion12,17. At present there are no convincing ‘hand-
waving’ arguments for why the direction of transport depends on
the amplitude of the applied pressure, as predicted by the numerical
calculations.

The transport was microscopically modelled17 by solving the
equation of motion for a single particle in an infinitely long pore
given by the Langevin equation:

_xðtÞ ¼ vðxðtÞ; tÞþ
ffiffiffiffiffiffiffiffi
2D0

p
yðtÞ ð1Þ

Here D0 is the diffusion coefficient, y(t) the independent gaussian
noise and v(x(t),t) the velocity field of the liquid. The microscopic
calculations result in a systematic particle drift with a drift velocity
v m in the range of ^ 1 mm s21, depending on particle size and
pressure amplitude. In addition, the calculations show that under
these conditions the spreading of a particle ensemble can be
described by an enhanced diffusion coefficient of the particles

Deff ¼ rD0: Typically the enhancement factor r is in the range 1 to
10.

To understand the experimental data of Fig. 2a, we modelled the
macroscopic system by a one-dimensional diffusion equation for
the particle density n(z,t).

›n

›t
¼2

›

›z
ðjdriftþ jdiffusionÞ ¼2

›

›z
nvm 2

›

›z
ðDnÞ

� �
ð2Þ

Typical parameters were taken from microscopic theory17. A tran-
sition region of 20 mm was introduced between membrane and
basin where the parameters evolve gradually to reflect the smooth-
ing caused by the oscillations.

The total number of particles in the upper and lower basins is
shown in Fig. 2b. Comparing the results of the simulation for the
upper basin with the experimental behaviour in Fig. 2a (U) we
observe excellent qualitative agreement. All the characteristic
peculiarities are reproduced. The signals show the same behaviour
going from a stepwise function to a more sawtooth-like profile.
After about 700 s some sort of saturation is observed where the net
increase of particles over one cycle is strongly reduced compared to
the beginning of the experiment. The evolution for the lower basin
in the simulation again qualitatively reproduces the smooth,
unstructured signal of the experiment with reversed mounted
membrane (Ureversed).

Looking at the position dependence of the concentration profile
(Fig. 3), we can immediately understand the reason for the observed
evolutions. During the ‘on’ phases of the cycles the particles drift
from the membrane to the upper basin. Since outside the mem-
brane there is no drift, the particles accumulate near the surface. A
large gradient towards the membrane evolves over time. This leads
to the strong back-diffusion that is visible as soon as the drift is shut
off. After 720 s almost the whole membrane is depleted. The net
transport capacity of the membrane is limited by the few particles
that diffuse into the membrane from the lower basins. The particles
from the upper basin mostly diffuse back into the surface region of
the membrane during the ‘off ’ phase, only to be driven out again
during the ‘on’ phase. Thus the characteristic triangular profile
evolves. The low diffusion current into the volume of the upper
basin and the limited diffusion current of particles from the lower

Figure 2 Photoluminescence intensity as a function of time. The pressure oscillations are

toggled on and off every 60 s. The ‘on’ phases of the cycles are highlighted in grey.

a, Measured intensity profile in the upper basin (U ) and in a second experiment for the

reversed mounted membrane of the former lower basin (U reversed ) as well as for

cylindrical pores (U cylindrical ) for an applied root mean square (r.m.s.) pressure during the

‘on’ phase of 2,000 Pa, an oscillation frequency of 40 Hz and a particle diameter of

0.32 mm. b, Simulated particle number in the two basins as a function of time. The total

number of particles N in units of the initial particle number N 0 in the upper (U ) and lower

(L) basins were obtained by numerical integration of equation (2) using typical parameter

values from ref. 17: v m ¼ 0.5 mm s21, D0 ¼ 1.5 mm2 s21, r ¼ 3, membrane thickness

150 mm, basin thickness 100 mm.

Figure 3 Simulated profile of particle concentration as a function of position for different

instants in time. The particle concentration in arbitrary units was obtained by numerical

integration of equation (2) using the same parameter values as in Fig. 2b. The membrane

area is shaded in grey with smooth edges. As described in the text, the properties are

gradually changed from the membrane to the basin to reflect the smoothing influence of

the oscillations.
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basin into the membrane are the reasons for the observed pseudo-
saturation. The real saturation, where nearly all particles are in the
upper basin, takes much longer because of the macroscopic dimen-
sions of the lower basin and the slow particle diffusion. The
occurrence of this pseudo-saturation in our measurement is a
strong indication of the efficient transport inside the membrane.
Only for drift values near the simulated v ¼ 0.5 mm s21 do we expect
the strong reduction in transport capacity to occur after only a few
hundred seconds. In a real application device these problems could
be overcome by introducing strong mixing in the basin.

The characteristic sawtooth-like profile does not in general occur
for the lower basin (L) because the reduction of concentration in the
lower basin itself is dominated by the diffusion process from the
lower basin to the particle-depleted ratchets. The drift process
removes the particles from the lower interface and, therefore, does
not directly lead to a change in the number of particles in the lower
basin. After a few cycles the concentration near the lower membrane
surface is already reduced to a few per cent of the starting
homogeneous concentration. It changes only slowly over time by
the diffusion process of the particles in the lower basin and leads to
the rather unstructured evolution observed in Fig. 2a (Ureversed).

To avoid long-term stability problems we investigated the press-
ure dependence with a more sophisticated pressure profile. Only a
few ‘on’/‘off ’ cycles are performed for each amplitude, followed by a
relaxation time of 200 s and then immediately followed by the next
parameter set. To check reproducibility, we repeated a pressure
amplitude leading to easily observable transport every fifth
measurement (see Supplementary Information). The resulting
dependence is depicted in Fig. 4. The error bars are estimated
from the deviations in the linear fits. For low-pressure amplitudes
the particles drift to the short end of the pore modulation (upper
basin in Fig. 1, negative current). At 3,000 Pa the direction of the net
motion switches its sign and the particles show a drift to the long
end (lower basin in Fig. 1). By simply tuning the applied amplitude
of the pressure oscillations the direction of transport can be
reversed. For the positive direction, the experimental observation
is expected to be much more difficult, as mentioned in the context
of Fig. 2. Nevertheless, we can observe a few points with moderate
error bars.

If the amplitude is close to zero, no transport will occur because
the oscillating water-plus-particle system only moves a very short

distance compared to the length of one modulation and therefore
does not feel the asymmetric pore shape. Also at high-pressure
values the transport seems to diminish, as predicted by theory,
although the error bars presented here do not really allow us to
verify this. The experimentally observed pressure dependence
strongly supports the underlying microscopic theory.

Our measurements are in qualitative agreement with the results
of the theoretical calculations, suggesting that the predicted17,18

strong dependence of the direction of transport on particle size is
likely to occur, and that the ratchet membrane might act as a
massively parallel one-dimensional brownian separator18 for separ-
ation applications. Provided that problems associated with mixing
and surface passivation can be resolved, the system seems well suited
for the efficient and selective continuous separation of sensitive
biological materials like viruses or cell fragments. As the external
force is based on the flow resistance of the particles, it should be
possible to separate elongated or flexible particles, provided their
size is roughly in the 0.1–1 mm range. It is expected that the well
developed electronic and micromechanical technology for silicon
processing will allow the control of surface properties and the
integration of many of the still discrete external components into
‘lab on a chip’ systems. In such highly integrated systems the
dimensions could be drastically reduced, which would help to
suppress the limiting diffusion processes in the basins and increase
speed and sensitivity of the device considerably. A

Methods
Sample fabrication
The electrochemical etching of silicon is carried out in HF (cHF ¼ 5 wt%; T ¼ 10 8C;
U ¼ 2 V) under backside illumination. The substrate is n-type FZ-Si (100) with a
resistivity of 5 Q cm21. Using a photolithographic prepatterning, the macropores are
arranged in a triangular lattice with a pitch of a ¼ 6 mm. After electrochemical etching, a
protective SiO2 film is grown by thermal oxidation at 800 8C in an oxygen atmosphere
for 2 h. This leads to a SiO2 thickness of 20 nm. After removing the SiO2-layer at the
backside of the silicon wafer locally by an HF-dip, the backside is removed with an
anisotropic KOH-etching process. The backside of the sample is exposed to 25 wt%
KOH at 90 8C. Before reaching the SiO2 etch stop, temperature is reduced to 60 8C. A
well-defined hydrophilic OH-terminated surface is achieved via a standard cleaning
process23: the membrane is exposed to a mixture of H2O:NH3:H2O2 ¼ 5:1:1 at 80 8C for
10 min.

Particles
The functionalized particles (surfactant-free, fluorescent yellow-green sulphate
polystyrene latex) are provided by IDC (Interfacial Dynamics Corporation). The supplied
solution is diluted after ultrasonic treatment using ultra-pure deionized water from a
Millipore Milli-RX20 (18 MQ cm21, filter pore diameter 0.22 mm).

Measurements
Particle concentration is measured using PL. For the highly diluted solutions used, the PL
intensity is proportional to the number of particles in the upper basin. Excitation is done
with 488-nm light from an argon laser. The PL is detected at 515 nm using a Spex 270M
monochromator equipped with a Hamamatsu photomultiplier tube R928. The pressure
oscillations are achieved by a membrane pump SMF 4 from ASF Thomas Industries. The
applied pressure is detected with a sensor from Honeywell 26PCCFRAID. The filling level
in the upper basin is measured capacitively using a Boonton 7200.
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The high 3He/4He ratio of volcanic rocks thought to be derived
from mantle plumes is taken as evidence for the existence of a
mantle reservoir that has remained largely undegassed since the
Earth’s accretion1–3. The helium isotope composition of this
reservoir places constraints on the origin of volatiles within the
Earth and on the evolution and structure of the Earth’s mantle.
Here we show that olivine phenocrysts in picritic basalts pre-
sumably derived from the proto-Iceland plume at Baffin Island,
Canada, have the highest magmatic 3He/4He ratios yet recorded.
A strong correlation between 3He/4He and 87Sr/86Sr, 143Nd/144Nd
and trace element ratios demonstrate that the 3He-rich end-
member is present in basalts that are derived from large-volume
melts of depleted upper-mantle rocks. This reservoir is consistent
with the recharging of depleted upper-mantle rocks by small
volumes of primordial volatile-rich lower-mantle material at a
thermal boundary layer between convectively isolated reservoirs.
The highest 3He/4He basalts from Hawaii and Iceland plot on the
observed mixing trend. This indicates that a 3He-recharged
depleted mantle (HRDM) reservoir may be the principal source

of high 3He/4He in mantle plumes, and may explain why the
helium concentration of the ‘plume’ component in ocean island
basalts is lower than that predicted for a two-layer, steady-state
model of mantle structure.

Ocean island basalts (OIB) derived from mantle plumes com-
monly have 3He/4He ratios that are higher than mid-ocean ridge
basalts (MORB) that originate in the upper, asthenospheric man-
tle1–3. High 3He/4He and solar-like Ne isotope ratios4 reflect a higher
proportion of primordial volatiles in the source region and, in the
current paradigm, indicate that plumes tap a deep mantle reservoir
that is significantly less degassed than the asthenospheric mantle.
Although a number of locations have been proposed for this
reservoir5, a lower mantle that has been convectively isolated
below the 670-km seismic discontinuity for the lifetime of the
Earth6 is consistent with the mass balance of the depleted mantle
and continental crust7. However, layered mantle models are see-
mingly at odds with seismic studies that demonstrate convective
flow across the 670-km boundary8 and require a 100- to 200-fold
depletion of the He concentration in the upper, degassed mantle
relative to the deep undegassed mantle reservoir6. Plume-derived
OIB from, for example, Loihi seamount, Hawaii, have lower He
concentrations than basalts from the degassed upper mantle2 and
have posed a persistent problem for a unified geochemical model of
Earth structure6. The apparent paradox can be explained, at least in
part, by more extensive degassing of ocean island basalts9. However,
basalts from Iceland and the Hawaiian islands have linear, rather
than strongly hyperbolic, He–Pb isotope mixing arrays that are
consistent with relatively small He concentration contrasts between
the degassed mantle and less degassed (high 3He/4He) mantle
reservoirs9,10.

Picritic basalts erupted on Baffin Island, northeast Canada,
61 Myr ago correlate with the Anaanaa Member of the Vaigat
Formation in West Greenland11, and are among the earliest mani-
festations of the ancestral Iceland mantle plume12. Trace-element
and Sr–Nd isotope ratios show that they were generated by mixing
of two discrete sources; relatively depleted mantle with (La/
Sm)n , 1, 87Sr/86Sr < 0.7030, 143Nd/144Nd < 0.5130, and rela-
tively enriched mantle with (La/Sm)n . 1, 87Sr/86Sr < 0.7042 and
143Nd/144Nd < 0.51282 (ref. 13). The depleted basalts are similar to
the most depleted Icelandic basalts and North Atlantic MORB14.
The enriched basalts are similar to, though slightly more extreme
(higher 87Sr/86Sr and lower 143Nd/144Nd ratios) than the most
enriched basalts erupted by the Iceland plume and across the
North Atlantic igneous province15.

The isotopic composition of He released by in vacuo crushing
olivine phenocrysts from picritic basalts from three stratigraphically
distinct cliff sections in northeast Baffin Island (Table 1) ranges
from 14.4R a to 49.5R a (where R a is the atmospheric 3He/4He ratio;
1.39 £ 1026). These ratios are far higher than MORB values and
extend the range measured in contemporaneous picrites from West
Greenland16. The high ratios cannot result from contamination by
in situ cosmogenic 3He because (1) in vacuo crushing does not
release cosmogenic He from the olivine lattice17, (2) cosmogenic
3He production was negligible because the samples were collected
from eroding, near-vertical sea cliff faces, and (3) the 3He/4He of
powders produced by crushing are systematically lower than crush
values (Table 1) indicating that radiogenic He dominates the olivine
lattice. Nucleogenic 3He production from 6Li is negligible in
Palaeocene basalts16.

Crush release of radiogenic 4He in the olivine lattice and melt
inclusions by post-eruptive U and Th decay tends to lower 3He/4He,
so measured ratios may underestimate the source 3He/4He. Any
such effect would be most pronounced in samples with the lowest
He content. 3He/4He are not correlated with He concentration
(Table 1), implying that post-eruptive radiogenic He is insignificant
to the crush-release He. Crustal contamination of the basalts by
amphibolite- and granulites-facies basement rocks would also lower
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