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Diffraction of walking drops by a standing Faraday wave
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The Kapitza-Dirac effect is the diffraction of quantum particles by a standing wave of light. We here report an
analogous phenomenon in pilot-wave hydrodynamics, wherein droplets walking across the surface of a vibrating
liquid bath are deflected by a standing Faraday wave. We show that, in certain parameter regimes, the statistical
distribution of the droplet deflection angles reveals a diffraction pattern reminiscent of that observed in the
Kapitza-Dirac effect. Through experiments and simulations, we show that the diffraction pattern results from the
complex interactions of the droplets with the standing wave. Our study highlights nonresonant effects associated
with the detuning of the droplet bouncing and the bath vibration, which are shown to lead to drop speed variations
and droplet sorting according to the droplet’s phase of impact. We discuss the similarities and differences
between our hydrodynamic system and the discrete and continuum interpretations of the Kapitza-Dirac effect,
and introduce the notion of ponderomotive effects in pilot-wave hydrodynamics.
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I. INTRODUCTION

Diffraction experiments have been pivotal in advancing
our understanding of both light and matter. Pioneering light
diffraction experiments were conducted in 1665 by Grimaldi,
who documented wave properties of light and put forward an
early version of the Huygens principle [1,2]. The opposing
“corpuscular” view of light pioneered by Newton success-
fully rationalized light refraction and reflection phenomena
[3] and dominated the scientific consensus of the time de-
spite its inconsistency with diffraction experiments. Young’s
refinement of diffraction experiments [4] combined with Fres-
nel’s formal theory that accurately predicted diffraction results
[5], provided strong support for the wave nature of light.
Following Maxwell’s derivation of the relationship between
electricity, magnetism, and the speed of light, the particle
view was almost entirely abandoned, only to be resurrected
again with Einstein’s 1905 explanation of the photoelectric
effect based on Planck’s hypothesis of light quanta [6]. In
1924, de Broglie suggested that wave properties are intrinsic
to both light and matter [7]. Specifically, in his theory of
the double solution, he proposed that particles possess inter-
nal oscillations that generate a pilot wave that guides their
motion. De Broglie thus posited “matter waves:” particles
have an associated frequency and wavelength. His theory was
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supported by Davisson and Germer’s 1928 experiments of
electron diffraction by a nickel-crystal lattice [8], on the basis
of which he won the Nobel prize in 1929.

In 1933, Kapitza and Dirac [9] proposed that, just as light
may be diffracted by matter, matter may be diffracted by light.
They considered a standing wave of light as a diffraction grat-
ing for a beam of electrons and predicted that electrons would
experience quantized deflection angles due to discrete photon
absorption and the subsequent stimulated Compton scattering
[10]. The first experimental realization of the Kapitza-Dirac
effect was achieved in 1986 in the scattering of sodium atoms
by a near-resonant standing-wave laser field [11]. Since then,
the Kapitza-Dirac effect has been observed in a growing
number of physical systems [10], using atoms [12], electrons
[13–16], Bose-Einstein condensates [17], and even complex
molecules [18]. Today, the effect can be most generally de-
fined as the “diffraction of a particle by a standing wave” [10],
prompting the question of whether a comparable diffraction
effect can also be achieved in a classical system.

A classical realization of de Broglie’s matter waves was
discovered in 2006 by Couder and Fort [19]. Couder et al.
[20] found that a millimetric drop of silicone oil may self-
propel on the surface of a vertically vibrated liquid bath via
a resonant interaction with its own guiding or “pilot” wave
field. The drop and its pilot wave comprise a compound entity,
termed a “walker,” that represents a macroscopic realization
of the physical picture envisioned by de Broglie [7] in which
a vibrating particle is guided by its pilot wave [21]. It is
perhaps worth noting that de Broglie abandoned his theory for
some time before returning to it following the development of
Bohm’s [22] pilot-wave theory.

Couder and Fort [19] directed the walking droplets toward
a submerged wall with one or two slits, and reported a diffrac-
tion pattern in the deflection angles of the droplet trajectories.
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Early follow-up studies failed to reproduce this pattern; in
particular, Andersen et al. [23] and Batelaan et al. [24]
reported relatively incoherent patterns. Moreover, Andersen
et al. [23] pointed out the statistical sparsity of the data
reported by Couder and Fort [19]. Subsequent studies have
identified the shortcomings of these early experiments. First,
the experimental domains were so small that the droplet tra-
jectories were always influenced by the bounding geometry.
Second, there was clear evidence that the droplet trajectories
were being influenced by ambient air currents. More con-
trolled experiments were conducted by Pucci et al. [25] and
Ellegaard and Levinsen [26], who considered larger experi-
mental domains, and isolated the walkers from ambient air
currents using a sealed lid. Pucci et al. [25] characterized
the dependence of the emergent diffraction pattern on the
amplitude of vibrational forcing and drop size. Multimodal
diffraction patterns with three peaks were the norm. Ellegaard
and Levinsen [26] further refined the setup, carefully con-
trolling the bath temperature and depth above the submerged
boundaries. Their results revealed even richer diffraction pat-
terns, but were largely consistent with those of Pucci et al.
[25]. Taken in conjunction, these studies together provide
ample experimental support for the claim of single-particle
diffraction and interference originally made by Couder and
Fort [19].

The walking-droplet system has since provided a platform
for establishing a growing number of hydrodynamic quan-
tum analogs [27,28], including analogs of orbital quantization
[29,30], quantum corrals [31,32], tunneling [33,34], Friedel
oscillations [35], superradiance [36], spin lattices [37], and
Anderson localization [38], as well as demonstrations of sur-
real trajectories [39] and interaction-free measurement [40].
In this study, we use the walking droplets to establish a hydro-
dynamic analog of the Kapitza-Dirac effect. We show that as
walkers pass through a locally excited standing Faraday wave,
the distribution of the deflection angles of their trajectories
exhibits statistical diffraction similar to that arising in the
Kapitza-Dirac experiments. We demonstrate the emergence
of ponderomotive effects in our hydrodynamic system and
compare them to those invoked in the interpretation of the
Kapitza-Dirac effect.

II. EXPERIMENTAL DETAILS

We subject a silicone oil bath (ρ = 0.95 g/mL, νo =
20 cSt, σ = 20.6 mN/m) to periodic vertical forcing acceler-
ation γ cos ωt with f = ω/2π = 72 Hz (Fig. 1). The bath has
depth h1 = 1.42 ± 0.05 mm and a rectangular well (L = 43
by W = 11 mm) that extends to h2 = 7.92 ± 0.05 mm depth.
The dimensions of the well are adjusted to produce a standing
wave with crests aligned only in a direction perpendicular to
the long edge of the well. (As a point of comparison, a large
square well would instead generate a checkerboard Faraday
wave pattern). We force the bath at a peak acceleration (γ =
3.74g) that exceeds the Faraday threshold immediately above
the rectangular well (for which γF = 3.72g), so that a stable
subharmonic standing wave (ωF = ω/2 = 36 Hz) forms only
in the vicinity of the well (see Ref. [41]). As is evident in
Fig. 1(a), the standing wave extends substantially (2–3 λF )
beyond the well and has a wavelength of λF = 5.16 mm. Its

FIG. 1. (a) Top view and (b) schematic side view of the hy-
drodynamic system, in which a millimetric walking drop crosses a
relatively deep rectangular region (L = 43 mm, W = 11 mm, h1 =
1.42 mm, h2 = 7.92 mm) that supports a standing Faraday wave
field with wavelength λF . The droplet trajectory is deflected by an
angle θ downstream of the standing wave. The top image is taken
with a semireflective mirror: bright areas within the rectangular well
correspond to the extrema in the wave field, where the liquid surface
is flat. The impact parameter and the crossing distance are denoted
by y0 and yw , respectively. The latter is the y coordinate of the drop
when it crosses the well’s centerline (dashed white line).

characteristic amplitude is h ≈ 0.24 mm. The wave has a rel-
atively narrow waist [Fig. 2(a)] and its shape resembles that of
the laser beam in the diffraction regime of the Kapitza-Dirac
experiment [10]. Although the expected Faraday wavelengths
for the shallow and deep regions differ only slightly (5.04 and
5.16 mm, respectively) [42], the measured λF matches that
of the deeper region. The Faraday threshold for the shallow
region of the bath was measured to be 3.80g.

We isolated our system from ambient air currents with
a transparent lid [30], and used a launcher to direct 0.82 ±
0.02 mm diameter drops with a free-walking speed of 14.7 ±
1.0 mm/s and prescribed impact parameter y0 (i.e., vertical
offset from the well center) toward the standing wave [see
Fig. 1(a)]. We recorded the drop’s horizontal trajectories using
a CCD camera mounted above the fluid bath. We alternated
between three imaging settings to capture various aspects of
our experiments. In the first setting, the color of the bath’s
base was set to black beneath the rectangular well and white
elsewhere. This was done to make clear the extent of the
rectangular well. Additionally, a semireflective mirror was
placed at a 45 degree angle in front of the camera in order
to form the image of the surface waves [see Fig. 1(a)]. In
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FIG. 2. Experimentally measured surface wave heights acquired
directly with a fast checkerboard demodulation method [43].
(a) Standing wave in the absence of the drop. (b) Standing wave with
the drop traversing left to right. (c) The difference in wave heights
between images (a) and (b) represents the anomalous pilot wave of
the droplet. The black dot marks the droplet position.

the second setting, we removed the semireflective mirror and
set the entirety of the bath’s base to black. Here, the drop

appears as the only bright spot, allowing for optimal tracking
of its trajectory (see Ref. [41]). In the third setting, we used
a black-and-white checkerboard pattern on the bath’s base in
order to make quantitative measurements of the liquid sur-
face wave height through the fast checkerboard demodulation
(FCD) method [43].

III. EXPERIMENTAL OBSERVATIONS

The Kapitza-Dirac effect with electrons, as demonstrated
by Freimund et al. [15], is typically observed by comparing
the electron distribution at the detector in the presence and ab-
sence of the standing wave field. We replicate this approach in
our hydrodynamic system and present our findings alongside
the KD experiment results from Freimund et al. [15] in Fig. 3.
In our experiments, we launched individual walkers, 1623 in
total, toward the standing Faraday wave, and measured their
deflection angle θ from the horizontal. Figure 3(a) shows the
statistical distribution obtained in our experiments by sweep-
ing a range of walker impact parameters in the range −5 �
y0 � 5 mm (see the Appendix). The resulting statistics reveals
a diffractionlike pattern with four clear peaks, resembling the
electron deflection statistics in the Kapitza-Dirac experiment
[15] [see Fig. 3(c)].

FIG. 3. Histogram of the deflection angles (a) without and (b) with the standing wave above the rectangular well. Experiments in (a) were
conducted below the Faraday threshold, where drop trajectories were unaffected by the well. The deflection angles θ in (b) were deduced
from 1623 experiments (blue) and 690 simulations (red), for which the impact parameter was −5 � y0 � 5 mm. Simulations capture two
central peaks but not the outer two owing to simplifications in the wave model. Plots (c) and (d) show an electron-deflection histogram with
counterpropagating laser beams off and on, respectively (reprinted from the KD experiments of Freimund et al. [15]). The electron beam
deflection order n corresponds to the number of photon recoil events [9,10], during each of which the electron has a momentum pph transferred
to it by the standing wave (see inset). The central peaks evident in both (c) and (d) indicate that a significant portion of electrons remains
unaffected by the momentum exchange events. Conversely, in our hydrodynamic experiments, most trajectories are substantially deflected by
the standing wave.
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FIG. 4. An ensemble of experimental droplet trajectories with
y0 = −0.21 ± 0.08 mm. The initial ensemble splits into one of six
distinct trajectories, each of which follows an extrema in the well’s
standing wave field. Trajectories are color coded according to speed.
Speed oscillations with wavelength λF are evident downstream of the
well.

In contrast to the quantum Kapitza-Dirac experiment,
where only the final position of the diffracted particles is
registered at the detector, our system allows us to directly ob-
serve the trajectories of the diffracted particles, thus providing
additional insight into the system dynamics. For example, we
can assess the sensitivity of walker trajectories to their initial
conditions by fixing the impact parameter y0 to a single value.
Figure 4 shows an ensemble of experimental walker trajecto-
ries with impact parameter y0 = −0.21 ± 0.08 mm, which is
very close to the midpoint of the rectangular well. Although
these walkers have essentially the same y0, the walker ensem-
ble splits into six distinct tracks that are separated by λF /2 and
overlay the extrema of the standing wave. These trajectories
subsequently exhibit a wide range of deflection angles in the
range −50◦ � θ � 50◦, demonstrating the complex nature of
walker-standing-wave interactions.

Our experiments also reveal that walkers exhibit significant
speed modulations as they pass through the standing wave.
First, the speed of walkers above the standing wave is re-
duced by approximately 50% relative to that outside the well.
High-speed images of the walker trajectories from an oblique
angle show that the drop’s bounces are periodic upstream of
the well but become erratic when the drop encounters the
standing wave (Fig. 5 and Ref. [41]). This disruption of the
drop’s periodicity is responsible for the anomalous slowing of

the walkers above the standing wave. Second, Fig. 4 reveals
that walkers undergo speed oscillations after passing the well.
These underdamped speed oscillations [44] produce a roughly
sinusoidal variation of speed as a function of x, which will
lead to a statistical signature comparable to that arising in the
hydrodynamic analog of Friedel oscillations [35].

IV. MODEL

Much of the rich pilot-wave dynamics observed in our ex-
periments can be rationalized through the nonresonant walker
model based on the work of Moláv̌ek and Bush [45,46],
and detailed by Primkulov et al. [47]. The model accurately
captures the vertical dynamics and relaxes the commonly
imposed condition of resonance between the drop and the
bath [48], the absence of which is a key feature of our sys-
tem. After nondimensionalizing distances by the drop radius
R and time by the drop’s natural frequency ωD =

√
σ/ρR3,

the equations that govern the walker’s vertical and horizontal
dynamics may be written as

z̈p = FN (τ ) − Bo, (1)

ẍp + (
DhFN (τ ) + 9

2 Oha
)
ẋp = −FN (τ )∇(h + H ), (2)

where xp = (xp, yp) and zp are the horizontal and vertical
coordinates of the drop’s base in the laboratory frame of
reference, respectively [45], Oha = μa/

√
σρR is the Ohne-

sorge number (based on the viscosity of air), Bo = ρgR2/σ is
the Bond number. Dh = 0.17 is the damping coefficient that
accounts for the loss of horizontal momentum during impact
[46]. The normal force FN (τ ) is nonzero only during impact,
and is comprised of spring force and damping force compo-
nents. The former captures the influence of surface tension,
while the latter incorporates that of viscous dissipation. We
thus write

FN (τ ) = −H(−Z (τ ))(DvŻ (τ ) + CvZ (τ )), (3)

where H is the Heaviside step function. The vertical spring
(Cv = 0.59) and damping (Dv = 0.48) coefficients for our
system have been directly measured in previous studies
[45,49]. The height of the drop base above the liquid bath
surface, Z (τ ), may be written as

Z (τ ) = zp(τ ) − zb(τ ) − h(xp, τ ) − H (xp, τ ), (4)

where zp(τ ) is the drop height in a stationary laboratory
frame, zb(τ ) is the position of the unperturbed bath

FIG. 5. A standing wave disrupts the resonance of the walking drop, specifically the periodicity of its vertical dynamics. This disruption
is revealed by the high-speed imaging of the trajectory of the droplet’s center of mass (red line), and is accompanied by the horizontal speed
oscillations evidenced by the variation in step size per bounce above and downstream of the well. See the Appendix for the comparison with
the simulation.
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free surface, h(x, τ ) is the walker’s pilot-wave field,
and H (x, τ ) is the standing wave above the rectangular
well. We use the reduced wave model of Moláv̌ek
and Bush [46] for the wavefield h(xp, τ ) = cos (�τ/2)∑n

i=1 Aiexp(− τ−τi
τF Me )(τ − τi )−1/2J0(kF |xp − xi|), where xi

marks the locations of the drop’s impacts and Ai prescribes
the resulting wave amplitudes (see [47]). Both h(x, τ ) and
H (x, τ ) = φ(x) cos �τ/2 are subharmonic, so oscillate at the
Faraday frequency ωF = ω/2 [42,46].

We obtain the wave envelope for H (x, τ ) directly from
experiments [see Fig. 2(a)]. Furthermore, we check whether
the linear superposition of the standing wave with walker’s
pilot wave in Eq. (2) is a reasonable assumption. Subtract-
ing a standing wave envelope [Fig. 2(a)] from a wave field
measured with the drop crossing the well [Fig. 2(b)] leaves
the anomalous pilot wave generated by the drop [Fig. 2(c)].
The shape of the walker pilot wave field generated above the
well [Fig. 2(c)] closely resembles that of a free walker [50].
This correspondence provides some justification for our using
linear superposition of h and H in Eq. (2).

V. SIMULATIONS

Figure 6(a) shows a simulation of a walker traversing the
standing wave field. One can keep track of the walker’s impact
phase relative to the oscillations of the Faraday wave through


i =
∫
τc

FN (s)�s
2 ds∫

τc
FN (s)ds

, (mod 2π ), (5)

where τc is the contact time, specifically, the duration of im-
pact between droplet and bath, during which the intervening
lubrication layer mediates forces between the two. The impact
phases 
i = π/2 and 
i = 3π/2 correspond to phases at
which the upswing of the bath has a maximum speed, and
the amplitudes of the pilot h(x) and standing H (x) waves are
zero. These specific impact phases, at which one expects the
droplet speeds to be minimal, are indicated by two horizontal
red lines in Fig. 6(a).

Walkers maintain constant impact phase 
i when they
are in resonance with the vibrational forcing of the bath, for
example, in the free-walking state. This constancy is evident
in both experiments (Figs. 5 and 4) and simulations [Fig. 6(a)]
whenever the drop walks over a quiescent portion of the fluid
bath. The model captures a key feature of the experiment;
specifically, the walker slows as it passes over the standing
wave (see Figs. 5 and 4). Here, the walker’s speed decreasing
with depth results from the system being above γF in the deep
region, and can be readily rationalized through consideration
of the drop’s impact phase. As evident from the red dots in
Fig. 6(a), above the standing wave, the impact phase 
i be-
comes irregular and approaches the zero-amplitude pilot-wave
state 3π/2, which induces a significant speed reduction.

Our simulations recover the experimentally observed speed
oscillations with wavelength λF downstream of the standing
wave (Fig. 4), a feature of pilot-wave hydrodynamics known
to result in the emergence of quantumlike statistics [32,51].
Here, the walkers undergo underdamped speed oscillations
following the abrupt change prompted by the standing wave
field. These speed oscillations have a wavelength of λF [see
Fig. 6(c)] and the associated correlation between position

FIG. 6. Simulations of a walker crossing the standing Faraday
wave field depicted in Fig. 2(a). (a) Walker speed (blue curve) and
the phase of drop-bath impact [Eq. (5)] in relation to the period of the
standing wave (orange dots). The two horizontal red lines correspond
to the phases at which (i) the fluid bath is moving upwards with
the highest speed and (ii) the amplitudes of the pilot and standing
waves are zero. The lateral extent of the well is indicated by gray
shading. (b) The drop can assume one of two states based on its
phase of impact 
i [Eq. (5)]: either 
i is above (“up”) or below
(“down”) π . Here the wavefields are strobed at the impact of the “up”
walkers. (c) An ensemble of simulated droplet trajectories colored
according to speed indicating in-line oscillations downstream of the
well comparable to those reported experimentally in Fig. 4. (d) Color
coding according to phase 
i indicates dynamic sorting of walkers
along different channels according to their vertical bouncing phase.

and speed results in a commensurate statistical signature in
particle position.

Our model highlights that there are two kinds of walkers
(up/down walkers) with identical free walking speeds but
with impact phase 
i differing by π , a distinction that be-
comes important owing to the droplet’s interaction with the
subharmonic standing wave [Fig. 6(b)] [47]. A walker starting
from rest intermittently switches between the two states until
it locks into one of them, either 
i < π (down) or 
i > π

(up). Therefore, essentially half of the walkers approaching
the standing wave are in the up state, while the other half is
in the down state. At the drop-bath impact, the two kinds of
walkers interact with the standing wave at phases differing by
π . Thus, what appears as the maxima of the standing wave for
the up walker is a minima for the down walker. In fact, color
coding the walker trajectories with 
i in Fig. 6(d) reveals
that the standing wave serves to sort up and down walkers,
with their respective tracks being separated by λF /2. This is
also the case in experiments. Supplemental Ref. [41] show the
FCD imaging of the wave height during the KD experiments,
where up/down drops are sorted into separate tracks separated
by λF /2. Notably, all walkers, “up” or “down,” are channelled
along minima in the standing wave field.

Simulations corresponding to our experimental conditions
recover two central peaks of the deflection angle histogram in
Fig. 3. These peaks are essentially dictated by the geometry
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of the standing wave—one can tune the placement of the
peaks by adjusting the width of the standing wave envelope.
However, the fact that the numerical results do not recover
the two smaller peaks in Fig. 3 with the experimentally mea-
sured standing wave suggests that our model does not capture
some features of the experiment. Indeed, a comparison of
Fig. 4 and Figs. 6(c) and 6(d) reveals one such discrep-
ancy between simulation and experiments. Specifically, the
simulated walker trajectories are not as efficiently channelled
along the extrema of the standing wave. Furthermore, sup-
plemental Ref. [41] shows that walkers excite an additional
wave mode in the rectangular well, which is tilted relative to
the standing wave shown in Fig. 2(a). These modes are not
included in our theoretical model and may be responsible for
the smaller secondary peaks evident in Fig. 3.

VI. DISCUSSION AND CONCLUSIONS

The original Kapitza-Dirac diffraction pattern of electrons
is commonly interpreted through either the particle-particle
interaction picture of Kapitza and Dirac [9] (discrete model)
or the solution of the Schrödinger equation with a ponderomo-
tive potential [10] arising from the electromagnetic standing
wave (continuum model). While the diffraction pattern in
our walker experiments has a purely classical origin and so
requires no interpretation, we can examine the similarities and
differences between our hydrodynamic system and the two
interpretations of the Kapitza-Dirac effect.

In the discrete interpretation of Kapitza and Dirac, the
order n of the electron beam deflection angle denotes mul-
tiples of photon absorption and subsequent recoil events.
These events leave the magnitudes of both the energy and
momentum of the photons and electrons unchanged [9,10].
Consequently, sin(θn/2) = npph/pe, where pph and pe are the
incident photon and electron momenta, respectively [see the
inset of Fig. 3(d)]. Therefore, in the experiments of Batelaan
[52] reprinted in Fig. 3, the first two orders of the deflection
angles [n = 1, 2 in Fig. 3(c)] are below one degree. The
momentum exchange events are relatively infrequent, with
most electrons experiencing no deflection and only a small
fraction undergoing a single-order deflection. In contrast, the
deflection angles are considerably higher in our hydrodynamic
experiments (Fig. 3). Moreover, the droplet undergoes ap-
proximately 50 impacts (or momentum exchange events) as
it crosses a standing wave. The resulting deflection angle is
determined by the lateral momentum transferred during the
entire sequence of impacts with the standing wave crests.

Our hydrodynamic system is much closer to the contin-
uum interpretation of the Kapitza-Dirac effect described in
Batelaan [52]. To enable comparison between the two, we
align the electromagnetic standing wave with the Faraday
wave as depicted in Fig. 7. An electron moving through
this standing wave experiences rapid oscillations along
the z axis due to the force from the electric field Ez =
E0(y) cos(ωt ). Owing to the presence of the magnetic field
Bx = B0(y) sin(ωt ), the velocity vz = e

mω
E0(y) sin(ωt ) in-

duces a Lorenz force Fy = −evzBx in the y direction. Despite
the cyclic oscillations of vz and Bx averaging to zero, the
Lorenz force Fy does not, owing to the correlations between vz

and Bx. The time-averaged force may thus be derived from the
ponderomotive potential Up = e2

4mω2 E0(y)2 [52], which drives

FIG. 7. Schematic comparison of ponderomotive effects arising
in (a) walkers moving over a Faraday wave field H = H (x, y, t ) and
(b) electrons moving through an electromagnetic standing wave, with
electric field �E = E (y, t )k̂ and magnetic field �B = B(y, t )î.

electrons toward the zeros of the electric field. Freimund
et al. [15] incorporated this ponderomotive potential into the
Schrödinger equation, and with a small correction noted in
their work, successfully reproduced the diffraction pattern
shown in Fig. 3(c).

In the hydrodynamic system, a similar situation arises
when averaging the horizontal force during a resonance dis-
ruption event. The droplet-bath normal force FN (t ) induces a
horizontal force FN (t ) cos(ωFt )∇φ(x) on the droplet due to
the presence of the standing wave of height φ(x) cos(ωFt ).
When resonance is disrupted, one expects the average of
FN (t ) cos(ωFt ) to be zero because the impact times are ef-
fectively random. As in the KD effect, the net force does not
average to zero and can be derived from the ponderomotive
potential Up = 1

2 K|∇φ|2 (see the Appendix). The correspond-
ing vertical and horizontal forces, along with the resulting
ponderomotive potentials for both the hydrodynamic and
quantum systems, are listed in Table I.

We have explored the dynamics of a walking drop crossing
a standing Faraday wave field. The drop speed is reduced
above the wave field and exhibits underdamped oscillations
downstream of it. The distribution of the walker deflection
angles induced by the standing wave is reminiscent of the
diffraction pattern obtained in the Kapitza-Dirac experiment.
Our model and experiments reveal that the standing wave
serves to sort the walkers according to their impact phase

i. Just as the Stern-Gerlach apparatus sorts atoms according
to their up/down spin states, the standing wave in our
experiment sorts up/down walkers and sends them in
different directions. Finally, we have shown how nonresonant
effects may lead to a ponderomotive potential similar in form
to that utilized in the statistical modeling of the KD effect
with electrons.

TABLE I. Comparison between the KD effects arising in the
electromagnetic and hydrodynamic systems. We direct the electro-
magnetic standing wave field along the y axis, to match the overall
direction of the Faraday wave, as in Fig. 7. The first and second rows
of the table represent forces responsible for vertical oscillations and
horizontal drift. The third row shows the ponderomotive potentials
responsible for the horizontal deflections arising in the two systems.

Electron Droplet

Vertical force eE0(y) sin(ωt ) FN (t ) − mg
Lateral force evz(y, t )By(y, t ) FN (t ) cos(ωF t )∇φ

Ponderomotive e2

4mω2 E0(y)2 1
2 K|∇φ|2

Potential
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Consideration of ponderomotive effects in other hydrody-
namic pilot-wave systems will be the subject of future work.
For example, they are likely to play a role in both the hydro-
dynamic corral experiments [31,32], and in the hydrodynamic
analog of particle trapping with the Talbot effect [53]. It is also
plausible that these ponderomotive effects may play some role
in slit diffraction [19]. Indeed, channeling of particles as they
cross the slit, along paths separated by a length comparable to
the pilot wavelength, has been reported in theoretical inves-
tigation of single-particle diffraction in classical pilot-wave
dynamics [54].
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APPENDIX

1. Idealized ponderomotive force

The dimensional form of the trajectory equation (2) in the
presence of a standing wave (with amplitude φ � h) and for
short times mẍ � ζ ẋ reduces to

mẍ = − f (t )∇φ(x), (A1)

where f (t ) = FN (t ) cos(ωFt ), and ζ is the damping coeffi-
cient. A resonance disruption event (see Fig. 5) is a sequence
of 5–10 bounces (<0.2 s) where the impact times are random.
We idealize this by assuming f = 0 when averaged over this
time interval. To estimate the net (average) force f (t )∇φ(x)
over the time interval, we approximate the wave by linearizing
about a stationary point X :

∇φ(x) ≈ ∇φ(X ) + ∇T∇φ(X ) · ξ (t ), (A2)

where ξ = x − X is assumed small, and ∇T∇φ(X ) is the
Hessian of φ near X . Over short times, mξ̈ ≈
− f (t )∇φ(X ), which can be integrated to yield ξ (t ) =
1
m ∇φ(X )

∫ t
0

∫ s
0 f (s′)ds′ds. The average force may then be

expressed as

f (t )∇φ(X )+ 1

m
f (t )

(∫ t

0

∫ s

0
f (s′)ds′ds

)
∇T∇φ(X ) · ∇φ(X ),

(A3)

FIG. 8. Experimental distribution of (a) the impact parameter y0

and (b) the crossing distance of the drop yw (see Fig. 1), and their
associated deflection angles θ .

where the first term vanishes due to f = 0 and the
second term can be written as 1

2 K∇|∇φ|2 with K =
1
m f (t )(

∫ t
0

∫ s
0 f (s′)ds′ds). This derivation closely resembles

that of Kapitza’s treatment of the inverted pendulum [55],
for which they considered f (t ) = F0 cos(ωt ), in which case

K = F 2
0

mω2 .

2. Additional figures

Figure 8 presents the experimental distribution of the im-
pact parameter, while Fig. 9 displays the simulated trajectory
of a walker crossing the standing wave.

FIG. 9. Simulated trajectory of a walker captures the disrupted periodicity of the droplet’s bouncing above the standing Faraday wave,
reproducing the experimental drop behavior reported in Fig. 5.
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