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We report on progress towards a neutral atom imaging device that will be used for chemically sen-
sitive surface microscopy and nanofabrication. Our novel technique for improving refractive power
and correcting chromatic aberration in atom lenses is based on a fundamental paradigm shift from
continuous-beam focusing to a pulsed, three-dimensional approach. Simulations of this system sug-
gest that it will pave the way toward the long-sought goal of true atom imaging on the nanoscale.
Using a prototype lens with a supersonic beam of metastable neon, we have imaged complex patterns
with lower distortion and higher resolution than has been shown in any previous experiment. Com-
parison with simulations corroborates the underlying theory and encourages further refinement of the
process. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4976986]

INTRODUCTION

Atom optics, the manipulation and control of atoms, is
a relatively new field that has seen rapid advances since the
development of laser cooling. Surprisingly, the most basic
atom optics element, the atomic lens, is so hindered by aber-
rations that resolution has not yet approached the diffraction
limit. The correction of aberrations is the single most important
factor in the performance of the optical microscope and has
enabled angstrom resolution in electron microscopes. A break-
through in aberration-corrected lenses for atoms will enable
the realization of a neutral atom microscope with chemical
sensitivity and atomic resolution.

Many approaches to neutral atom imaging have produced
encouraging results, but so far none has demonstrated the
required resolution or flux.1–3 Pinhole lenses have been used
to deposit indium atoms on a silicon substrate with 30 nm
resolution. Unfortunately, a pinhole lens capable of 30 nm
resolution must itself be around 20 nm wide, severely limit-
ing atom flux. Fresnel zone plates have larger apertures but
still block large portions of the incident beam.4–6 Zone plate
focusing has recently achieved resolution on the order of
1 µm. Standing light waves, which interact with atoms via
the AC Stark effect, are amenable to a variety of shaping
and tuning techniques.7–10 While small-period standing waves
have achieved nanoscale features, they are limited to simple
geometric patterns and do not constitute a general imaging
technique.11,12 Despite some spherical aberration, large-period
standing waves can act as universal lenses. Such systems
have focused supersonic He* with resolutions around 4 µm.9

Clever proposals for low-spherical-aberration standing wave
lenses with sub-nanometer resolution—for example, based on
coaxial TEM01* “doughnut” modes—have yet to fulfill their
promise.2,13 Static dipole forces—electric or magnetic—offer
yet another option as atomic lenses. While quadrupole fields
have been used,14,15 the hexapole field is particularly appro-
priate, since it produces the correct field profile over a large
region. Electrodes, permanent magnets, and current-carrying
wires have all been employed to create focusing fields.15–17

A permanent magnet hexapole was used to image a complex
mask using slowed Cs atoms (v = 0–200± 5 m/s).18 In addition
to their low refractive power, the performance of permanent
magnet hexapoles is limited by chromatic aberration. This
arises because faster atoms, which require a larger focusing
impulse, instead receive a smaller one due to spending less time
in the field. The resulting quadratic dependence of focal length
on velocity limits the spot size achievable by a steady-state
lens.

We propose a pulsed electromagnetic hexapole lens as
a solution to the problems of low refractive power, fringing
fields, and chromatic aberration.19 Modern power semicon-
ductor technology in the form of the insulated gate bipolar
transistor (IGBT) provides a means for switching large cur-
rents (≥1000 A) on microsecond time scales. This allows for
high-current wires to exert a brief, strong focusing field on a
beam, taking advantage of the high refractive power from cur-
rent carrying wires without subjecting the atoms to fringing
fields as they enter and leave the lens. The pulsed configu-
ration also converts the focal length into a linear function of
velocity, since the time spent in the focusing field is fixed for
all particles. Further chromatic aberration correction can be
achieved by tapering the lens to be narrower towards the front,
thereby applying a stronger field and greater force to the faster
atoms near the front of the beam. While the pulsed lens can
only accommodate similarly pulsed beams, supersonic valves
are a perfectly suited source for atom optics experiments. Since
these high brightness sources are already pulsed (often at a very
high repetition rate), relatively little flux is lost as compared
to the continuous case. In addition to addressing the prob-
lems of refractive power and chromatic aberration, the pulsed
electromagnet is tunable, allowing the user to zoom or focus
the lens by simply changing the current. This is in contrast
to many other methods, where a fixed focal length creates a
rather limited set of adjustable properties.

In this work, we describe the first working prototype of a
pulsed electromagnetic hexapole lens. Using Ne*, we observe
true imaging of complex patterns on a size scale smaller than
any previous hexapole results. We characterize this system at
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FIG. 1. (a) Schematic of a six-wire hexapole overlaid
with a finite-element model depicting the field for a phys-
ically realistic wire array. (b) Calculated magnetic field
profiles corresponding to traces along the red and blue
lines in (a).

a range of focal lengths and observe behavior that compares
favorably with theory and simulations. This agreement jus-
tifies further exploration of the lens at higher power, where
we expect speeds on the order of f/100 and a resolution of
10 nm.19

LENS DESIGN

The deflection of paramagnetic atoms in an inhomo-
geneous magnetic field is based on the same principle as
the Stern-Gerlach experiment. For 33P2 metastable neon,
gj ≈ 3/2. The force exerted by an inhomogeneous magnetic
field on an atom in the mj = 2 low-field-seeking (LFS) state
is F ≈ −3 µB∇B. The hexapole field (Figure 1) is a harmonic
function of radius ρ, yielding a force that depends linearly on
the atomic position. The field from such an object is

B(ρ) �
6 µ0I ρ2

2πR3
, (1)

where I is the wire current and R is the distance of the wires
from the axis. The focal length for a collimated atomic disk
moving at v | | through this pulsed field is

f �
πmv | |R3

18µ0µBIτ
, (2)

where m is the mass of a neon atom and τ is the temporal
duration of the lens pulse. Note that since f ∝ v | | , atoms with
different speeds will focus to different positions. However,
this chromatic aberration relation is still an improvement over
the steady state lens, since in that case f ∝ v2

| |
. The pulsed

lens is unique in its ability to deliver a tailored field to each
longitudinal segment of the beam. By accounting for both
the position and the average velocity of each disk, we can
adjust the lens shape to further correct for chromatic aberra-
tion. Numerical simulations have shown that tapering the lens
will allow us to produce focal spot sizes with 10 nm reso-
lution. In this work, our goal is to build a pulsed hexapole
prototype and compare its macro-scale performance with our
expectations.

EXPERIMENT

The beamline (Figure 2) begins with a pulsed supersonic
nozzle followed by a 3 mm diameter skimmer 17 cm down-
stream. The supersonic nozzle, connected to ground state neon
at 20 bars, is accompanied by a dielectric barrier discharge
attachment that excites a fraction of the ground state atoms to

the metastable 33P2 state. Following the skimmer, the pulse
of Ne* atoms has a divergence angle of 0.017 radians, a mean
velocity of 485 m/s, and a longitudinal temperature of 360 mK.
We then further collimate and brighten the beam using stan-
dard transverse cooling, along with a chirped longitudinal
cooling laser propagating nearly antiparallel to the atomic
trajectory. After laser cooling, the atomic bullet has approx-
imate transverse and longitudinal temperatures of 2 mK and
10 mK, respectively. In practice, we observe these changes
only as increases of order 10–100× in the flux reaching our
detector. We also optically pump the beam to the mj = 2
LFS state. All optical processes use the 640 nm cycling
transition between the metastable 33P2 and the 33D3 states.
Laser light at this frequency is produced in an extended cav-
ity diode laser stabilized to the required wavelength using
Doppler-free absorption spectroscopy with an RF-discharge
cell.

Following laser cooling and optical pumping, we pass the
Ne* beam through either a set of individually translatable knife
edges or a brass slide containing apertures of various shapes,
including the letter F and a Texas longhorn. This serves as the
object plane for our imaging scheme. Using the knife edges, we
are able to produce a vertical slit with an adjustable width and
position, which allows for several quantitative evaluations of
the lens’ performance. The shaped apertures, on the other hand,
provide more qualitative tests of true imaging on a range of
size scales. After the object plane, the atomic beam propagates
135 cm before entering the pulsed electromagnetic hexapole
lens. Immediately in front of the lens, a stainless steel chopper

FIG. 2. Schematic image of the experimental sequence for magnetic imaging.



081102-3 Gardner, Anciaux, and Raizen J. Chem. Phys. 146, 081102 (2017)

wheel running at 165 Hz with a 3 mm slit reduces the longi-
tudinal extent of the beam to 1 cm. While the atom pulse is
entirely within the lens, we pulse a current on the order of 150 A
between 25 and 33 µs. We collect data for focal image lengths
ranging from 0.6 to 1.1 m. After passing through the magnetic
lens, the focused atoms arrive at a microchannel plate (MCP)
that serves as the image plane. Metastable atoms arriving at
the MCP excite an electron cascade, which is then accelerated
towards a phosphor screen. We use a CCD camera to image
the phosphor screen through a window in the vacuum chamber.
This system allows us to characterize the shape and size of the
cross section of the atomic beam where it hits the MCP. Res-
olution is limited by space charge spreading of the electrons
between the MCP and the phosphor screen. Experimental tests
with a pinhole have shown the practical resolution limit of this
detection system to be around 120 µm.

We construct a prototype lens using a hollow polymer rod
(Vespelr, manufactured by DuPont) as a frame to hold a sin-
gle copper wire wound into the hexapole configuration shown
in Figure 1. The rod is connected to a vacuum chamber on both
ends using Swagelok hardware. A hole of diameter 1.75 mm
drilled along the axis of the rod serves as the lens interior,
through which the atoms propagate in a vacuum of order 10�7

Torr. The wires are placed approximately 2 mm from the axis.
A slight taper is included, but for the focal lengths charac-
terized in this work it is not an important feature. In order
to mitigate the effects of stray fields—as well as to counter-
act any defects arising from imperfect wire placement—we
supplement the hexapole with two larger Helmholtz pairs.
These coils allow us to empirically smooth the focusing field
to obtain better performance. Such measures will likely be
unnecessary in future versions of the lens, which will incor-
porate better background shielding and more precisely placed
wires.

RESULTS

We first characterize the performance of the hexapole lens
using the adjustable vertical slit formed by two knife edges

set 230 µm apart. Placing the image plane at a distance of
61 cm from the lens, we change the lens current (pulsed at
τ = 33 µs) until an image comes into focus. The FWHM of
the atoms as a function of current is shown in Figure 3(a),
from which it is observed that an image forms at around 214
A. From ray optics, we expect the image to have width wi

= wodi/d0 ≡ Mwo, where di is the image distance, d0 is
the object distance, wo is the width of the slit in the object
plane, and M is the magnification factor. The detected width of
130± 20 µm is near the expected value of 104 µm. This result
is particularly close in light of the 120 µm resolution limit of
our detection system. Retreating to a longer image distance of
87 ± 2 cm, we obtain a spot size of 150 ± 20 µm at a current
of 227 A, pulsed for 25 µs. This agrees rather well with the
expected spot size of 147 µm. From our simulations, we expect
a lens with R = 2.3 mm, I = 227 A, τ = 25 µs, and d0 = 135 cm
to produce an image at 87 cm. Similarly, we expect R = 2.3,
I = 227 A, and τ = 33 µs, to yield a spot at di = 62 cm. This
agreement suggests that our simulations accurately describe
the important dynamics at work in this system.

To continue analyzing the magnification properties of the
lens, we translate the slit horizontally across the object plane
by a distance ∆xo. This produces a corresponding shift in
the image position, ∆xi, which should obey the simple for-
mula ∆xi =M∆xo. Repeating this for many values, we obtain
a linear relationship from which we can extract a slope.
Figure 3(b) shows the data from this process for image dis-
tances of 61 ± 2 cm, 87 ± 2 cm, and 113 ± 2 cm. For the
first distance, we pulse the lens for 25 µs. For the latter two
distances, we pulse for 33 µs. The images at these lengths
come into focus at 214 A, 227 A, and 207 A, respectively. The
expected magnification factors are 0.45 ± 0.02, 0.64 ± 0.02,
and 0.84 ± 0.02. The experimental slopes extracted from the
data are 0.42 ± 0.01, 0.63 ± 0.01, and 0.83 ± 0.01. The agree-
ment in these numbers encourages further probing of the lens
performance.

A more challenging test for the lens is to image an aper-
ture of a specific size with the correct magnification. This also
presents something of a detection challenge, since it is often

FIG. 3. (a) Width measurement of the image of a vertical slit as a function of lens current, pulsed for 33 µs. The detection plane is placed 61 cm from the center
of the lens. The minimum image width occurs at 214 A. The horizontal dashed line at 120 µm represents the resolution limit of the detection system. (b) Image
vs. object displacement for image distances of 61 cm, 87 cm, and 113 cm. From the slopes, we extract magnification factors of 0.42 ± 0.01, 0.63 ± 0.01, and
0.83 ± 0.01, respectively.
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FIG. 4. Image formation using a pulsed hexapole lens. Lens current increases
from left to right. The right hand column shows focused images formed by
atoms passed through apertures of increasing complexity.

difficult to deconvolve broadening due to imaging aberrations
from that arising from the natural resolution limits of our detec-
tion system. Nevertheless, the lens performs well, exhibiting
a fairly linear regime in which a change in the object size
is proportionately matched in the image plane. For all three
focal lengths, the linear regime breaks down as the appar-
ent spot size approaches the 120 µm resolution limit of the
detector.

Finally, we replace the knife edges with a slide contain-
ing various geometric shapes. To minimize the importance
of the detector resolution, we look for images at 113 cm,
where M � 0.84. Figure 4 shows three sequences of images
produced as the system is brought into focus. The top sequence
depicts a slit focusing process analogous to that described
in Figure 3(a). At the focus, we observe an image width of
170 ± 20 µm. More interesting than a simple slit is the let-
ter F, which comes into sharp focus in the second sequence
at the same current (207 A) that worked for the slit. Though
the figure does not show this, the letter appears on the MCP
upside-down and backwards, just as ray optics would pre-
dict. The bottom sequence features a more complex shape
and demonstrates a resolution of detail on the scale of the
detection limit. These images show that the pulsed hexapole
lens simultaneously reproduces features at both the large and
the small scales, which is a crucial feature for many potential
applications.

The use of Helmholtz coils to empirically tune the field
inside the lens is a crucial component of attaining the resolu-
tion shown in Figure 4. Without these coils, the lens produces
a characteristic “double image” consistent with either a back-
ground magnetic field or slightly asymmetric wire placement.
Calculations suggest that correcting these aberrations with an
external field is only possible to a finite degree. In order to
reach the nanoscale, therefore, both background fields and wire
placement error must be minimized. A second-generation lens

incorporating the necessary control features is in the design
phase.

CONCLUSION

The pulsed, tapered, electromagnetic hexapole repre-
sents a fundamentally new approach to chromatic aberration-
correction in atom lenses. Simulations suggest that this system
can produce images and spots with nanoscale resolution, pro-
viding a high quality tool for beam management in atom
optics experiments and paving the way for breakthroughs
in nanofabrication and surface microscopy. We have demon-
strated that our pulsed magnetic lens—the first of its kind—can
image a beam of neutral atoms with higher resolution and
lower distortion than any previous hexapole system. Close
agreement with numerical simulations and the principles of
ray optics provides strong encouragement that future gener-
ations of this lens will be able to achieve nanoscale atomic
focusing.
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