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Individual trapped atomic qubits represent one of the most promising technologies to scale quantum
computers, owing to their low idle errors and the ability to implement a full set of reconfigurable gate oper-
ations via focused optical fields. However, the fidelity of quantum gate operations can be limited by weak
confinement of the atoms transverse to the laser. We present measurements of this effect by performing
individually addressed entangling gates in chains of up to 25 trapped atomic ions. We present a semiclassi-
cal model that accurately describes the observed decoherence from the residual heating of the ions caused
by noisy electric fields. We suppress these effects by cotrapping ancilla ions for sympathetically cooling

the qubit ions throughout a quantum circuit.
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Isolated atomic qubits exhibit low idle decoherence and
near-perfect replication. Individual atomic ions can be con-
fined using electromagnetic fields and their qubits can be
universally controlled with light [1,2]. Entangling quan-
tum gates have been demonstrated between isolated pairs
of trapped ions with fidelities exceeding 99.9% [3,4]. In the
work reported here, ion trap quantum computing systems
have been extended to more than 20 qubits by trapping lin-
ear chains of ions, achieving entangling gate fidelity of
97.5%. Further scaling of these systems to hundreds of
qubits while increasing gate fidelities will likely require a
modular architecture featuring the shuttling of ions through
a multizone ion trap chip [5,6] or connecting modules
through photonic interconnects [7]. In the presence of
physical noise sources, the optimal number of ions in each
zone remains an important open question.

In most trapped ion systems, entanglement between
qubits in a chain is generated via a qubit-state-dependent
optical force that drives normal modes of collective
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oscillations [8—10]. In a long ion chain, it is com-
mon to use high-frequency radial modes to mediate the
entanglement [11], since these modes are more easily laser
cooled to the ground state and are less susceptible to
heating from electric field noise [12,13]. Control of the
collective motion is accomplished via laser pulse shaping
[11,14]. With individual optical addressing of each qubit,
a single long chain of trapped ions allows for fully con-
nected and reconfigurable quantum gate operations [15,16]
without any overhead required for shuttling.

In this work, we identify a limiting source of control
noise relating to the individual optical addressing of large
chains of atomic ion qubits. Here, the ions” motion in the
weakly confined axial direction can spoil their coupling to
the tightly focused individual-addressing laser beams [17].
A similar effect may also limit gate fidelities in arrays of
individually addressed neutral atoms [18].

The effect of axial motion is magnified as the ion chain
gets longer and its susceptible long-wavelength modes are
easily heated by noisy electric fields. We present a model
of the induced decoherence with supporting measurements
in a leading trapped ion system based on a single long
chain [19]. In this system, the heating effects are well
explained by the motion in the lowest-frequency axial
mode. We calculate that, in near-equispaced chains, the
frequency of this mode is approximately inversely propor-
tional to the ion number. Since the electric spectral density
of electric field noise in ion traps typically follows a power
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law, the resulting addressing errors increase sharply with
system size and run time.

Finally, we show that this noise source can be sup-
pressed by sympathetically cooling the qubits [20,21], and
we do so by employing a novel cooling scheme that uses
12Yb*. We show measurements that confirm the scheme
will not be limited by fundamental atomic processes, and
faces only control challenges in the implementation.

This article is organized as follows. In Sec. | we present
a semiclassical model of the effects of axial motion of an
ion chain. In Sec. I A, we confirm this model by measure-
ments with a single trapped ion. In Sec. II B, we consider
the effects of heating the ion chains by background elec-
tric fields and, in Sec. II C, we consider the impact of this
heating on entangling gates. Finally, in Sec. II1, we demon-
strate a sympathetic cooling scheme to counter this heating
effect and characterize the qubit decoherence induced by
this cooling.

I. EFFECT OF AXIAL MOTION ON ION
ADDRESSING: SEMICLASSICAL MODEL

We consider the effect of axial (X) motion of a chain of
trapped ions, each of mass M, with axial normal mode fre-
quencies wy,. The ions are addressed by an array of focused
laser beams that drive Rabi oscillations between two qubit
states (|0) and |1)). The beams are directed perpendicu-
lar to X so that, throughout their axial motion, the ions
experience fixed phases of the Rabi drive. The instanta-
neous qubit Rabi frequency €2; of the ion i is proportional
to the electric field amplitude of the laser beam at the posi-
tion of this ion [1,14]. This is true for both direct optical
qubit transitions [1] or two-beam optical Raman transitions
where one of the beams has a uniform intensity profile, as
used here [14].

To second order in the position x; of the ith ion relative
to its equilibrium, the instantaneous Rabi frequency of this
ion can be written as Q; = Q;0 + ] x; + Q{(x7/2, where
;o is the Rabi frequency at the equilibrium position of ion
i and Q) is its curvature along the X axis.

The operator X; corresponding to the position x; can be
decomposed into axial normal modes of the ion chain as

N-1 h
Ai = blm Af Am k] 1
% msz‘) Tia, @+ ) (1)

where by, is the participation of this ion in axial mode
m (3, bimbjm = 8;) [22]. Our amplitude-modulated two-
qubit gates are designed to ensure that no information is
left behind in the ions’ motion after the gate. To achieve
this, the amplitude profiles of the two-qubit gate wave-
forms are smooth over time f, = 1/A,, where A, < 27 x
15 kHz is the spacing between the neighboring radial
modes. Since A, is much smaller than all the axial mode
frequencies @y, in two-qubit gates, £2; changes slowly on

the scale of the axial motion. Therefore, we may replace
%; by its average value of 0, and %2 by its average value
of 3 b2 E,/(Mw?), where E,, = hw,,(n, + 1/2) is the
energy of excitation of mode m, with n, the number of
motional quanta in the same mode. Taking the spatial
spread of each ion’s wavepacket to be much smaller than
the size of its laser beam and £; < @, ion i will then
experience a time-averaged Rabi frequency

N-1
(2)

The leading effect of the fluctuations in x; takes the form
of a state-dependent axial force proportional to the gradi-
ent of the Rabi frequency along the axial direction [23].
This force can be suppressed by centering the ions on the
addressing beams and by employing pulse shaping [11] to
control their coupling to axial modes.

If qubit i starts in |0) and is driven resonantly, the prob-
ability of finding the qubit in |1) can be evaluated by
performing the thermal average of the Rabi oscillation over
all the modes m as

N-1 o

Q _
py® =[] D_ pm(nm) sin’ (Tt) 3)

m=0 nm=0

where p,,(n,,) are the occupation numbers of mode m.

We assume that the energies E,, follow a thermal Boltz-
mann distribution at temperatures T,,, leading to a wide
distribution of the mean Rabi frequencies Q; [17]. In
the regime that is discussed in the main text, the mean
occupation numbers #,, & kpTp,/(fuwy) of the modes that
contribute to the gate error are much larger than one.
Expanding Eq. (3) to leading order in hwy,/kpTym ~ 1/npy,
we obtain

1 — Ccos(£2;0f + @)
> ;

py(@ = (4)

The Rabi oscillations exhibit a phase advance of ¢ =
> arctan(€2;06;,f) and a loss in contrast by a factor of
C = [1,,(1 + 62,Q2,)~'/2. Here, the decay parameter for
ion i due to mode m is defined as

kpTb?, 2, Qo
e i B, g2 WS
2Me?, Qi Qio '

and characterizes the decoherence per Rabi cycle of ion
i due to the motion in mode m. Here, &, = /h/(2Mw,,)
is the zero-point spatial spread of the wavefunction of a

single ion in a trap with frequency w,, (for an ' Yb* ion
with wp = 2 x 100 kHz, & = 17 nm).
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I1. EFFECTS OF AXIAL MOTION ON ATOMIC
QUBITS

A. Axial heating of a single ion

To probe the decoherence caused by the thermal axial
motion of the qubit, we confine a single '"'Yb* ion in a
microfabricated surface-electrode linear rf ion trap (HOA-
2.1.1 by the Sandia National Laboratories [24]), obtaining
radial secular frequencies of about 3 MHz. We address this
ion with a pair of pulsed 355-nm laser beams that drive the
F=0(0) - F=1,mp=0(|1)) ground-state hyper-
fine transition via a Raman process. The Raman beams
are perpendicular both to each other and to the trap axis
X. One of the two beams is tightly focused while the other
is more than 10 times larger. Following Raman sideband
cooling [25] of the radial motion of the ion to an average
occupation number n of less than 0.15 quanta, we opti-
cally pump the ion into |0). After a 5-ms delay, we use the
Raman beams to drive carrier Rabi oscillations of the ion,
obtaining the data shown in Fig. 1. We observe that, when
the axial frequency of the ion is decreased from 700 to 140
kHz, the Rabi oscillations exhibit a sharp decay [17]. The
observed oscillations do not exhibit an exponential decay
with a constant phase shift, as would be expected from pure
phase damping [26], but instead agree with the model from
Egs. (4)+5).

We investigate the spatial dependence of the decoher-
ence by applying static trap voltages to move the ion
along x. First, we map out the spatial profile of our tightly
focused Raman beam by tightly confining the ion and
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FIG. 1. Rabi oscillations between the ground hyperfine clock

states of a single trapped '"'Yb* ion with axial frequencies 140
kHz (black) and 710 kHz (gray). The ion is prepared in the state
|0} and driven by a pair of 355-nm Raman beams. The black and
gray lines correspond to fits to Eq. (4). The red line corresponds
to a fit to a two-state model with phase damping. Inset: illustra-
tion of the axial motion of the ion in the tightly focused Raman
beam.

then driving it with a carrier Raman pulse of duration
T = 0.5 ps. We use the fraction of the ion population
transferred to |1) to determine the Rabi angle Q;¢7, as
shown in Fig. 2(a). A Gaussian fit to the obtained data
(2107 ~ e‘xEK“’Q} yields the 1/¢ intensity radius of the
tightly focused beam w = 870(25) nm. On one shoulder
of the tightly focused beam, we observe a deviation from
the Gaussian shape, which we ascribe to the mode profile
of the laser.

Next, we relax the single ion’s axial confinement and
perform a carrier Rabi oscillation experiment, as in Fig. 1,
at each set position of the ion. We fit the resulting data
to the model from Eq. (4) to extract the decay parameter
0 = 019, with the results shown in Fig. 2(b). We compare
the obtained 8 (x) data to the prediction 8 = 2(&/ w)2(1 —
2x? /w?)ig, which assumes a Gaussian shape of the tightly
focused beam, with the ion’s axial average thermal vibra-
tional number of g = 280 at the expected Doppler cooling
temperature. We observe good agreement on the left shoul-
der of the individual-addressing beam. We ascribe the
increased value of 8 on the right shoulder to the devia-
tion of the laser’s mode shape from a Gaussian, which is
evident in Fig. 2(a). In striking contrast to decoherence
caused by beam pointing fluctuations, which increase on
the sides of the focused beam, the measured decay parame-
ter reaches its minimum values near the inflection points of
the Gaussian curve, indicated by the vertical dashed lines
in Fig. 1. The induced decay measurements from Figs. 1
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FIG. 2. (a) The angle of the Rabi oscillation of a single "' Yb*
ion driven by a 5-us Raman pulse depending on the position
of the ion in a trap with tight axial confinement (wy = 27w x630
kHz). (b) The absolute value of the decay parameter obtained
by fit of the Rabi oscillation to the model from Eq. (4), for a
weakly axially confined ion (wy = 27 x 140 kHz) depending on
the position of the ion. The solid line indicates a prediction based
on the Gaussian fit from Fig. 2(a) and an axial ion temperature
corresponding to n = 280 quanta.
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and 2 demonstrate that both the spatial and the temporal
behavior of the observed Rabi oscillations of an ion under
weak axial confinement are well described by the model of

Egs. (4)(5).

B. Axial heating of a chain of ions

We now consider the effect of axial motion on an array
of atomic ions. After sufficient time ¢,, without laser cool-
ing, the temperature 7, of the axial mode m will be
dominated by the work done by noisy background elec-
tric fields [12,13] during time #,. If this field is uniform
in space, its work on mode m will be proportional to
Qo b;‘m)z. Since the contribution of the mth mode to the
decay parameter scales as w2, and, for higher-frequency
modes, b;,, oscillates with the ion index i (i.e., neighbor-
ing ions move out of phase with each other), we expect
the heating of the lowest-frequency “in-phase” axial mode
(m = 0) to strongly dominate the gate error budget. In this
case, the effects of the axial motion on the ith ion are
captured by the single decay parameter

2
J

where @(t,,) is the decay parameter of a single ion in a trap
with axial frequency equal to wy, following Eq. (5). Note
that, for harmonic axial confinement where the in-phase
mode is the center-of-mass mode (bjg = N~'/2), the decay
parameter 6; becomes equal to that for a single ion.

In the experiment, we use a combination of quadratic
and quartic axial potentials [27] to prepare near-equispaced
chains of 15 (25) ''Yb* ions with 4.4 um ion spacing,
obtaining 193 (123) kHz as the lowest axial mode fre-
quency. We use a 32-channel acousto-optic modulator [14]
to produce individually controlled, tightly focused 355-nm
beams identical to that from Fig. 2. Following sideband
cooling of the radial modes of the ion chain, we drive
simultaneous Raman Rabi oscillations on the middle 13
(15) ions in the chain after a variable wait time £,, following
the Doppler and sideband cooling. We fit the oscillations
of each ion to the model from Egs. (4)H5) to determine
the rate of change of its decay parameter, and we show
the results of these measurements in Fig. 3. The observed
variation of the decay parameters across the chains follows
the factor b?o from Eq. (6), with the Rabi oscillations of
the middle ions exhibiting increased decay due their higher
participation in the lowest-frequency axial mode.

Electric field noise in ion traps is empirically observed
to follow a power law scaling with frequency ™%, with
exponent o between 0 and 2 [13]. To check for consistency
of our observations with this behavior, we use sideband
spectroscopy of a single ion to measure the heating rate of
i, = 88(6) quanta/s for a 3-MHz radial mode parallel to
the trap surface. In Fig. 3, we show the predictions based
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FIG. 3. The rate of change of the decay parameter 6; as a func-
tion of the ion index (i) in near-equispaced chains of 15 ions
(black) and 25 ions (red). The error bars are statistical from fits
of 6;(t,,) to a linear increase with the wait time #,. The solid
lines correspond to predictions based on the power-law spectral
density of electric field noise and the independently measured
heating rate of one ion at 3 MHz of n, = 88(6) quanta/s. For
a = 0.8, we obtain 6 x 10° (1.7 x 10°) quanta/s for the heating
rate of the lowest axial mode of 25 (15) ions while, for o = 1,
we obtain 1.2 x 106 (3 x 10%) quanta/s.

on Egs. (5) and (6) and & = 1. We also show predictions
for ¢ = 0.8, which we deduced independently from df /dt,,
for a single ion as a function of the axial trap frequency
(see Appendix A). We observe good quantitative agree-
ment with our data, suggesting that electric field noise in
our system is consistent with previously observed values.

C. Effect on entangling gates

The Rabi frequency £2;; of the entangling dynamics
between the |00) and |11) states of ions i and j during two-
qubit entangling gates [8—10] is proportional to the product
of the single-qubit Rabi frequencies on the two addressed
ions. If the two ions are centered on the maxima of their
respective individual-addressing beams, the joint decay
parameter corresponding to axial mode m is 6,,, + 6;,. The
fidelity of the obtained two-qubit state is bounded from
above by Fj; = Tr[p(t)p,] = {cos?(Qi;t — x)), where x
is the desired two-qubit gate angle [8] and £2;; is the mean
value of €2;; during the ions’ axial motion. Performing
the thermal average as in Eq. (4), we find that the state
fidelity bound after N, successive fully entangling gates
(x = Ngm/4)is

1 1 1
— = 1—[ .
2 23 0 /1+ (Ngm/2)* (Oim + Om)?

Fy = (7)
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To check this prediction, we apply amplitude modulation
to the focused Raman beams addressing two particular ions
in the above chains of 15 (25) ions so as to perform one
or three successive 250- (500-)us-long entangling gates
between the target ions [14], after a variable wait time
t,, following Doppler and sideband cooling. After apply-
ing the entangling gate(s), we measure the {|00),|11)}
subspace population pgg + p11. Separately, we apply addi-
tional /2 pulses with variable phase to both ions and
extract the parity fringe contrast C, to witness entangle-
ment [28]. We compensate for the reduced mean laser
power due to axial heating by adjusting the laser power
to maximize the gate fidelity. We independently determine
6; and 6; in our chains by repeating the measurements from
Fig. 3 and fitting the resulting decay parameters to a linear
increase with the wait time #,,.

We compute the gate fidelities from our measurements
as F' = (pgo + p11 + €)/2 [28] and show these results in
Fig. 4. With 15 ions, we achieve a baseline two-qubit
gate fidelity of 98.5% and with 25 ions we achieve a gate
fidelity of 97.5% on the two selected ions. We compare
these results to the predictions based on Eq. (7) using the
previously measured @ values corresponding to the middle
of the gate sequence. We observe good agreement between
our measurements and the model of Eq. (7). In particular,
in chains of 15 (25) ions, after #, = 10 (2.5) ms, corre-
sponding to the time it takes to complete 40 (5) sequential

0.7 - X \\\ ¢ 15ion, 1 gate |
¢ .o % 15 ion, 3 gates
) S~ § 25i0m, 1 gate
0.6 7 $ 25 ion, 3 gates
1 1 1 1 1 1 I_
0 5 10 15 20 25 30

Wait time (ms)

FIG. 4. The fidelity of one (three) fully entangling gate(s) on
two ions (indices i = —6andj = —5 as in Fig. 3) in a chain of 15
and 25 ions as a function of the waiting time before the gate(s).
The error bars denote 1o uncertainty of the weighted average
of several measurements of the fidelity. The shaded areas show
the predictions based on Eq. (7) using the average axial temper-
ature during the gate sequence, adjusted down by the error in
state preparation and measurement in our ion chains (0.9%; see
Appendix C). The uncertainty in the theory predictions reflects
the errors in our determination of the average decay parameters
6; and 6;.

individual entangling gates, our model explains most of the
observed loss in gate fidelity.

In harmonic ion chains, wy is roughly inversely propor-
tional to the ion number N [29]. As shown in Appendix B,
this remains true in the near-equispaced chains that are
considered here. Assuming electric field noise with expo-
nent o and using Eqs. (5)(6), we obtain d,/dt,, ~ N**¢
in such chains, implying that the entangling gate error
scales as ZN*2%_ For o ~ 1, as seen in many ion trap
experiments [13], this results in a scaling of gate errors pro-
portional to N®, which would limit the use of long chains
with high-fidelity operations.

II. AXTIAL SYMPATHETIC COOLING WITH
ITZYb+

Axial heating of the ion chain can be countered by inter-
spersing the coherent operations with periodic sympathetic
cooling [20] of axial modes via coolant ions that are dis-
tributed throughout the ion chain [6,20,21,27]. Since the
gate error is proportional to 2, in the limit of frequent
cooling to the same initial axial temperature Tj, we expect
sympathetic cooling to strongly suppress the effects of
axial heating on gate fidelity.

We explore sympathetic cooling by cotrapping ten
7lyb* and five '"2Yb™ ions in the trap from Figs. 3 and 4.

172Yb—|—

3
D[3/2y,
g = 37.7 ns S
-
\ =
S
(T}
2D3/2 |- H|l+3)
Tp = 52.7T ms —— A
NQ&":
AT &
I “
& b?;,y

Zeeman Splittings:
2813 : £1.40 MHz/G, m; = £}
%Dyp : £0.56 MHz/G, m; = £

2S1/2

[+ 3)

FIG. 5. Diagram of the states and transitions involved in the
cooling of '"2Yb", based on data from Refs. [30-32]. Motional
energy is removed by simultaneously addressing the Am =0,
28, 2 2Dy /2 quadrupole transitions with the same detuning Ay3s.
State reset is performed by excitation using a 935-nm laser,
followed by emission of a 297-nm photon.
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We adapt the '"'Yb* narrow-line sideband cooling scheme
from Ref. [33] to the 1”2Yb™ ions (Fig. 5). To cool the axial
motion of the ion chain, we direct a 18-gum-waist, 20-mW,
435-nm laser beam parallel to the trap surface and at 45°
to the chain axis, and detune it by As3s = —27 x 500 kHz
relative to the 28} ,—2D5; quadrupole transition in 72Yb*
(Fig. 5). We maximize the coupling of this beam to both
ground Zeeman states in !72Yb* by using a linear polariza-
tion perpendicular to the trap surface, applying a magnetic
field of 3.2 G nearly parallel to the x axis and using two
equal 435-nm tones separated by the 5.3-MHz Zeeman
splitting to drive both Am = 0 transitions, each with peak
carrier Rabi frequency €2435. The state of the 12y b+ jons is
reset by spontaneous emission of a 297-nm photon follow-
ing continuous resonant excitation of the 2p, /2 3D[3/21, 2
transition at the rate I'g35 = 2.5 x 10'5/5, determined by a
measurement of the broadening of the 2D3{2-3D[3/2]] 2
line (Fig. 5).

We probe the axial temperature of the ion chain by driv-
ing carrier Rabi oscillations of the middle ("' Yb*) ion
and fitting these to Eq. (4) to extract the decay parame-
ter O [Fig. 6(a)]. In a pure !"'Yb™ chain, over the course
of a 15-ms wait following sideband cooling, the fitted
decay parameter for the middle ion increases from 6 =
0.041(3) [gray curve in Fig. 6(a)] to 0.194(8) [black curve
in Fig. 6(a)]. Replacing five '"'Yb* ions with 2Yb* and
performing 3 ms of sympathetic cooling after the wait
lowers the fitted decay parameter to 0.029(3) [blue curve
in Fig. 6(a)], indicating that the effect of axial heating is
reversed by the applied cooling.

We characterize the cooling process by recording Rabi
oscillations following a 15-ms wait for different 435-nm

() i= 765432101234567
L B BN BN BN BN BN BN ]

laser intensities and cooling times [Fig. 6(b)]. The data
shown correspond to an average over random orderings of
the coolant and data ions. For Q435/(2m) = 640 kHz, we
obtain a cooling time of T = 0.91(2) ms, with equilibrium
axial temperature corresponding to (6) = 0.037(2).

To find the minimal residual XX errors due to axial
motion, we consider a 50% cooling duty cycle. In this
setup, the exponential fit to the data from Fig. 6 for Q2435 =
2 x 640 kHz, together with the mean heating from Fig. 3
predicts (8) = 0.045 during the XX gates, corresponding
to 5 x 1073 mean error due to axial motion for a single
fully entangling two-qubit XX gate in a chain of 15 ions.
We expect that optimizing the 935-nm and 435-nm detun-
ings and powers, and adding radial 435-nm cooling (see
Appendix D), can reduce the equilibrium value of (@) to
0.02 and thereby bring the residual XX error in a 15-ion
chain close to the best entangling gates in isolated pairs of
trapped ions [3,4].

The sympathetic cooling process can induce decoher-
ence of the !"'Yb* qubits by direct scattering of 435-
nm photons, as well as by off-resonant absorption of the
spontaneously emitted photons on the 3JD[S /2h ;g-zS; 2
transition (A = 297 nm). We measure the decoherence of
our qubits using a microwave Carr-Purcell-Meiboom-Gill
sequence [34] (Fig. 7). We sweep the phase of the last /2
pulse and record the average contrast of the resulting fringe
across the ten '"'Yb™T ions depending on the total cooling
time with 2435 = 2 x 640 kHz (blue points in Fig. 7).
A linear fit indicates that the obtained contrast decreases
at the rate of 4(1) x 10~2/s or 1.2(3) x 10~* per qubit,
per one 3-ms-long cooling cycle, corresponding to an error
of at most 6(2) x 10~ per qubit, per 3-ms-long cooling

(b)

0.8

e
(=]
1

0.16 ’

0.12 1 \

180 kHz
¢ 275kHz
640 kHz

—
g
v
c
[
L
e
e —~
o 2 0.08 -
= 0.4 1
3 | 435-nm cooled, wait Fy
o 0.2 | Pure Y1Yb*, no wait 004
| Pure yb*, wait
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FIG. 6.

(a) Carrier Rabi oscillations of the middle '7'Yb™ ion (i = 0) in a mixed-species chain after a 15-ms wait followed by 3 ms

of sympathetic cooling with Q435 = 27 x 275 kHz (blue), compared to a single-species chain after a 0-ms wait (gray), and a 15-ms
wait (black). The data are fitted to Eq. (4). (b) Mean decay parameter of Rabi oscillations (@) of the ten !7'Yb™ ions after sympathetic
cooling, as a function of the cooling time for Q435 = 2w x 180 kHz (black), 275 kHz (red), 640 kHz (yellow). The experimental data
are fitted to exponential decays with offsets (thin lines). The mean decay parameter across the chain (8) = 0.024 for a pure "'Yb™
chain following sideband cooling is indicated by the gray dashed line.
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FIG. 7. The mean fringe contrast of the '"'Yb* qubits in
a chain of ten !"'Yb™ and five '"’YbT ions after a CPMG
microwave pulse sequence as a function of the total sequence
wait time 4nAt, where At = 6.25 ms (see the top schematic),
with 435-nm cooling on (blue points) and off (black points) dur-
ing the wait times. The fitted lines have slopes of —0.04(1)/s
(blue) and 0.004(15)/s (black). The shaded areas correspond to
lo confidence intervals of the fits.

cycle. The observed decoherence rate is about 7 times
higher than the predicted decoherence, which is dominated
by Rayleigh and Raman scattering of the 435-nm pho-
tons on the D1 and D2 transitions (see Appendix E). To
explain the additional decoherence, we simulated the effect
of the fluctuations of the Stark shift caused by the 435-
nm light [220(40) Hz measured mean shift] on our CPMG
sequence. Using the measured power fluctuations of our
435-nm laser, corresponding to 1% rms fractional noise
in the laser’s power, we obtain good agreement with our
data, indicating that power stabilization of the 435-nm light
can remove our dominant source of decoherence during
cooling.

IV. CONCLUSION AND OUTLOOK

In this work, we identify a process driven by electric
field noise in Paul traps that limits the fidelity of individ-
ually addressed gates in long ion chains. We find that the
error of entangling gates due to this process is expected to
scale as tﬁ,Né, where N is the number of ions and ¢, the
wait time since cooling.

We show in Sec. III that, in a medium-length chain,
this process can be effectively countered with sympathetic
cooling between gates. By using !2Yb™ as a coolant for
7lyb* in a novel cooling scheme, in a 15-ion chain
we are able to reverse decoherence caused by a £, = 15

ms wait time (about 60 entangling gates) by sympathet-
ically cooling for 3 ms. The order of multispecies ions
in our experiments is random; future work on reorder-
ing ions in a chain should allow us to explore optimal
sympathetic cooling under different permutations and com-
binations of '7'Yb* and '?Yb* ions. Optimal cooling
solutions will likely favor '?Yb* coolant ions towards the
center of the chain (i = 0), where their participation in the
lowest-frequency axial mode is highest.

As the axial confinement decreases with chain length,
long chains will require additional cooling power per ion
to counter the heating due to electric field noise, potentially
decreasing the duty cycle of the system. Even this can be
countered by axially compressing the ion chain to stiffen
it, surface cleaning, and cryogenic operation of ion traps,
likely allowing individually addressed entangling gates in
chains of more than 50 ions. Confinement of the whole
chain in an optical lattice [35] or of select ions in optical
tweezers [36] may further increase this number to hundreds
of ions.
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APPENDIX A: FREQUENCY DEPENDENCE OF
HEATING

Here we present measurements of the rate of change of
the single ion decay parameter @ as a function of the axial
trap frequency wg. We change the voltages applied to the
trap to vary wp. At each voltage setting, we record car-
rier Rabi oscillations of the ion after varying wait times
t. We fit these data using Eqs. (2)~+3) to extract dO/dlt,..
We show the results of these measurements in Fig. 8. We
fit the obtained values of df /dt,, as a function of the axial
frequency wyg to a power law. To account for the effect of
radial heating, we include an offset B into our model by
writing df /dt, = Aw, 2= 1 B. This gives good agreement
of the fit with our data. From the fit, we obtain & = 0.8(1),
corresponding to electric field noise with power spectral
density that scales as @ *%!). We obtain B = 0.9(1)/s,
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FIG. 8. The rate of change of the decay parameter 6 as a func-
tion of the axial trap frequency @y. The error bars correspond to
the 1o fit estimates.

corresponding to 7, = 150(20)/s, which agrees with the
experimentally measured radial heating for modes oriented
at 45° to the trap surface.

We note that the mean rate of increase in the decay
parameter for 15 (25) ions is 1.2 (1.35) times larger than
the prediction of Eq. (4). We attribute this to heating of
additional modes of motion (not just the in-phase m = 0
mode), driven by the inhomogeneity of the heating electric
field arising from the 70-pm distant trap surface across the
62- (106-)um-long ion chain.

APPENDIX B: LOWEST AXIAL FREQUENCY IN
EQUISPACED ION CHAINS

In the limit of many ions (N — 00), an equispaced ion
chain can be approximated by a continuous charge distri-
bution with linear charge density e/d, where d is the ion
spacing. The Coulomb potential of this charge is exactly
countered by the applied trap potential

e (N/2)?
In

0 = fred "2 — G

(BI)

which holds the ions in place. To model near-equispaced
chains, we use F(x) as the trap potential and numerically
find the equilibrium ion positions x;. We calculate that,
when using the potential from Eq. (B1), for all N < 250,
the deviation of the equilibrium ion positions from that of
an equal-spaced chain is at most 0.02 4.

For ion positions x; near the equilibrium, the total energy
can be written as (e2/2d°) Z?}:}(xr‘ —x0)0i; (x; — xj0),

10°

wo/(2m) (MHz)

_.
=

0 50 100 150 200 250
Number of ions N

FIG. 9. The lowest axial frequency wg of a chain of 7'YbT
ions as a function of the number of ions N in the potential given
by Eq. (B1) with d = 4.4 pum. The solid line corresponds to the
fitted N—08% power law.

where

_ 20V/2) + 2xi/d)? 2d°
O = (/27 — /P § o — %,0F

(B2)
O — 2d°

2 x:0 _xj,0|3.

The axial mode frequencies are then found as w,, =
@y~ hm, Where the A, are the eigenvalues of the matrix Q;;

and w, = /e* /(4w egMdP) is the frequency scale. The cal-

culated frequency wp of the lowest-frequency axial mode
is plotted as a function of the ion number, N, in Fig. 9.
For chains of up to 250 ions, we observe good agreement
with the N8 scaling that was predicted for chains in
harmonic traps in Ref. [29].

APPENDIX C: STATE PREPARATION AND
MEASUREMENT ERRORS

We characterize state preparation and measurement
(SPAM) errors for two-qubit gates in a chain of 15 ions by
measuring the states of the ions i = —6, —5 (see Fig. 3 in
the main text) following different state preparations. The
qubits are prepared in the states |00}, ]01),|10),and|11}),
with 2 x 10 trials in each state, and measured in the same
basis. We initialize qubits to state |0) using optical pump-
ing; to prepare a qubit in state |1), we rotate the initialized
qubit by 7 using a SK1 pulse [37]. To measure the qubit
state, we shine 369-nm light, which is resonant with the
transition between the {285, F = 1}-{2P, 2, F = 0} mani-
folds. lons scatter photons when they are in the |1) (bright)
state but not in the |0) (dark) state. Using individual photo-
multiplier tubes to detect scattered photons from each ion
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TABLE 1. State preparation and measurement populations
computed on ions i = —6 and j = —5 (see Fig. 3 in the main
text), where states are given by [;1;)}. The errors correspond to
95% binomial proportion confidence intervals.

Measured state

Prepared
state |00) |01) [10) [11)
[00)  99.76(T)% 0.17(6)% 0.07(4)% 0.00(2)%
[01)  0.53(10)% 99.34(12)%  0.00(2)% 0.14(5)%
[10) 0.36(9)%  0.00(2)%  99.22(12)%  0.42(9)%
[11) 0.02(2)%  0.45(10)% 0.48(10)% 99.05(14)%

for 100 ps, we determine that the ion is bright (dark) when
a measurement generates > 1 (< 1) photons.

SPAM errors are recorded in Table I and used to cor-
rect the predicted two-qubit gate fidelities in Fig. 4 of
the main text. We emphasize that the measured two-qubit
gate fidelities shown in Fig. 4 are not corrected for SPAM
errors.

APPENDIX D: COOLING OF RADIAL MODES

During sympathetic cooling using 435-nm light, we
expect the scattered light to recoil-heat off-resonant modes.
To counter this, 435-nm light can also be used to cool
radial modes. In this appendix we demonstrate such cool-
ing of the 3-MHz antisymmetric radial mode of a pair of
one '7'Yb* and one "2Yb* ion.

In Fig. 10 we compare 355-nm Raman-driven Rabi
oscillations of the '7'Yb* qubit after Doppler cooling
and following an additional 1 ms of sympathetic cool-
ing with the two tones of the 435-nm laser tuned 3 MHz
to the red of the corresponding Am = 0 Zeeman lines in

0.6

} ¢ 435-nm cooling
0.5 1 ++ ¢ Only doppler cooling
04 ¢ *+1' NETAL ﬂ LY
0.3 - r : b4 ' # ;

T

171yp* Population transfer

0.2
0.1
8
0.0 T T T T T T T
0 50 100 150 200 250 300
Time (us)

FIG. 10. Raman Rabi oscillations on the red sideband of the
antisymmetric radial mode of an "'YbT-12Yb™ ion pair after
Doppler cooling (black) and after an additional 1 ms of 435-nm
sympathetic cooling (blue). The fitted blue line corresponds to
n = 0.42(2) residual motional quanta.

172y b*. The rapid cooling of the addressed radial mode to
below 0.5 motional quanta demonstrates the value of using
near-equal-mass ions for sympathetic cooling.

APPENDIX E: CROSSTALK DURING
SYMPATHETIC COOLING

In this appendix, we calculate theoretical limits on the
crosstalk to '7'Yb* in our cooling scheme.

The strongest decoherence arises from Raman and
Rayleigh scattering of 435-nm photons on the D1 and D2
transitions. Following Ref. [38] we determine the damp-
ing rate of the !7'Yb* qubit coherence in our geometry
as Q2,5 x 1.9 x 10716 s, where Qu35 is the 435-nm Rabi
frequency on each of the Zeeman transitions in !Yb* dur-
ing cooling. In order to remain in the resolved-sideband
regime and obtain low temperatures, 2435 needs to be
smaller than the motional frequency of the cooled modes.
Using the radial mode frequency of 3 MHz from the main
text, we find that the resulting qubit decoherence rate is
below 7 x 10~2/s, corresponding to an error of at most
3.5 x 107 per XX gate in our 25-ion chain.

The weaker decoherence, due to scattering on the
435-nm and 297-nm transitions, depends on the relevant
isotope shifts. The shifts of the 935-nm transition are avail-
able in Ref. [39]. The shifts of the 297-nm transition for
even Yb isotopes were measured by Meyer ef al. [40],
while the shifts of the 435-nm transition for even iso-
topes were measured by Counts ef al. [41]. A King plot
of the modified 435-nm (297-nm) isotope shifts as a func-
tion of the modified 935-nm isotope shifts allows us to
determine the shift of the centroid of the '7'Yb* 435-nm
(297-nm) line relative to 12yp+ as Agzs = 27 x 1.4 GHz
(Azg7 = —2m x 1.0 GHz). Using these shifts, we deter-
mine the detunings of the 435-nm, 935-nm, and 297-nm
light that is involved in cooling !"?Yb™ from the transitions
in '7'Yb*, and show these in Fig. 11.

The decoherence rate due to scattering on the 435-nm
transition is bounded from above by Q2;5/[4(Al322) 1p],
where tp = 52.7 ms is the lifetime of the 2D3;2 state
[30]. For Q435 < 2w x 3 MHz, this rate is less than 2 x
10— s~!. Decoherence is also induced by the scattering, by
7lyb*, of 297-nm photons via the off-resonant, two-step,
F=1— F=1— F =0 transition that is driven by the
combination of the 435-nm and the 935-nm light used to
cool '2Yb*. We model this process using three-level opti-
cal Bloch equations. Assuming 435-nm and 935-nm Rabi
frequencies of 2 x 3 MHz, we find that the rate of scat-
tering of 297-nm photons by a '’ Yb™ ion via this process,
and the resulting decoherence rate, are both smaller than
Zise 1 *;

Crosstalk arises due to absorption, by "'Yb*, of the
297-nm photons that are scattered by 72Yb*. Given the
near-unity branching ratio of the 297-nm transition, a sin-
gle '2Yb* ion at unity saturation will scatter 297-nm

010334-9



M. CETINA, et al.

PRX QUANTUM 3, 010334 (2022)

171Yb+
gy Rpv/ae
\" Al®/2n3i7 F=0
3D [3/2]1}(2 :2.2005 GHz
Tg = 37.7T ns Ii—:1
S ™
N 2]
S ey Fo2
) 27 <
2D3,12 $0.86 GHz
Tp = 52.7 ms - F=1
%r__\_‘.-
( Detunings:

Al3l? = 27 x 1.5 GHz

2 :
81/2 & $12:6428,GH- Alg:® = 27 x 2.4 GHz
T‘F: Ad2? = 270 x 100 MHz
FIG. 11. Diagram of the states and transitions involved in (a)

the proposed cooling scheme of '"2Yb* and (b) the crosstalk to
the 17'Yb* qubit ions. Lifetime of the 2D3;2 state is cited from
Ref. [30], and that of the 3D[3,:‘2]Uz state is from Ref. [31]. The
hyperfine splittings of the 2D[3 /2112 and 2D, /2 states are from
Ref. [32].

photons at the rate I's. = I'/4, where I' = 1/1p, with 1 =
37.7 ns the lifetime of the *D[3 /2] 1/2 state [31]. These scat-
tered photons will be absorbed by a 7' Yb* ion at distance
d at the maximal rate

pmax _ o (2 Y T4 (T2 ) -
2 =\ ) ma&\awr, ) EY

where A = 297 nm. Considering a single !”'Yb* ion in an
infinite chain with spacing d and fraction r of '">Yb* ions
yields the expression for the scattering rate R in the main
text with A = A%gF. Setting d =4 pum and r = 0.5 then
yields R <2 x 103 s~ 1.
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