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Ultrafast creation of large Schrodinger cat states of
an atom

K.G. Johnson® !, J.D. Wong-Campos', B. Neyenhuis', J. Mizrahi' & C. Monroe'

Mesoscopic quantum superpositions, or Schrédinger cat states, are widely studied for fun-
damental investigations of quantum measurement and decoherence as well as applications in
sensing and quantum information science. The generation and maintenance of such states
relies upon a balance between efficient external coherent control of the system and sufficient
isolation from the environment. Here we create a variety of cat states of a single trapped
atom'’s motion in a harmonic oscillator using ultrafast laser pulses. These pulses produce high
fidelity impulsive forces that separate the atom into widely separated positions, without
restrictions that typically limit the speed of the interaction or the size and complexity of the
resulting motional superposition. This allows us to quickly generate and measure cat states
larger than previously achieved in a harmonic oscillator, and create complex multi-component
superposition states in atoms.
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uantum superposition is the primary conceptual depar-

ture of quantum mechanics from classical physics, giving

rise to fundamentally grobabﬂistic measurements!, non-
local correlations in spacetime®, and the ability to process infor-
mation in ways that are impossible using classical means®.
Quantum superpositions of widely separated but localised states,
sometimes called Schrodinger cat states?, exacerbate the quan-
tum/classical divide. These states can be created in systems such
as cold atoms and ions®~?, microwave cavity QED with Rydberg
atoms'? and superconducting circuits''"!%, nanomechanical
oscillators'%, van der Waals clusters and biomolecules'> 6. All
these systems gain sensitivity to outside influences with larger
separations”’ 17,

The natural localised quantum state of a harmonic oscillator is
its displaced ground state (coherent state) |a)'®, which is a
Poissonian superposition of oscillator quanta with mean number
la2. For a mechanical oscillator with mass m and frequency w, the
complex number a characterises the position ¥ and momentum p
operators of the oscillator, with Re[a] = (X)/(2x9) and
Im[a] = (p)xo/h, where xo = \/Fi/(2mw) is the zero-point width;
and as energy oscillates between its kinetic (ﬁz / Zm) and potential
(ma)zfcz /2) forms, the coherent state makes circles in phase
space. Schrédinger cat superpositions of coherent states |or;) +
|az) of size Aa = |a; — @] > 1 have been created in the har-
monic motion of a massive particle (lphonons)6 and in a single
mode electromagnetic field (photons)'®. In trapped ion systems,
coherent states of motional oscillations are sglit using a qubit
derived from internal electronic energy states® °. For photonic cat
states, coherent states in a single mode microwave cavity are split
using atoms or superconducting Josephson junctions. Recent
experiments have created cat states with more than two compo-
nents?® for qubit storage and error protection'?. In super-
conducting cavities, the size of the cat state is restricted to a
maximum photon number of |Aarl2 ~ 100, due to nonlinearity of
the self-Kerr and dispersive shift'®>. For trapped ions, cat states
have been restricted to a regime where the motion is near or
smaller than the wavelength of light providing the dispersive
force, or the ‘Lamb-Dicke’ regime (LDR), which typically restricts
phonon numbers |Aal? also to a few hundred?! (see Fig. 1 for
relationship of this, and other, atom experiments to the LDR).
Multicomponent superposition states have not previously been
created in the harmonic motion of trapped ions.

Here we use ultrafast laser pulses to create cat states in the
motion of a single 1”Yb* ion confined in a harmonic trap with
frequency w/2r =1 MHz?%. We characterise the coherence of the
cat state by interfering the components of the superposition and
observing fringes in the atomic populations mapped to the qubit.
We achieve the largest phase space separation in any quantum
oscillator to date—a superposition with Aa~ 24 (259 nm max-
imum separation compared to a xy=5.4nm spread of each
component), or a separation of ~580 phonons, with 36% fidelity.
The ultrafast nature of the cat generation is less restrictive on
nonlinearities in the forces on the atom, and allows for very fast
state creation with Aa=0.4 per laser pulse period (~12 ns).
Finally, we demonstrate a method to create three-, four-, six- and
eight-component superposition states by timing the laser pulses at
particular phases of the harmonic motion in the trap. These tools
allow us to create and measure fragile mesoscopic states before
they lose coherence.

Results

Generating an ultrafast state-dependent force. In these experi-
ments, the ion is confined in a radiofrequency Paul trap??, with
harmonic oscillation frequencies (v, =, ,, ®;)/27= (1.0, 0.8,
0.6) MHz. The two hyperfine ground states of !7yb*
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Fig. 1 Mesoscopic superposition states and the Lamb-Dicke regime (LDR).
Mesoscopic superposition states of trapped atom motion have been
created in a number of different experimental apparatuses. Here we plot
the average phonon number lal? from a selection of the largest
superposition states created to date, each normalised to the phonon
number associated with their LDR boundary nLDR=1/(2n2) =1/2. In the
experiments denoted by “x" points, the applied force became more strongly
position-dependent beyond the LDR, causing significant and unavoidable
distortion of the displaced coherent states (orange32, green?"). The circular
points signify undistorted displaced states (red®, blue (this experiment)) or

squeezed states (purple®)

(Il)=|F=0,mp=0) and |1) = |F = 1,mg = 0), with qubit
splitting  op¢/27 =12.642815 GHz) are used to split coherent
states of the atom motion through a strong state-dependent kick
(SDK)?*. The qubit can also be coherently manipulated without
motional coupling using resonant microwave pulses.

Each experiment follows the same general procedure. We
initialise the atom’s motion by Doppler laser cooling to an
average vibrational occupation number 7 ~ 10. This is followed
by resolved sideband cooling to 77 ~ 0.15. (While we consider the
actual thermal vibrational state when comparing data to theory??,
the initial state will be represented from here as n=0 for
simplicity.) Optical pumping initialises the qubit state to ||)%°,
and then a pair of separated Ramsey microwave z/2 pulses with
variable relative phase is applied to the ion. After the first
microwave pulse, the ion is in state |y ) = (|1) + [1))|n = 0) (we
suppress normalisation factors throughout). Next, the ion motion
is excited using two sets of SDKs separated by time T, with the
first creating a cat state and the second reversing the process.
After the second Ramsey microwave pulse of variable phase, the
resulting interference is measured in the qubit population® 8 by
applying a resonant laser to the ion and collecting qubit state-
dependent fluorescence?”. This sequence is detailed in the upper
part of Fig. 2a.

The SDK originates from transform limited ultrafast laser
pulses of duration 7~ 10 ps (or bandwidth 1/zx 100 GHz) and
centre optical wavelength 27/k =355 nm. Each pulse enters an
optical 50/50 beam splitter and is directed to arrive at the ion
simultaneously (+70 fs) in counter-propagating directions along x
and with orthogonal linear polarisations which are both
orthogonal to an applied static magnetic field (Fig. 2a, lowest
box). This produces a polarisation gradient at the ion and couples
the qubit and ion motion with a sinusoidal modulation along the
x-direction?®. The bandwidth of each pulse is much larger than
the hyperfine structure (1/7 >> @) but is narrow enough not to
resonantly excite any higher energy states; the centre wavelength
is detuned from the 2Ps, and?P,), levels (linewidth y/2z ~ 20
MHz) by 67 and 33 THz, respectively. The resulting Raman

process (Fig. 2b) gives rise to the single-pulse Hamiltonian?®
2 . S A Whf
H(t) = Q(t)sin[2kxo (a" + a) + @] 6y + — %2 (1)

where 6,, are Pauli spin operators, ¢ is the relative phase
between the counter-propagating light fields and is considered
constant during a pulse, @' and a are the raising and lowering
operators of the ion motion along x. We take the laser pulse shape
as a hyperbolic secant function, with Rabi frequency £(f) = (0/
27)sech(xt/r) and pulse area @, although the particular form of
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Fig. 2 Experimental schedule and coherent state control. a Spin-dependent
kicks (SDKs) are concatenated to generate cat states. The kicks are
inserted between two Ramsey microwave z/2 pulses with a variable
relative phase, and finally the interference of the motional states, after
being separated for a time T, is measured on the qubit state.
Counter-propagating pulses have linear orthogonal polarisations and are
orthogonal to an applied magnetic field B. b Each SDK originates from
position-dependent stimulated Raman transitions driven by
counterpropagating laser beams near a wavelength of 355 nm. ¢ A single
SDK displaces a coherent state by +2hk in momentum space (or =i in
natural units of h/xo), with the sign depending on the initial qubit state (red:
[T) or blue: |])), and splits a qubit superposition (purple: |1) + |])). Each
momentum transfer is accompanied by a spin flip. d SDKs are concatenated
by changing the direction of the laser beams between each kick, with every
pulse from a mode-locked laser used to increase the cat state separation. e
Alternatively, SDKs are concatenated by timing the kicks to occur at each
half-period of oscillation of the ion in the trap. (The arrows only track
population initially in |]), but the final state is still shown by including the
blue ||) component.) Free evolution appears in figures d, e as circular orbits

the pulse is not critical?®. The single pulse 1nteract10n described in

Eq. 1 is similar to Kapitza-Dirac scattering®” through which the
atomic motional wavepacket diffracts from a light field grating
into all momenta classes 2nfik with relative populations given by
Bessel function J,(0) of integer order n%o

|8:697

A single SDK is created by dividing each laser pulse above into
a time sequence of eight sub-pulses using three stacked Mach-
Zehnder interferometers?®. Each of these eight sub-pulses has
pulse area @ = x/8 with appropriately chosen phases ¢ deter-
mined by the ~100ps (~3cm) delays between the sub-pulse
arrivals and a global frequency shift between the counter-
propagating beams®°. The net result is an SDK of momentum
transfer of +2hk for states |1) and |1), respectively?® 24 26,
following the evolution operator
Uspk

= 6, Dlin] + 6-D[~in]. (2)

In this expression, 6. are the qubit raising and lowering
operators, # = 2kx, = 0.2 is the Lamb-Dicke parameter associated
with the momentum transfer, and D is the phase-space
displacement operator'8, A remarkable feature of this interaction
is that it does not rely on the LDR?®, where v/2n + 1 < 1, and
therefore does not depend on tightly confined initial and final
states.

Figure 2¢ depicts the SDK process in which the coherent state
is shown in position-momentum phase space as a Gaussian disk
and the colour represents the associated qubit state (the scale of
the superposition states is drawn for illustrative purposes and are
not scale). Each momentum displacement is associated with a
qubit flip and has a fidelity of approximately 0.99. This SDK
operation can be concatenated (Fig. 2d, e) to generate larger cat
state separations, wh1ch remain in the harmonic potential region
for |a| S d/xo~10% where d ~ 100 pm is the characteristic trap
size.

Large two-component cat states. In the first of three experi-
ments, we demonstrate a fast method for generating large cat
states by concatenating N SDKs with successive laser pulses from
a 355nm mode locked laser (repetition rate f., =81.4 MHz).
This is achieved by alternating the directions (by swapping the
paths of propagation) of the counter-propagating beams for each
successive pulse using a Pockels cell (see Methods and Fig. 2d). In
this way, the cat state separation grows with an average rate
d(A“ R 2Mfrep, ideally generating the cat state

D) +[1)—a), (3)

where a =iNy. After allowing the state to evolve for varying
amounts of time T, the reversal step ideally generates the state
#e) = |1)|—ae ™™ +a) + [])]|ae ™ — a), where 0=wT
(Fig. 3a). When the phase of the second Ramsey microwave 7/2
pulse is scanned, the resulting interference contrast in the qubit
population can be written as*

C(G) _ Coe—4\z;z\2(1—cosé')7 (4)

lyp) =

where Cy < 1 accounts for imperfect operations. When the delay
T is near an integer multiple m of the trap period (6 ~ 27rm) we
observe a revival in the Ramsey contrast, and for |a| > —=, the
shape of the contrast revival is agfrommately Gaussian w1th an
expected FWHM of A9~ 1.18/lal**. In Fig. 3b, revival lineshapes
at @ =27 are shown in which the state |y,) is generated for
various times up to Aa=4.0 in 111 ns (upper plot). The data fit
well to the functional form of Eq. 4 with the peak contrast C, as
the only fit parameter. The cat state fidelity, estimated using the
relation F = C, 12 , decays from ~90 to 60% as the cat state is made
bigger (lower plot). These data are consistent with an effective
single SDK fidelity of 0.951(4), which is lower than that of an
isolated single SDK because of power fluctuations associated with
swapping of successive laser pulses. Despite the lower fidelities of
this technique, it is an important benchmark for ultrafast quan-
tum gates with trapped ions?” 28
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Fig. 3 Cat state creation and verification. a The state |y;) = |1) + ||) (labelled “1") is split using a set of SDKs to create the cat state |y,) =

[T a) + |1)|—a) (“2") that has a separation of Aa between its components. After evolution 8 = wT (w/27x=1.0 MHz), a second set of SDKs drives the state
to |¥r) = |1)|—ae™ + a) + ||)|ae™™ — a). b Switching each successive laser pulse as an SDK, the cat state |y, ) with Aa= 0.8 is generated in about 14 ns,
Aa=2.4in 62ns and Aa=4.0 in 111 ns. The states are verified by observing contrast in the state |¥¢) (upper plot). We find the fidelity of each cat state
[y,) to be 0.88(2), 0.76(2) and 0.59(3), respectively (lower plot). ¢ Using the evolution of the atom in the trap to swap SDKs, the generation is slower but
has higher fidelity because the laser beam paths are not alternating. The effective single SDK fidelities are 0.9912 and 0.98 for Doppler (black circles) and
ground state (purple triangles) cooled atoms (lower plot; the dashed line in the lower plot signifies the limit of the Lamb-Dicke Regime (LDR)). These states
are generated in times of ~ (Aa — 0.4) x 1250 ns. Again, the states are verified by observing contrast in the state |¥¢) (upper plot). The inset shows a cat
state with separation Aa =20 and revival peak contrast of Co =0.19(3). In b, ¢, error bars are statistical with confidence interval of + one standard
deviation. The solid lines are fits to the underlying theory (Eq. 4, with the peak contrast as the only fit parameter)

In a second set of experiments, we create larger cat states by
delivering an SDK at every half trap period instead of switching
laser beam paths (Fig. 2e). This maintains a high SDK fidelity by
leaving the beam paths stationary, while the cat state grows at an
average rate of % = nw/n. By reversing the cat generation as
above, we produce and verify states up to Aa =24. Again, the
data fit well to the functional form of Eq. 4 with the peak contrast
as the only fit parameter (Fig. 3c). Contrast of Co=0.19 (2) is
measured for the state with Aa =20 (inset of Fig. 3¢), which has a
maximum momentum separation of 200ik between coherent
states and maximum spacial separation of 209nm. As a
comparison to an unconfined system, ref. 7 generates 90fk of
momentum separation between components of a cold atomic gas
and achieves a spatial separation of 54 cm after allowing the
components to drift apart for 1s. In our apparatus, such large
superposition states gives rise to very narrow interference
patterns and requires a high level of trap stability, which is
achieved using a RF stabilisation procedure®®. For these largest
cat states, we scan the trap frequency w for fine control in the trap
evolution phase **, From these data, we again infer the fidelity of
each single SDK, which is 0.980(1) for displacing states initially
cooled to near the ground state, and 0.991(1) for states initially
cooled to the Doppler limit>%, The lower fidelity stems from the
slower data collection rate due to the dwell time of ground state
cooling, increasing susceptibility to drifts in the trap frequency
(see Methods).

Multicomponent cat states. The speed, fidelity and high level of
control in ultrafast displacement operations allows us to prepare
more complicated, multicomponent states. First, we create three-
and four-component states with one additional microwave pulse
and SDK set. Starting from the state |y,), a microwave 7/2 pulse
rotates the state to |y;) = (|1) — |I)]a) + (|1) + |1))|—a). A set
of SDKs then produces three- and four-component superposition

4
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states of the form

|‘P§£ =M (e“bl |ae*"9 4 a> + it ’aefia _ a>)

+1) (s |—ae™ + a) + e |—ae " — a)), ®)

with configuration depending on the phase delay 6 (Fig. 4a).
(phases ¢, ¢, ¢5 and ¢, are defined in Methods). It is evident
from Eq. 5 that a three-component state is created when 0 = m,
and a four-component state is generated for other values of 6.
Scanning € and the phase of a final Ramsey microwave z/2 pulse,
we observe a contrast lineshape indicative of the desired state
(Fig. 4b). To further verify that these multicomponent states are
being created, we run the same sequence but apply either no
microwave pulse, or a 7 pulse, to the state |y,). An SDK set then
generates the states |¥ o) = |T)|—ae ™ +a) + ||)|ae™™ — a)
and |Peuz) = ||)|ae ™ + a) +|1)|—ae ™ —a). These states
revive at the same phase delay 6, but out of phase by z, which is
verified in Fig. 4c.

Continuing to unfold the state in phase space, another
microwave 7/2 rotation and SDK set generates a six- and
eight-component state (Fig. 4d). In this case, the four-component
state is generated with a separation along one quadrature that is
twice as large as the other, allowing for a square lattice once the
eight-component state is created. Again, scanning the phase delay
0 and the phase of a final microwave pulse, Ramsey fringes are
observed which compare well with the expected theoretical
behaviour (Fig. 4e). Because of the complexity of the final state,
equations for this superposition state are left to the Methods
section. Each SDK set contains two SDKs in these multi-
component state experiments, meaning when the components are
in a square lattice, the nearest-neighbour component separation is
Aa ~0.8. These states are close enough to overlap as they evolve
in phase space, allowing us to retrieve the characteristic signals
plotted in Fig. 4. Multicomponent states with larger phase-space
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Fig. 4 Three-, four-, six- and eight-component states. a Creation of a multicomponent state begins by applying a set of SDKs to take the state |y4) (1) to the
state |w,) (2). A microwave z/2 pulse rotates the qubit to produce the state |y3) = (|T) — |1))]@) + (|T) + |1))|—a) (3). Another set of SDKs generates the
three- or four-component state. The diagram within the dashed box replaces the one in Fig. 1a for these experiments. b If =0, two of the components
rejoin and the state has the form |a) + |0) 4 |—a). If = /4, for instance, then a four-component state of the form |a) + |—a) + |ia) + |—ia) is generated.
These configurations are depicted in the flags above the contrast curve. The final microwave pulse analyses the state contrast, and is plotted as a function
of 8, which is compared with the predicted contrast curve with only the amplitude as a fitting parameter. Error bars are calculated with confidence interval of
one sigma. c If the microwave z/2 pulse in a is replaced by a mz pulse, then the second SDK set behaves as it would in the two-component experiment,
with the exception that odd values of m are shifted by half of a trap period. We see this behaviour fits the predicted model well in the figure with m=0
(purple), and m=1 (gold). d The six- and eight-component state is created by extending the technique for the three- and four-component state with an
additional microwave pulse and SDK set. e Contrast as a function of @ is used to verify the creation of the superposition state when compared to the model
(solid line)
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separations can be made in the same way; however, measuring ~sensitivity interferometric measurements of rotation?® or prox-

the details of the state may require more complete tomographic
techniques.

Discussion

Ultrafast laser pulses are capable of generating Schrédinger cat
states much larger than presented here, theoretically limited not
by the Lamb-Dicke limit, but by the size of the laser beam. In
addition, if the superposition state is extended by relying on free
evolution in the trap, dispersion from anharmonic motion will
also limit the size of the superposition. This technique can also be
used to make more complicated multicomponent states, as well as
generate them in two and three dimensions by modifying the
trapping potential and orientation. In order to generate larger
separations, the trap frequency could be substantially lowered:
operating the current apparatus at /27 =10 kHz could produce
cat state separations as large as 20 pm. This would enhance the

NATURE COMMUNICATIONS | 8: 697

imal electric field gradients. At such large separations, we can
directly resolve the cat components with high-resolution imaging
techniques®’, allowing investigations in measurement backaction
and Heisenbergs microscope type thought experiments>!.

Methods

Experimental setup. Laser pulses are generated from a frequency tripled,
mode-locked Nd:YVO, laser. The laser repetition rate f, = 81.4 MHz is not
actively stabilised, and exhibits a drift of about 10 Hz over 1 min (or a

0.8 prad min~! drift in @ at one trap period, which is insignificant for all data
presented here). The spin-dependent displacement in Eq. 2 has the full form:

Osp = €6, Dlin] + e *:6_D[~in), (6)

where the phase ¢, is an optical phase that is stable during the course of one
experiment, but random over multiple experiments due to repetition rate drift and
slow mechanical and other drifts in the optical path. However, the effect of the
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phase ¢, cancels when an even number of applications of the operator Ogpk are
used during an experiment and so the optical phase terms are dropped in Eq. 2.
The first method discussed for generating cat states uses every pulse from the
mode-locked laser (Fig. 2d). This works by swapping the directions of the counter-
propagating beams, countering the spin flip that occurs with each SDK. To make
this swap, we combine the perpendicular linearly polarised beams on a polarising
beam splitter and pass them through a Pockels cell. The cell can rotate the
polarisations by 0 or /2 radians arbitrarily for pulses arriving every 12 ns; here we
alternate every pulse. A polarising beam cube downstream of the Pockels cell
separates the two beams after which they are directed, counter-propagating, onto
the jon with simultaneous arrivals. The rate at which the cat state grows,
M A2 21frep, holds only for the number of kicks N < 2zfip /@, which is the case
in the experiment. For larger numbers of kicks, the growth rate is expected to
decrease as the trap evolution reverses the kick direction. In the future this could be
compensated by adding an extra beam reversal each half trap period.

Three and four-component cat contrast. The contrast function that overlays the
data in Fig. 4b is derived here. We write the time evolution operator for a coherent
state as Ur[0]|a) = }ae”0> The microwave rotation operator in the z-basis is

written as
1 . 1 P
R, [45;4} = ﬁﬂ ® : } ) (7)

—e 1

where all rotations have pulse area 7/2. A full Ramsey experiment to create
three- and four-component cat states, including microwave rotations, SDKs, free
evolution and a final analysis microwave pulse produces the final state

#1) = R[] - Osox - Ul - Osoc - Urle)
Ru[#] - Osoxc- Ul - Ooc- R[] - 11)18)-
The spin-up portion of the final state is given as
exp (721‘:7/1}( + 2inRe[e " (2in — )] + ig), — iy, - z¢;’) |—2in — e (2in — B))
—exp(—2infy — 2inRe[e™ (2in — p)] — i, ) [2in — e (2in — )
—exp (ZinﬁR — 2inRe[e"(=2in — f)] — ir/),’,’) |2in — e (=2in — p))
—exp (21‘;1/3R +2inRe[e " (—2in — p)] — 1¢;/> |—2in — e (~2in — p)),
)

where the normalisation factor and spin-up ket is left out for simplicity. The
brightness for any thermal state with average phonon occupation 7 is given as

B:%/ K 171 /“<T ’.p/f><lpﬂ) T>d2

(10)

For an jon initially in a thermal motional state the brightness is
1 16(1+27)7” (cos 0—1 ’
1 [1 + 612 (cos )cos<¢ﬂ -, >]
A ey g, - )]
1 o " e
-5-7?2’8(1“")”Z sin(lénzsin 9) sin (45 — &, )

Six- and eight-component cat contrast. This calculation is carried out in the
same fashion, using the full set of operations

’T€> = I}y [d);”] . OSDK . UT[H] . OSDK . 07‘[9]

j(,, {45,‘} . OSDK . UT[ﬂ] . OSDK . UT[”]

-Ospx - Urla] - Ospx - Ur 2] - R, [415,,]

‘OSDK : U’r[ﬂ] : OSDK : Rﬂ [4/1#} : |T>|ﬂ>

We do not show the full brightness calculation here because of its length. The solid

line in Fig. 4e is a fit assuming that the initial motional state is #=0. Our initial

thermal occupation number is 77 = 0.15, or about 87% in the ground state. We do
not take the thermal average of this expression, owing to computational com-

plexity. As with the lineshape for the three- and four-component cat state (Fig. 4b,
c), we used the contrast peak amplitude as the only fitting parameter.

6
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Sources of error. Several factors lead to imperfect fidelity of the cat states we
create. As the cat states are made larger, their interference fringes are narrower,
with increased susceptibility to a host of drifts.

The trap axes are rotated so that the Raman beam nominally couples only to a
single mode. We estimate a misalignment of <0.5°, which entangles <0.8% of the
qubit population with other perpendicular modes of motion for each SDK. The
alignment can be made to have a tighter tolerance, likely by at least a factor of 10 by
using more sophisticated alignment methods. Detection fidelity of the qubit is 99%.
We do not expect that trap anhamonicities contribute to a loss in interference
contrast.

The Raman beam waist is ~3 pm, with a divergence of about 2° the Rayleigh
distance is 80 pm, meaning that the ion would need to venture a considerable
distance farther than it does during its excited oscillations in order to see an
appreciable fraction of the divergence change in kick direction. Additionally, the
axial component of a beam at its focus (with a waist of 3 pm) is less than about
0.001% and is negligible.

While the initial motional state does not affect the fidelity of an SDK, ground
state cooling increases data acquisition time by a factor of about seven times. This
increases the acquisition time of a single, 10 point contrast lineshape from about 20
to 140 s. While it is difficult to accurately assess the behaviour of trap frequency
noise on that time scale, trap frequency drifts on the order of kilohertz would cause
the difference in fidelity seen between the revival lineshape of large cat states made
from ground state cooled oscillations and Doppler cooled only states. Based on
standard noise models, the 7x increase in acquisition time is likely the cause of this
difference.

Data availability. The data sets generated and analysed during this study are
available from the corresponding author on reasonable request.

Received: 11 February 2017 Accepted: 20 July 2017
Published online: 26 September 2017

References
1. Wheeler, J. A. & Zurek, W. H. Quantum Theory and Measurement (Princeton
University Press, 1983).
2. Einstein, A., Podolsky, B. & Rosen, N. Can quantum-mechanical description of
physical reality be considered complete? Phys. Rev. 47, 777-780 (1935).
3. Nielsen, M. A. & Chuang, I. L. Quantum Computation and Quantum
Information (Cambridge University Press, 2000).
4. Schrodinger, E. Die gegenwirtige situation in der quantenmechanik.
Naturwissenschaften 23, 807-812 823-828; 844-849 (1935).
5. Kasevich, M. & Chu, S. Atomic interferometry using stimulated Raman
transitions. Phys. Rev. Lett. 67, 181-184 (1991).
6. Monroe, C., Meekhof, D. M., King, B. E. & Wineland, D. J. A “Schrodinger cat”
superposition state of an atom. Science 272, 1131-1136 (1996).
7. Kovachy, T. et al. Quantum superposition at the half-metre scale. Nature 528,
530-533 (2015).
8. Lo, H.-Y. et al. Spin-motion entanglement and state diagnosis with squeezed
oscillator wavepackets. Nature 521, 336-339 (2015).
9. Kienzler, D. et al. Observation of quantum interference between separated
mechanical oscillator wave packets. Phys. Rev. Lett. 116, 140402 (2016).
10. Brune, M. et al. Observing the progressive decoherence of the “meter” in a
quantum measurement. Phys. Rev. Lett. 77, 4887-4890 (1996).
. Mooij, J. E. et al. Josephson persistent-current qubit. Science 285, 1036-1039
(1999).
12. Friedman, J. R,, Patel, V., Chen, W., Tolpygo, S. K. & Lukens, J. E. Quantum
superposition of distinct macroscopic states. Nature 406, 43-46 (2000).
13. Vlastakis, B. et al. Deterministically encoding quantum information using
100-photon Schrodinger cat states. Science 342, 607-610 (2013).
14. OConnell, A. D. et al. Quantum ground state and single-phonon control of a
mechanical resonator. Nature 464, 697-703 (2010).
15. Dérre, N. et al. Photofragmentation beam splitters for matter-wave
interferometry. Phys. Rev. Lett. 113, 233001 (2014).
16. Geyer, P. et al. Perspectives for quantum interference with biomolecules and
biomolecular clusters. Phys. Scripta 91, 063007 (2016).
17. Giovannetti, V., Lloyd, S. & Maccone, L. Quantum-enhanced measurements:
beating the standard quantum limit. Science 306, 1330-1336 (2004).
. Glauber, R. J. Coherent and incoherent states of the radiation field. Phys. Rev.
131, 2766-2788 (1963).
19. Haroche, S. Nobel lecture: controlling photons in a box and exploring the
quantum to classical boundary. Rev. Mod. Phys. 85, 1083-1102 (2013).
20. Hofheinz, M. et al. Synthesizing arbitrary quantum states in a superconducting
resonator. Nature 459, 546-549 (2009).
21. McDonnell, M. J. et al. Long-lived mesoscopic entanglement outside the Lamb-
Dicke regime. Phys. Rev. Lett. 98, 063603 (2007).

1

—

1

e}

| DOI: 10.1038/541467-017-00682-6 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

22. Mizrahi, J. et al. Ultrafast spin-motion entanglement and interferometry with a
single atom. Phys. Rev. Lett. 110, 203001 (2013).

23. Johnson, K. G. et al. Active stabilization of ion trap radiofrequency potentials.
Rev. Sci. Instrum. 87, 053110 (2016).

24. Johnson, K. G., Neyenhuis, B., Mizrahi, J., Wong-Campos, J. D. & Monroe, C.
Sensing atomic motion from the zero point to room temperature with ultrafast
atom interferometry. Phys. Rev. Lett. 115, 213001 (2015).

25. Olmschenk, S. et al. Manipulation and detection of a trapped Yb* hyperfine
qubit. Phys. Rev. A 76, 052314 (2007).

26. Mizrahi, . et al. Quantum control of qubits and atomic motion using ultrafast
laser pulses. Appl. Phys. B 114, 45-61 (2014).

27. Duan, L.-M. Scaling ion trap quantum computation through fast quantum

gates. Phys. Rev. Lett. 93, 100502 (2004).

. Garca-Ripoll, J. J., Zoller, P. & Cirac, J. I. Speed optimized two-qubit gates with
laser coherent control techniques for ion trap quantum computing. Phys. Rev.
Lett. 91, 157901 (2003).

. Campbell, W. & Hamilton, P. Rotation sensing with trapped ions. J. Phys. B 50,
064002 (2017).

30. Wong-Campos, J. D., Johnson, K. G., Neyenhuis, B., Mizrahi, J. & Monroe, C.

High-resolution adaptive imaging of a single atom. Nat. Photon. 10, 606-610
(2016).

2

el

2

Nel

31. Heisenberg, W. Uber den anschaulichen Inhalt der quantentheoretischen
Kinematik und Mechanik. Z. Phys. 43, 172-198 (1927).

32. Poschinger, U., Walther, A., Singer, K. & Schmidt-Kaler, F. Observing the phase
space trajectory of an entangled matter wave packet. Phys. Rev. Lett. 105,
263602 (2010).

Acknowledgements

We thank S. Moses for comments on the manuscript. This work is supported by the
Army Research Office and NSF Physics Frontier Center at JQI.

|8:697

Author contributions

All authors contributed to the design, construction and carrying out of the experiment,
discussed the results and commented on the manuscript. K.G.J. and J.D.W.-C. analysed
the data and performed the simulations. K.G.J., .D.W.-C. and C.M. wrote the
manuscript.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-00682-6.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

| DOI: 10.1038/541467-017-00682-6 | www.nature.com/naturecommunications 7


http://dx.doi.org/10.1038/s41467-017-00682-6
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Ultrafast creation of large Schrödinger cat states of an atom
	Results
	Generating an ultrafast state-dependent force
	Large two-component cat states
	Multicomponent cat states

	Discussion
	Methods
	Experimental setup
	Three and four-component cat contrast
	Six- and eight-component cat contrast
	Sources of error
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




