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Controllable Optical Phase Shift Over One Radian from a Single Isolated Atom
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Fundamental optics such as lenses and prisms work by applying phase shifts of several radians to
incoming light, and rapid control of such phase shifts is crucial to telecommunications. However, large,
controllable optical phase shifts have remained elusive for isolated quantum systems. We have used a

single trapped atomic ion to induce and measure a large optical phase shift of 1.3 = 0.1 radians in light

scattered by the atom. Spatial interferometry between the scattered light and unscattered illumination light
enables us to isolate the phase shift in the scattered component. The phase shift achieves the maximum
value allowed by atomic theory over the accessible range of laser frequencies, pointing out new
opportunities in microscopy and nanophotonics. Single-atom phase shifts of this magnitude open up
new quantum information protocols, in particular long-range quantum phase-shift-keying cryptography.
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Optical phase shifts are commonly observed from all
materials, and generally originate from the delayed
response of electrons to an applied light field. All refractive
optics, including such fundamental optics such as lenses
and prisms, work by applying spatially varying phase shifts
of several radians to incoming light. In fiber-optical tele-
communications systems, rapid control of phase shifts
allows encoding of information in the widely used phase-
shift-keying protocol [1]. In principle, strong phase shifts
persist down to the single-atom level. As the frequency of
light is tuned around atomic resonance, semiclassical the-
ory predicts that the scattered light experiences a phase
advance of 0 for far red detuning, through 77/2 on reso-
nance, to 7 for far blue detuning.

However, large, controllable optical phase shifts have
remained elusive for isolated quantum systems. Weak
phase shifts have recently been observed from single atoms
[2] and molecules [3]. Similar small phase shifts, arising
from the shift of atomic energy levels, have also been
observed by interferometric measurements of fluorescence
from single trapped ions [4]. The interferometric tech-
niques used in those experiments analyzed only the
on-axis interference between the scattered field and the
illumination field, so the properties of the scattered field
could not be studied in isolation. Since the illumination
field is always much stronger than the scattered field
in these configurations, the accessible phase shift was
limited at the 100 mrad level by the scattering amplitude,
restricting applications in quantum information processing
and nanophotonics. In another approach, by confining an
atom in a high-finesse optical cavity, the phase shift effect
was magnified by recycling the illumination light through
the atom [5]. Superconducting qubits in 1D transmission
lines have also been observed to impart radian-level phase
shifts to the guided microwave radiation [6]. The Wigner
scattering delay for a single atom, which is related to the
frequency derivative of the phase shift at resonance, has
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also been measured contemporaneously with the present
work [7].

Here we demonstrate access to controllable radian-level
phase shifts of scattered light for an isolated atomic ion in
free space and without the need for a cavity. For the first
time to our knowledge, the scattering phase for a single
atom is demonstrated to achieve its theoretical limit. Laser-
cooled, trapped atomic ions are nearly ideal systems for
investigating quantum optics: they can remain trapped for
hours and are nearly perfectly isolated from their environ-
ment [8]. Our experimental apparatus is similar to that used
in our recent work [9,10]. A schematic of the apparatus is
shown in Fig. 1. A single '7*Yb™ ion is trapped in ultrahigh
vacuum using a double-needle radio-frequency (rf) quad-
rupole Paul trap operating at a drive frequency of 40 MHz.
Laser light at 369.5 nm, near resonance with a strong
transition of the ion, is weakly focused onto the ion to
provide an illumination field with power of ~5 nW and
spot diameter of 5 um (full-width at half-maximum). The
illumination beam is linearly polarized to eliminate optical
pumping effects and its power is actively stabilized to
minimize intensity fluctuations between reference and sig-
nal images. The light transmitted past the atom is reimaged
onto a cooled CCD camera with a magnification of 585. To
provide additional laser cooling, an auxiliary 369.5 nm
laser beam, detuned —200 MHz from atomic resonance,
is applied perpendicular to the optical axis. This additional
cooling enables us to tune the illumination field somewhat
blue of resonance while maintaining reasonable image
contrast. The laser cooling ensures that the amplitude of
the ion’s motion stays at or below the imaging resolution,
even at blue detuning. All data presented here have been
obtained from a single continuously trapped ion over a
period of a few hours.

Our data consist of background-subtracted, normalized
images of the light transmitted past a single trapped ion,
which amount to spatial interferograms of the light field
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FIG. 1 (color online). Configuration of experimental appara-
tus. A laser cooled '7*Yb* ion (red dot) is confined in a radio-
frequency electric quadrupole trap generated by two tungsten
needles. Resonant laser light at A = 369.5 nm is incident along
the optical axis of the imaging system (the left side of the figure)
and weakly focused at the ion position, illuminating the ion
with a plane wave. The transmitted light consists of a superpo-
sition of the scattering and driving field, with phase fronts
depicted by lines in the vicinity of the ion. The transmitted light
is imaged with a large aperture phase Fresnel lens [9,11] and a
weak refocusing lens (not shown) onto a cooled CCD camera at
585 X magnification. We acquire images of the transmitted light
at several camera viewing planes. A secondary cooling beam
(not shown) is incident orthogonal to the needle axis and the
optical axis.

scattered by the ion. These images are obtained by
subtracting signal images, for which ion absorption was
present, from reference images of the illuminating beam.
Each pixel of the subtracted image is then normalized to
its value in the reference image. To acquire the reference
images, we optically pump the ion into the metastable D5,
atomic state, which scatters only a negligible amount of
the 369.5 nm light. In the observation plane (i.e., the plane
imaged onto the camera), the intensity of the scattered
field U (x, y) is everywhere much smaller than the inten-
sity of the illumination field Uy(x, y). Within the image
area, the illumination field intensity is nearly uniform and
is independent of the observation plane position, so the
phase and amplitude of the illumination field is nearly
uniform. Our illumination method is therefore entirely
distinct from recent experiments [2,3] that used tightly
focused (wavelength-scale) laser beams and single-mode
detection to probe scattering properties of isolated atoms
and molecules. The background-subtracted, normalized
image signal, denoted S(x, y), is given by

S(x, y) = [Up(x, y) + Uge(x, y)I* = |Up(x, y)I?
~ 2Re[ U (x, y)Uy(x, y)] = Re[ Uy (x, y)]. (1)

where the third line follows from the fact that Uy(x, y)
is approximately constant. The vector character of the

electric field is neglected, as is appropriate at our numerical
aperture of 0.64. The image signal S(x, y) is seen to be a
spatial interferogram of the scattered field, with the illumi-
nation field serving as the reference wave. Unlike our
recent work on absorption imaging, which investigated
the removal of light from the illumination mode [10],
here we exploit constructive and destructive interference
patterns to retrieve the scattering phase.

The high information content of the spatial interfero-
gram S(x, y) enables us to isolate the parameters of the
scattered field U(x, y), in particular the phase shift. The
total transmitted field amplitude Uy(x, y) + Uy (x, y)
exhibits only small phase shifts relative to the illumination
field in our data. Nevertheless, in order to match the spatial
dependence of S(x, y) to well-understood models of wave
optics, we are constrained to assign large phase shifts to the
scattered component of the total field. The imaging tech-
nique therefore accesses the scattered field alone, in con-
trast to results from previous measurements that recorded
interference effects in a single optical mode [2,3]. Since
those previous measurements only probed the total trans-
mitted power, the large-amplitude illumination field over-
whelmed the small-amplitude scattered wave contribution.
Hence, the phase shift observed in those measurements
was always reduced by a factor of Uy /U, < 0.1 relative
to the results presented here, accounting for the previous
observations of = 100 mrad phase shifts.

Figure 2 shows a series of single-ion interferograms
at different observation planes and laser detunings. When
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FIG. 2 (color online). Spatial interferograms of the scattered
wave. The theoretical prediction for each interferogram is shown
to the right of the data. The image resolution is 370 nm, approxi-
mately equal to the illumination wavelength of 369.5 nm, and
each image is 3.4 um on a side. Each row of images corresponds
to a fixed observation plane position. In terms of the object space
coordinates, row I sits at the nominal plane of the ion and row II
(respectively, IIT) at 1.7 wm (respectively, 3.3 wm) upstream of
the ion. The color bars at the right of the figure indicate the
fractional change in transmission for the images in each row. The
images are smoothed with a Gaussian filter of 40 nm width for
ease of viewing, but only raw data are used for comparison with
theory. (a) Data (left) and theory (right) at —13 MHz detuning.
(b) The same, but for +9 MHz detuning.
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the imaging system is focused at the plane of the ion
(row I in Fig. 2), the scattered light always interferes
destructively with the transmitted light, giving rise to an
absorption image of the ion. The contrast of the absorption
image, as well as the detuning dependence of the contrast,
accords with the semiclassical theory of the atom-light
interaction and with our previous measurements [10]. For
defocused imaging (rows II and III in Fig. 2), the interfer-
ence of the approximately spherical scattered wave with the
planar illumination wave gives rise to a “‘bullseye” pattern.
The extent of the bullseye grows with increasing defocusing
as the scattered wave spreads transversely. The detuning-
dependent phase shift of the scattered wave induces an
alteration of the interference pattern, which is immediately
evident from the on-axis intensity in row II and more subtly
affects the spacing of the interference rings in row IIL
Slight nonuniformities in the illumination beam intensity,
combined with small drifts of the pointing, cause significant
shot-to-shot variations in the background-subtracted data
images of Fig. 2. These variations can give rise to spurious
apparent structures in the images. Nevertheless, the overall
agreement with the model remains clear.

Despite the presence of the auxiliary red-detuned
cooling beam, we still incur reduced image contrast
when the illumination beam is blue-detuned, but the
reduced contrast does not affect our ability to measure
the phase shift. The auxiliary cooling beam intensity is
kept relatively low to avoid excessive saturation of the
atomic transition, so the ion temperature still rises above
the Doppler limit for blue detuning. The resulting thermal
motion reduces the effective imaging resolution at blue
detuning [12]. Along with residual saturation by the aux-
iliary beam, the lower resolution accounts for the differ-
ence in contrast between Figs. 2(a) and 2(b). The cooling
beam also imparts an ac Stark shift to the atomic levels,
which is calculated to be negligible for our experiment.

We determine the phase of the scattered wave at each
detuning from a series of interferogram images similar to
those shown in Fig. 2. For each image series, the detuning is
fixed and the observation plane is shifted to several posi-
tions along the optic axis. Each image series is fitted to a
simulation of the wave propagation through our imaging
system, and the scattered wave parameters are extracted
from the fit. Typical fit images are shown in Fig. 2.

Our simulations use scalar diffraction theory to model
optical propagation through our imaging system. In particu-
lar, the scattered wave is taken to be a scalar spherical wave.
This assumption is well justified for our numerical aperture
(NA) of 0.64, since our geometry restricts the scattered
polarization to o= along the imaging axis [13]. The illumi-
nation field is modeled as a low-NA Gaussian beam with
standard Gaussian beam propagation theory. The spherical
scattered wave is propagated nonparaxially up to the Fresnel
lens and then propagated through the (weak) refocusing lens
to the image plane using the Fresnel approximation. When

used to simulate fluorescence images, this model leads to
good agreement with experimental data previously col-
lected with our apparatus [9].

We model the Fresnel lens as a near-perfect lens with a
small amount of spherical aberration and a super-Gaussian
pupil function. The Fresnel lens is modeled as a thin com-
plex transmittance. The transmittance phase removes nearly
all of the off-axis spatial phase variation of the scattered
spherical wave, leaving only the spherical aberration phase
function ®(p) = Ap*, where p is the distance from the
optic axis in the plane of the Fresnel lens and A quantifies
the magnitude of spherical aberration. The transmittance
amplitude is taken to be a super-Gaussian function pg «
e P, defining the diffraction-limited resolution of the
imaging system through the pupil parameter p,.

When the imaging system is close to being in focus, the
scattered field in the image plane (x, y) is found to be

. je itk(frtfr) _ £
Usc(f) == anscel¢sc T usc<)\—fR)’ ()

i =F |:eXP[i7T§ p*/(f#M)] L(m], 3)

for small deviations of the viewing plane { along the optic
axis, measured relative to the in-focus image plane. Here

& = \/x? + y? is the transverse distance from the optic axis
in the image-plane coordinates, the drive field amplitude is
U, the atomic scattering amplitude and phase are a . and
¢, the Fresnel lens focal length is ff, the reimaging lens
focal length is fg, and F[g] denotes the two-dimensional
Fourier transform of a function g(x, y). The fit function for
our image data is the real part of Eq. (2), following the
discussion in the text around Eq. (1).

The retrieved phase of the scattered wave is shown as a
function of detuning in Fig. 3(a). The close agreement with
atomic theory, observed here for the first time to our
knowledge, evidences the near-ideal character of our sys-
tem. Since the intensity of the illumination is kept well
below the saturation intensity of the atomic transition
(600 W cm™2), the semiclassical theory of atomic scatter-
ing in a weak laser field should apply. In our case, this
theory is equivalent to treating the atomic dipole as a
damped simple harmonic oscillator driven by the laser
field. The phase ¢ then depends only on the laser detuning
A as follows:

¢(A) =tan ' (A/T) + 7/2, 4)

where I is the atomic linewidth (full-width at half maxi-
mum). The scattering probability, shown for comparison in
Fig. 3(b), is proportional to 1/[A? + (I'/2)?]. On the blue
side of atomic resonance, ion heating causes Doppler
broadening of the linewidth above the nominal linewidth
of 20 MHz exhibited by an ideal '’*Yb™ ion at rest. This
effect, which is common to all trapped-ion experiments,
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FIG. 3 (color online). Phase shift and normalized scattering
probability of the scattered wave. (a) Phase of the scattered
wave as a function of laser detuning. Each data point is obtained
by fitting a series of spatial interferograms to the model. The data
show a total phase shift of 1.3 = 0.1 radians. The uncertainty in
determining spherical aberration imparts a common systematic
error of *0.1 rad to all data points. This common-mode error
does not affect the measurement of the phase shift. The data is well
fit by semiclassical theory with the linewidth I' = 34 = 8 MHz,
with the fitted resonance position shifted 5 = 2 MHz blue of the
nominal resonance frequency. (b) Normalized scattering probabil-
ity as a function of detuning. All values are normalized to the
maximum scattering probability observed in the data. The theory
curve is predicted from the fit to the phase shift. On resonance and
at blue detuning, the scattering probability is lower than expected
from the theory. The mechanical effects of the laser light are seen
to be significant, including the broadening and redshift of the
phase-shift data relative to the ideal case.

broadens the scattering phase feature and lowers the scat-
tering probability at blue detuning. Similarly, our fluores-
cence measurement of the resonance frequency is expected
to underestimate the actual frequency, since ion heating
lowers the fluorescence rate rapidly to the blue of reso-
nance. We fit the phase measurements to the semiclassical
model of Eq. (4) and find I' = 34 £ 8 MHz, with the fitted
resonance position shifted 5 = 2 MHz blue of the nominal
resonance frequency. The fit values from the phase func-
tion are then used to obtain a prediction for the scattering
probability in Fig. 3(b). The predicted scattering probabil-
ity agrees well with the data (except when ion heating is
known to be significant), confirming the validity of our
phase measurements.

Our observation of single-atom phase shifts at the
theoretical limit holds wide implications for microscopy
and nanophotonics. Our results verify that the large optical
phase shifts predicted by quantum theory can actually
be observed in practice, calibrating the capabilities of
techniques based on phase shifts. For instance, x-ray phase
contrast microscopy is a powerful technique for medical
imaging [14] in which low light levels are crucial to avoid
side effects: our results verify that the contrast of low-light
phase images can achieve its theoretical limit. Similarly,
nanoplasmonic device engineering is now pushing toward
few-atom phase modulators [15], in which the controllable
phase shift per atom gives a fundamental limit to device
performance.

Our results also point to new protocols in quantum
communication. Quantum phase-shift-keying (QPSK)
cryptography with single photons [16] has already been
demonstrated to be extremely resistant to decoherence and
channel loss [17]. A single-atom phase shifter can serve as
a quantum repeater node for QPSK, so that entanglement-
swapping protocols can enable QPSK cryptography over
long distances. Our present experimental system, in which
the 369.5 nm transition of '7*Yb*' is illuminated by
mr-polarized light, is ideal for this purpose. Application
of a magnetic field imposes Zeeman splitting on both the
ground and excited states, so that the 7 transition is split
into two components corresponding to the two ground-
state Zeeman levels |]), |1). Suppose that the magnetic
field is large and the illumination frequency is tuned
halfway between the Zeeman-split transition frequencies.
Then a single scattered photon will experience a phase shift
of 0 if the atomis in ||) and 7 if the atom is in | 1), generating
the entangled atom-photon state |[)|0)+|1)|a). If we
detect quantum interference between the photons emitted
by two atomic nodes, the atoms will be projected into an
entangled state, establishing a quantum repeater link [18].
In a similar scenario, one could imagine generation of
multiphoton states whose phase shift is entangled with
the internal state of an ion. Such multiphoton states could
conceivably improve the accuracy of atomic state
detection.
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