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Impulsive spin-motion entanglement for fast quantum computation and sensing
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We perform entanglement of spin and motional degrees of freedom of a single, ground-state trapped ion
through the application of a 16 ps laser pulse. The duration of the interaction is significantly shorter than both the
motional timescale (30 us) and spin precession timescale (1 ns), demonstrating that neither sets a fundamental
speed limit on this operation for quantum information processing. Entanglement is demonstrated through the
collapse and revival of spin coherence as the spin components of the wave function separate and recombine in

phase space. We infer the fidelity of these single-qubit operations to be (9773)%.
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I. INTRODUCTION

Spin-motion entanglement is at the heart of many trapped-
ion quantum computers. Entanglement between the internal
qubit states of ions is produced via ion-ion interactions. These
interactions are mediated by motion within the trap and mod-
ulated by the application of spin-dependent forces [1-6]. In
order to avoid the problem of spectral crowding, gates have
been operated in the strong excitation regime, where the ap-
plied spin-dependent forces are impulsive, or applied much
faster than the ions’ motional mode period [7-10]. These
impulsive forces, known as spin-dependent kicks (SDKs),
dynamically impart momentum to the ion, with the direction
of the kick dependent upon the ion’s internal qubit state.

Previous work has demonstrated both single- and two-qubit
gates with ultrafast pulses [11-15]. While the picosecond
duration of a single pulse from a mode-locked laser makes it
attractive for building gates in the strong excitation regime,
single pulses do not tend to produce the desired outcome
with hyperfine qubits. Single-pulse operations have been per-
formed using resonant excitation as well as stimulated Raman
transitions. In the resonant case, a 7 rotation was performed
using a single ultrafast pulse with 98.1% fidelity [15], but the
scheme could not be used to perform arbitrary single-qubit
rotations. Single-pulse, single-qubit gates using stimulated
Raman transitions in the hyperfine qubit of "'Yb™ were
limited by the finite-qubit splitting while two-qubit gate fi-
delity using single-pulse spin-dependent kicks (SDKs) was
limited by multiphoton transitions that produce unwanted
higher-order momentum modes [12—14]. In both schemes, to
achieve high-fidelity two-qubit gates, multipulse sequences
that are many times longer than the single-pulse duration are
necessary. This in turn makes two-qubit gates longer than the
attractively short duration of the atom-light interaction in a
single laser pulse.

Aside from applications in quantum information process-
ing, high-fidelity spin-dependent kicks are also a key feature
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of atom interferometry. Increasing wave-packet separation by
large momentum transfer beam-splitter operations enhances
interferometer sensitivity [16-22]. The ability to perform
high-fidelity ultrafast spin-dependent kicks would enable even
higher momentum transfer, a key ingredient to the recently
proposed ion gyroscope interferometer [23,24].

Here, we demonstrate high-fidelity, ultrafast qubit rota-
tions and spin-motion entanglement using a single, 16 ps
laser pulse to drive a stimulated Raman transition in the
ground-state Zeeman qubit of '**Ba™. By observing the decay
and revival of interference fringe visibility using a Ramsey
pulse sequence, we verify the generation of spin-motion en-
tanglement of a Zeeman qubit using a single laser pulse.
Working with a Zeeman qubit offers improvements in both
gate speed and simplicity compared to hyperfine qubits. The
smaller qubit splitting allows for single-pulse, single-qubit
gate fidelity comparable with current state of the art. Further,
using polarization selectivity, a spin-dependent kick can be
performed in a Zeeman qubit with a single laser pulse without
producing higher-order momentum modes. Zeeman qubits are
also the natural choice for a gyroscope interferometer, as the
magnetic moment associated with the ion’s motion, which
can mask the desired rotation phase in the presence of a
magnetic field, can be canceled by the Zeeman qubit’s spin
magnetic moment, essentially making this a clock qubit for
the interferometer [23].

II. EXPERIMENTAL SETUP

Our apparatus utilizes a single '*®*Ba* ion trapped in a
four-rod, linear Paul trap with an axial secular frequency
w = 2w x 32.4 kHz and radial secular frequencies wgq ~
27 x 100 kHz. The stimulated Raman transition as shown
in Fig. 1(a) can be driven using pulses from a 532-nm,
mode-locked Nd:YVO, [25] laser with a repetition rate of
76 MHz [26]. An intensity autocorrelation measurement
yields a sech pulse shape, with a full width at half max of
Toulse = 16.4(5) ps, corresponding to a spectral bandwidth
Af &~ 0.315/tpuse ~ 19 GHz. Arbitrarily gated patterns of
laser pulses can be generated through the use of an electro-
optic pulse picker. To achieve a w pulse within a single laser
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FIG. 1. (a) Energy levels relevant for the stimulated Raman tran-
sition. On the right, a top-down view of the ion (colored circle) with
surrounding trap electrodes. The Raman beam directions with their
polarizations are shown in green and the magnetic field direction in
black. (b) Schematic of ultrafast qubit rotation. A single, circularly

polarized beam drives the ion from |1) to |]). (¢) Schematic of
spin-dependent kick, with the resulting momentum kick.
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pulse, we tightly focus a beam to a 1/e” intensity radius of
wo = 8.5(4) um. Single-pulse SDKs, which require differing
wave vectors, are achieved by splitting the laser beam into an
additional, orthogonally directed beam with a waist of wy =
20(2) um. Temporal overlap of the Raman beams is achieved
with an optical interferometer to measure the electric field
autocorrelation and is subsequently refined using the response
of the ion.

III. SINGLE-PULSE, SINGLE-QUBIT ROTATIONS

The finite bandwidth of the Raman pulse can only fully
transfer population between degenerate levels, and any energy
splitting leads to an effective detuning of the two-photon reso-
nance, resulting in incomplete population transfer. The fidelity
of a hyperbolic secant pulse with pulse area 6 = [ dt’ (")
and temporal width 7,y driving population between a pair of
states split by § has been provided by Rosen and Zener [27]:

0
F = sin? <§)sech2(8tpulse/1.76). (1)

First, we demonstrate ultrafast single-qubit rotations using
a single, circularly polarized beam directed orthogonal to the
applied magnetic field [see Fig. 1(b)]. For the given geometry,
this polarization maximizes the two-photon Rabi frequency
QZy s
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with wgg the fine-structure splitting, as shown in Fig. 1(a);
A = o — o the difference between the laser frequency w =
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FIG. 2. Ultrafast qubit rotations: A Rabi flopping curve produced
by applying a single laser pulse of varying energy to an ion initially
prepared in the |1) state. Black: Data points with statistical error bars
from 1000 repetitions of the experiment. Red: Fit to the data, Vg, =
0.68. Blue: Bars indicate average state preparation and measurement
(SPAM) limits for || ) and |1), Vspam = 0.70. The width of the bars
indicates the standard deviation of multiple SPAM measurements.

transition resonance wg; d the dipole moment of the same
transition; and E; the complex electric field amplitude for
polarization j. The beam waist is measured to be wg =
8.5(4) ym and the maximum pulse energy is 129(5) nl.
Preparing the ion in [1), applying a single laser pulse with
varying energy, and reading out the final state we map out
Rabi flopping curves such as that shown in Fig. 2. The maxi-
mum theoretical fidelity of Fiax = 0.9999 is given by Eq. (1),
and is high due to the small qubit energy splitting, §/(27) =
150 MHz, compared to the A f ~ 19 GHz bandwidth of the
single pulse. To compare, using a hyperfine qubit with 10 GHz
splitting would limit the fidelity to 72%, demonstrating the
benefit of the small splitting of a Zeeman qubit.

In the experiment, we see additional sources of infidelity.
In Fig. 2 we see that the visibility scales inversely with the
pulse area, or peak Rabi frequency. The additional infidelity
can be explained by a thermal spread in the ion’s initial posi-
tion causing different regions of the laser beam to be sampled
experiment to experiment. The distribution of Rabi frequen-
cies leads to a decay in the visibility. This type of infidelity in
ion traps was studied previously [28], and an analytic solution
for the transition probability can be found [29],

1 1
P¢=5(1—1F2|:§;§,1+§;—92:|>, )

2
where | Fy[a; b, ¢;x] is a hypergeometric function, g = 53
is the ratio of the beam waist to the thermal spread of the

kgT
maw?

[30], with m the ion mass, T the
ion temperature, and w the trap frequency. Fitting the data
to this function we extract the needed energy for a single
laser pulse to perform a 7 rotation, 38(2) nJ, as well as the
ion temperature, 7 = 0.5(1) mK. Using the state preparation
and measurement (SPAM) limits shown in Fig. 2, we applied
the Feldman-Cousins method to determine the 90% confi-
dence interval for the SPAM-corrected fidelity of a 7 pulse,

Fihermal = (97131)%. The fidelity central value is given as the

ion’s position iy, =
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FIG. 3. Modulation of wave-packet overlap due to spin-motion
entanglement during a Ramsey sequence. The evolution of the ion’s
coherent state is shown in phase space. Left: The 7 /2 pulse splits
the wave packet due to SDK and the kicked wave packet will oscil-
late in the harmonic potential. Right: The second 7 /2 pulse kicks
the remaining population. The overlap of wave packets determines
fringe visibility.

ratio of the visibility of the curve, Vg = 0.68, to the SPAM
visibility, Vspam = 0.7, with the visibility taken as the differ-
ence between the highest and lowest transition probabilities.

IV. SINGLE-PULSE SPIN-MOTION ENTANGLEMENT

Next, we investigate spin-dependent kicks, a key compo-
nent for two-qubit gates and matter-wave interferometry. We
drive stimulated Raman transitions of the qubit in a nonco-
propagating configuration [Fig. 1(c)], such that the internal
state (spin) and motional state are left entangled. The po-
larization of the light is now correlated with the direction
of propagation such that population transfer can only occur
by exchanging one photon from each beam, producing a
spin-dependent kick: An ion initially in |1) (]{)) receives a
momentum Kick of h]_éeff (— hl_éeff) along the trap axial direc-
tion, Where keff is the wave-vector difference between the two
beams, k, — k. This is equivalent to a dlsplacement D(in) in

me = 0.56 the effec-

tive Lamb-Dicke parameter. The kicks are accompanied by a
spin flip. Since the pulse width is much shorter than the trap
period, we approximate the ultrafast kicks as instantaneous
momentum displacements and the time evolution operator for
an impulsive SDK pulse between degenerate Raman levels
becomes

phase space (Fig. 3), with n = |keff|

U(®) = cos (§)1 + isin (§)[D@in)6- + D(—in)é4], (5
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FIG. 4. Collapse and revival of spin coherence at the trap period.
The topmost plot shows the decay and revival of the Ramsey fringe
visibility after the ion has oscillated through one axial trap period.
The main plot shows the revival from the top plot and the data points
are the best-fit amplitude values of Ramsey fringes as a function of
the applied wait time, where the red line is a fit to Eq. (8). The inset
shows some representative fringes.

where 6 and &_ are the qubit raising and lowering operators,
which act on the internal state of the ion and are composed
of the usual spin Pauli matrices, 6, 6,, such that 6, = %
(6, £ i6y).

To explicitly demonstrate the spin-dependent kick, we pre-
pare the ion in |1) and perform a Ramsey pulse sequence
consisting of two SDK /2 pulses separated by a variable
time t set by the pulse picker, during which the ion undergoes
harmonic motion in the trap (Fig. 3). For each wait time
Ramsey interference fringes (see the insets of Fig. 4) were
mapped versus detuning & by scanning the qubit splitting via
the static magnetic field. The first SDK 7 /2 pulse produces a
momentum kick described by a displacement operator D(in).
The time evolution operator during the Ramsey wait time Usy¢
causes the qubit internal state [) to pick up a phase ¢4y =
(—)87/2 and the coherent state evolution, |o) — |ae™™®7),
as the ion oscillates in the trap. The degree of wave-packet
overlap is encoded in the Ramsey interference fringe visibility
V and is dependent on the timing of the second /2 pulse as
illustrated in Fig. 3.

The wave-packet overlap after the second 7 /2 pulse
depends on the initial motional distribution of the ion. Doppler
cooling prepares the ion in a thermal state with a mean
occupation number 7 in the harmonic oscillator potential.
The thermal distribution creates a mixed state, which can
be expressed using the Glauber-Sudashan distribution
p = [ da Ps(a)|¥, a) (¥, af, with Pg(a) = — —lel*/h for a
thermal distribution of coherent states |«), w1th an average
occupation number 7. The final density matrix is found by
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evolving the wave function according to Eq. (5), |y, af) =
U (5 )UwaitU (3)|¥i, ;). The population of the ion’s internal
states is then found by tracing out the motion from the density
matrix: Py = (1 [Try(p)| 1) [31]. Leading to the probability
to remain in the | 1) state, with y = 8t + n®sinwr,

Py =1 — Lcos(y)exp[-n*(1 — coswr)(2i + 1)].  (6)

Scanning over the detuning gives a sinusoidal fringe from
which we determine the visibility V), the difference between
the maximum and minimum transition probability:

Y = exp[—n*(1 — cos wt)(27i + 1)]. (7)

Initially, as the wave packets separate, the visibility rapidly
decays. The wave packets reoverlap in phase space after an
integer number of trap periods, T = 27 /w, and the fringe
visibility revives as shown in the top plot of Fig. 4. The width
of the decay and revivals is dependent on the combination of
ion parameters 20%Q2a + 1).

Fitting the fringe visibility at each value of the wait time
gives the data plotted in Fig. 4, with error bars given by the fit
uncertainty. Representative Ramsey fringes with their fits are
inset with arrows indicating the corresponding Ramsey wait
time. The red line is a fit to the data according to Eq. (7) with
an additional offset A = 0.036(4) that accounts for quantum
projection noise during data collection, as well as an overall
scaling factor B = 0.41(2) accounting for the finite fidelity of
this operation and our readout procedure:

VY = A+ Bexp[—n*(1 — cos wt)(27 + 1)]. (8)

From this fit we extract a revival time of 7., = 30.864(1) us.
The corresponding secular frequency of o =2m X
32.400(1) kHz is in good agreement with an independent
measurement of the axial secular frequency using the “tickle
scan” method [32]. The fit value for the mean occupation
number 7 = 1059(80) implies a temperature of 1.6(1) mK.

Using known sources of infidelity, we can account for
the max fringe visibility, Vinax = 0.45(2), of the spin-motion
entanglement. The visibility is reduced due to the limited
SPAM visibility, the infidelity of the SDK pulses, and the ion
coherence time. Unlike in the single-beam single-qubit rota-
tion experiment, the electric field polarization at the ion when
using two beams has no o™ component. This leads to a differ-
ential light shift of the qubit states dependent on the strength
of the o~ polarized beam, as seen in Eq. (3). Lowering the
intensity of the o~ -polarized beam reduces the differential
shift but requires a higher intensity of the w-polarized beam
to maintain the same Rabi frequency. Numerically solving
the Schrodinger equation, we find that with a pulse energy of
14 n] for the o ~-polarized beam at about half the energy of the
m-polarized beam (24 nJ) the differential light shift limits our
fidelity to Fiigneshite = 0.95(1). We calculate the overall visibil-
ity Viot = Vspam X Fspk X exp(—Tpey/T2) = 0.47(4), taking
Vspam = 0.70(3) from Fig. 2, Fspk = Finermal X Flighshifc =
0.92(3), and from auxiliary measurements, the Zeeman qubit
coherence time, 7, ~ 100 us.

V. CONCLUSION

We have demonstrated ultrafast control of a trapped ion
Zeeman qubit. Using a high-intensity mode-locked laser to
drive a Raman transition, we can perform a single-qubit
 rotation using a single laser pulse, in approximately
16.4(5) ps. The fidelity of this qubit rotation is estimated
to be (97J_ri)%, currently limited by the ion’s thermal posi-
tion spread. Operating in a noncopropagating geometry, the
same Raman transition was used to perform ultrafast spin-
motion entanglement, a key ingredient for two-qubit gates
and matter-wave interferometry. The momentum imparted
by the resulting spin-dependent kick leads to a reduction
in the fringe visibility of a Ramsey pulse sequence as the
wave packets separate. Revival of the visibility is observed
at a time equal to the trap period, and the variation of
the visibility allows us to infer both the efficiency of spin-
motion entanglement and the mean occupation number of the
trapped ion.

In contrast to previous work with hyperfine qubits
[11-14], the fidelity of the spin-motion entanglement is
not limited by multiphoton transitions. Polarization selec-
tivity precludes diffraction of the atomic wave packet into
multiple momentum orders. For applications, such as matter-
wave interferometry, where higher momentum transfer is
beneficial, retroreflecting the SDK beams can double the
momentum transfer while returning the ion to its initial
state, enabling SDKs to be applied at the repetition rate of
the laser.

Further improvements can be achieved by increasing the
fidelity of the state readout, decreasing the ion’s thermal
position spread, decreasing the differential light shift, and
increasing the qubit coherence. Increasing the SPAM fidelity
will increase the Ramsey fringe visibility and enable a more
precise measurement of the fidelity of ultrafast qubit oper-
ations. This can be achieved by using the narrow 2§, 2 <
2D5/2 transition to perform electron shelving [33,34]. The
ion’s spread in position is strongly dependent on the trap
secular frequency. For a '*®Ba™ ion cooled to the Doppler
limit in a trap with ws. = 2w x 200 kHz this source of in-
fidelity is reduced to the 10~ level. By choosing a laser at
the “magic” wavelength (A ~ 480nm Ba™, corresponding to
frequency w = wp + wrs/3), the differential light shift can be
nulled, as seen in Eq. (3). The coherence time can be increased
by using permanent magnets to decrease the magnetic field
noise. Zeeman qubit coherence times exceeding 1 s were
demonstrated in Ref. [35]. The spin-dependent kick scheme
that we have demonstrated here will be harnessed to perform
trapped-ion interferometry [23,24].
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