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Today, ion traps are among the most promising physical systems
for constructing a quantum device harnessing the computing
power inherent in the laws of quantum physics'?. For the
implementation of arbitrary operations, a quantum computer
requires a universal set of quantum logic gates. As in classical
models of computation, quantum error correction techniques™*
enable rectification of small imperfections in gate operations,
thus enabling perfect computation in the presence of noise. For
fault-tolerant computation’, it is believed that error thresholds
ranging between 10~* and 10> will be required—depending on
the noise model and the computational overhead for realizing the
quantum gates*®—but so far all experimental implementations
have fallen short of these requirements. Here, we report on a
Mglmer-Serensen-type gate operation®® entangling ions with
a fidelity of 99.3(1)%. The gate is carried out on a pair of
qubits encoded in two trapped calcium ions using an amplitude-
modulated laser beam interacting with both ions at the same
time. A robust gate operation, mapping separable states onto
maximally entangled states is achieved by adiabatically switching
the laser-ion coupling on and off. We analyse the performance of
a single gate and concatenations of up to 21 gate operations.

For ion traps, all building blocks necessary for the construction
of a universal quantum computer' have been demonstrated over
the past decade. Currently, the most important challenges consist
of scaling up the present systems to a higher number of qubits
and raising the fidelity of gate operations up to the point where
quantum error correction techniques can be successfully applied.
Although single-qubit gates are easily carried out with high quality,
the realization of high-fidelity entangling two-qubit gates'™ is
much more demanding because the inter-ion distance is orders
of magnitude bigger than the characteristic length scale of any
state-dependent ion—ion interaction. Apart from quantum gates of
the Cirac—Zoller type>'?, where a laser couples a single qubit with
a vibrational mode of the ion string at a time, most other gate
realizations entangling ions have relied on collective interactions of
the qubits with the laser control fields'""*""°. These gate operations
entangle transiently the collective pseudospin of the qubits with the
vibrational mode and produce either a conditional phase shift"”
or a collective spin flip'®'® of the qubits. Whereas the highest
fidelity F = 97% reported until now"” has been achieved with
a conditional phase gate acting on a pair of hyperfine qubits
in °Be", spin-flip gates have been limited so far to F = 85%
(refs 11,14). All of these experiments have used qubits encoded
in hyperfine or Zeeman ground states and a Raman transition
mediated by an electric-dipole transition for coupling the qubits.
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Figure 1 Gate mechanism. a, A bichromatic laser field with frequencies o, w_
satisfying 2w, = w,. + w_ is tuned close to the upper and lower motional sideband
of the qubit transition. The field couples the qubit states | SS) <> | DD) through the
four interfering paths shown in the figure, n denoting the vibrational quantum
number of the axial COM mode. Similar processes couple the states | SD) <> | DS).
b, The qubits are encoded in the ground state S, ,(m=1/2) and the metastable
state Ds;»(m=3/2) of “°Ca* ions and are manipulated by a narrow bandwidth
laser emitting at a wavelength of 729 nm.

Whereas spontaneous scattering from the mediating short-lived
levels degrades the gate fidelity owing to the limited amount
of laser power available in current experiments', this source of
decoherence does not occur for optical qubits, that is, qubits
encoded in a ground state and a metastable electronic state of an
ion. In the experiment presented here, where the qubit comprises
the states |S) = S,/,(m =1/2) and |D) = Ds,,(m =3/2) of the
isotope **Ca*, spontaneous decay of the metastable state reduces
the gate fidelity by less than 5x 107°.

A Molmer—Serensen gate inducing collective spin flips
is achieved with a bichromatic laser field with frequencies
Wi = w, £ §, with w, being the qubit transition frequency and
8 close to the vibrational mode frequency v (Fig. 1). For optical
qubits, the bichromatic field can be a pair of co-propagating
lasers, which is equivalent to a single laser beam resonant with
the qubit transition and amplitude-modulated with frequency
8. For a gate mediated by the axial centre-of-mass (COM)
mode, the hamiltonian describing the laser—qubit interaction is
given b?IH =h{le 9§, (7D 4 eiCGrH0))gintac+ale™) 4 1) ¢ Here,
S = O'j]) + 0;2),]' € {+,—.,x,y,z}, denotes a collective atomic

operator constructed from Pauli spin operators 0‘}1) acting on ion
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Figure 2 High-fidelity gate operation. a, Evolution of the populations p (filled circle), p; (open diamond) and p, (filled triangle) induced by a Mglmer—Sgrensen bichromatic
pulse of duration . The Rabi frequency (2(t) is smoothly switched on and off within 2 us and adjusted such that a maximally entangled state is created at 74, = 50 us. The
dashed lines are calculated for ncoy = 0.05 from the propagator (1), neglecting pulse shaping and non-resonant carrier excitation. The solid lines are obtained by numerically
solving the Schrédinger equation for time-dependent (2(t) and imbalanced Rabi frequencies (2, /£2_ =1.094 (see the Methods section). b, A (t/2),, analysis pulse applied
to both ions prepared in ¥, gives rise to a parity oscillation P(¢) = sin(2¢) as a function of ¢. A fit with a function Py, = A sin@¢ + ¢,) yields the parity fringe amplitude
A=0.990(1) and ¢, /7t = —1.253(1). The precise value of the phase ¢, is without significance. It arises from phase-locking the frequencies wy, w . , w_ and could have

been experimentally adjusted to zero.

i, and 0\’|S); = |D),. The operators a, a' annihilate and create
phonons of the COM mode with Lamb-Dicke factor 5. The optical
phase of the laser field (with coupling strength (2) is labelled ¢, and
the phase ¢ accounts for a time difference between the start of the
gate operation and the maximum of the amplitude modulation of
the laser beam. In the Lamb-Dicke regime, and for ¢ =0, the gate
operation is very well described by the propagator®

U(t) :e_"”‘)‘g*f)(a(t)sw,)exp(—i(}{t—l—Xsin(v—é)t)S;_w). (1)

Here, the operator to the right describes collective spin
flips induced by the operator S,, = S,cosy¥ + S,sin,
Y= (482/8)cos ¢, and A~ 222/ (v —38), x ~ n /(v —§8)>.
With  a(t) = (™" — 1), the displacement operator
D(B) =ef*'~#"@ accounting for the transient entanglement between
the qubits and the harmonic oscillator becomes equal to the
identity after the gate time 7, = 2m/|v—4§|. The operator
e TS with F(t) = (242/8)(sin(8t + ¢) — sing) describes fast
non-resonant excitations of the carrier transition that occur in
the limit of short gates when {2 < 8 no longer strictly holds.
Non-resonant excitations are suppressed by intensity-shaping the
laser pulse so that the Rabi frequency {2(¢) is switched on and
off smoothly. Moreover, adiabatic switching makes the collective
spin-flip operator independent of ¢ as S, , — S, for {2 — 0. To
achieve adiabatic following, it turns out to be sufficient to switch
on the laser within 2.5 oscillation periods of the ions’ axial COM
mode. When the laser is switched on adiabatically, equation (1) can
be simplified by dropping the factor =% and replacing S, , by
S,. To realize an entangling gate of duration T, described by the
unitary operator U, = exp(—i(wt/ 8)S§), the laser intensity needs
to be set such that n{2 ~ |§ — v| /4.

Two “Ca' ions are confined in a linear trap® with axial
and radial COM mode frequencies of v,,/2m = 1.23 MHz
and V,,qa/27 = 4 MHz, respectively. After Doppler cooling and
frequency-resolved optical pumping® in a magnetic field of 4G,
the two axial modes are cooled close to the motional ground
state (ficom Mawerch < 0.05(5)). Both ions are now initialized to
|SS) with a probability of more than 99.8%. Then, the gate
operation is carried out, followed by an optional carrier pulse for
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analysis. Finally, we measure the probability p; of finding k ions
in the |S) state by detecting light scattered on the S, < Py,
dipole transition with a photomultiplier for 3 ms. The error
in state detection due to spontaneous decay from the D state
is estimated to be less than 0.15%. Each experimental cycle is
synchronized with the frequency of the a.c.-power line and repeated
50-200 times. The laser beam carrying out the entangling operation
is controlled by a double-pass acousto-optic modulator, which
enables setting the frequency w; and phase ¢ of the beam. By
means of a variable gain amplifier, we control the radiofrequency
input power and hence the intensity profile of each laser pulse.
To generate a bichromatic light field, the beam is passed through
another acousto-optic modulator in single-pass configuration that
is driven simultaneously by two radiofrequency signals with
difference frequency §/m (see the first paragraph of the Methods
section). Phase coherence of the laser frequencies is maintained by
phase-locking all radiofrequency sources to an ultrastable quartz
oscillator. We use 1.8 mW average light power focused down to a
spot size of 14 um gaussian beam waist illuminating both ions from
an angle of 45° with equal intensity to achieve the Rabi frequencies
{2/ (2m) ~ 110 kHz required for carrying out a gate operation with
(v—238)/(2m) =20kHz and n = 0.044. To make the bichromatic
laser pulses independent of the phase ¢, the pulse is switched on and
off by using Blackman-shaped pulse slopes of duration 7, =2 ps.

Multiple application of the bichromatic pulse of duration Ty
ideally maps the state |SS) to

Tgate Tgate Tgate

|SS) — |SS)+i|DD) — |DD) — |DD)
———
41

Tgate Tgate

+i|S8§) — |SS) — - ()

up to global phases. Maximally entangled states occur at instances
Ty = M- Tye (M =1,3,...). A similar mapping of product
states onto Bell states and vice versa also occurs when starting
from state |SD). To assess the fidelity of the gate operation,
we adapt the strategy first applied in refs 11,13 consisting
of measuring the fidelity of Bell states created by a single
application of the gate to the state |SS) (Fig.2a). The fidelity
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Figure 3 Entanglement and disentanglement dynamics of the Mglmer-Serensen interaction. Starting from state | SS) for a detuning of the bichromatic laser from the
sidebands set to § — v = —20 kHz, the figure shows the time evolution of the populations p,, p; and p, denoted by the filled circles, open diamonds and filled triangles
respectively. The length of the pulse is equivalent to the application of up to 17 gate operations. Maximally entangled states are created whenever p,(z) and p,(z) coincide

and p, () vanishes.

F = (0|p™|¥) = (pss.ss + Ppop.op) /2 + Imppp 55, with the
density matrix p®* describing the experimentally produced qubits’
state, is inferred from measurements on a set of 42,400 Bell states
continuously produced within a measurement time of 35 min.
Fluorescence measurements on 13,000 Bell states reveal that
pss ss T+ Ppp.pp = P2+ po = 0.9965(4). The off-diagonal element
Ppb.ss 15 determined by measuring P(¢) = (Gé,])a;f) ) for different
values of ¢, where 04 = 0,c0s¢ + 0,sing, by applying (7/2),
pulses to the remaining 29,400 states and measuring p, + p, — p,
to obtain the parity (" ¢?). The resulting parity oscillation P(¢)
shown in Fig. 2b is fitted with a function Pg, (¢p) = Asin(2¢ + ¢,)
that yields A = 2|pp) ss] = 0.990(1). Combining the two
measurements, we obtain the fidelity F = 99.3(1)% for the Bell
state V.

A wealth of further information is obtained by studying the
state dynamics under the action of the gate hamiltonian (see
equation (2)). Starting from state |SS), Fig.3 shows the time
evolution of the state populations for pulse lengths equivalent to
up to 17 gate times. The ions are entangled and disentangled
consecutively up to nine times, the populations closely following
the predicted unitary evolution of the propagator (1) for £ =0
shown in Fig. 3 as solid lines.

To study sources of gate imperfections we measured the fidelity
of Bell states obtained after a pulse length 7, for up to m =21
gate operations. The sum of the populations p,(t) + p,(¢) does
not return perfectly to one at times 7,, as shown in Fig. 4 but
decreases by about 0.0022(1) per gate. This linear decrease could
be explained by resonant spin-flip processes caused by spectral
components of the qubit laser that are far outside the laser’s
linewidth of 20 Hz (ref. 21) (see the Methods section). The figure
also shows the amplitude of parity fringe pattern scans at odd
integer multiples of T, similar to the one in Fig. 2b. The gaussian
shape of the amplitude decay is consistent with variations in the
coupling strength {2 that occur from one experiment to the next
(see the Methods section).

The observed Bell-state infidelity of 7 x 10~ indicates that the
gate operation has an infidelity below the error threshold required
by some models of fault-tolerant quantum computation®® (an
indication to be confirmed by full quantum gate tomography'
in future experiments). However, further experimental advances
will be needed before fault-tolerant computation will become a
reality as the overhead implied by these models is considerable.
Nevertheless, in addition to making the implementation of
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Figure 4 Multiple gate operations. Gate imperfections as a function of the
bichromatic pulse length =, = m- 7. given in equivalent number of gate
operations m. The upper curve shows a linear decrease of the state populations

Po + P, with a slope of 0.0022(1). All errors given are 1o statistical errors. The
lower curve represents the magnitude of the coherence 20,y ss measured by
detecting parity oscillations and fitted by a gaussian decay function that accounts for
low-frequency noise of the laser—ion coupling strength {2 (see the Methods section).
Combining both measurements yields the Bell-state fidelity £, shown as the middle
trace. For m= 21, the fidelity is still F; = 80(1)%. Similar results are achieved
when replacing the entangling pulse of length 7, by m amplitude-shaped pulses
each of which is realizing an entangling gate operation.

quantum algorithms with tens of entangling operations look
realistic, the gate presented here also opens interesting perspectives
for generating multiparticle entanglement” by a single laser
interacting with more than two qubits at once. For the generation
of N-qubit Greenberger—Horne—Zeilinger states, there exist no
constraints on the positioning of ions in the bichromatic beam
that otherwise made generation of Greenberger—Horne—Zeilinger
states beyond N = 6 difficult in the experiment with hyperfine
qubits described in ref. 24. Although the bichromatic force
lacks a strong spatial modulation that would enable tailoring
of the gate interaction by choosing particular ion spacings®?*,
more complex multiqubit interactions could be engineered by
interleaving entangling laser pulses addressing all qubits with
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a focused laser inducing phase shifts in single qubits. Akin to
nuclear magnetic resonance techniques, this method should enable
refocusing of unwanted qubit—qubit interactions® and open the
door to a wide variety of entangling multiqubit interactions.

METHODS

A.C.-STARK-SHIFT COMPENSATION

The red- and the blue-detuned frequency components w, of the bichromatic
light field cause dynamic (a.c.-) Stark shifts by non-resonant excitation on
the carrier and the first-order sidebands that exactly cancel each other if the
corresponding laser intensities I+ are equal. The remaining a.c.-Stark shift
due to other Zeeman transitions and far-detuned dipole transitions amounts
to 7kHz for a gate time Tg = 50 pis. These shifts could be compensated by
using an extra far-detuned light field®® or by properly setting the intensity
ratio Iy /I_. We use the latter technique, which makes the coupling strengths
2s5espp X 24/T 1, 2pesps < I + I slightly unequal. However, the error is
insignificant as 2sp., ps/ 2ss<pp — 1 =4 x 1073 in our experiments.

SOURCES OF GATE INFIDELITY

A bichromatic force with time-dependent {2(¢) acting on ions prepared in an
eigenstate of S, creates coherent states «(¢) following trajectories in phase space
that generally do not close?™?’. For the short rise times used in our experiments,
this effect can be made negligibly (<10™*) small by slightly increasing the
gate time.

Spin flips induced by incoherent off-resonant light of the bichromatic laser
field reduce the gate fidelity. A beat frequency measurement between the gate
laser and a similar independent laser system that was spectrally filtered indicates
that a fraction y of about 2 x 1077 of the total laser power is contained in
a 20 kHz bandwidth B around the carrier transition when the laser is tuned
close to a motional sideband. A simple model predicts spin flips to cause a gate
error with probability pg;, = (wy|v—4§])/ (21*B). This would correspond to
a probability pgi, =8 x 107*, whereas the measured state populations shown
in Fig. 4 would be consistent with pg;, =2 x 1073, Spin-flip errors could be
further reduced by two orders of magnitude by spectrally filtering the laser light
and increasing the trap frequency v/ (2m) to above 2 MHz where noise caused
by the laser frequency stabilization is much reduced.

Imperfections due to low-frequency noise randomly shifting the laser
frequency ey with respect to the atomic transition frequency w, were
estimated from Ramsey measurements on a single ion showing that an average
frequency deviation o (w; —a)/(27) = 160 Hz occurred. From numerical
simulations, we infer that for a single gate operation this frequency uncertainty
gives rise to a fidelity loss of 0.25% (an infidelity of 10™* would require
O (wy—wp) / (21) = 30 Hz). In our parity oscillation experiments shown in Figs 2b
and 4, however, this loss is not directly observable because a small error in
the frequency of the bichromatic laser beam carrying out the gate operation is
correlated with a similar frequency error of the carrier (3 )4 pulse probing the
entanglement produced by the gate so that the phase ¢ of the analysing pulse
with respect to the qubit state remains well defined.

Variations in the coupling strength §(2 induced by low-frequency laser
intensity noise and thermally occupied radial modes were inferred from
an independent measurement by recording the amplitude decay of carrier
oscillations. Assuming a gaussian decay, we find a relative variation of
862/82 =1.4(1) x 1072, For m entangling gate operations, the loss of fidelity
is approximately given by 1 — F = (;tm/2)*(8£2/£2)? and contributes with
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5x 107 to the error of a single gate operation. For the multiple gate operations
shown in Fig. 4, this source of noise explains the gaussian decay of the parity
fringe amplitude, whereas laser frequency noise reduces the fringe amplitude by
less than 1% even for 21 gate operations. In combination with error estimates
for state preparation, detection and laser noise, the analysis of multiple gates
provides us with a good understanding of the most important sources of

gate infidelity.
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