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We present a design for an atomic oven suitable for loading ion traps, which is operated via optical heating with
a continuous-wave multimode diode laser. The absence of the low-resistance electrical connections necessary
for Joule heating allows the oven to be extremely well thermally isolated from the rest of the vacuum system.
Extrapolating from high-flux measurements of an oven filled with calcium, we calculate that a target region
number density of 100 cm−3, suitable for rapid ion loading, will be produced with 175(10) mW of heating
laser power, limited by radiative losses. With simple feedforward to the laser power, the turn-on time for
the oven is 15 s. Our measurements indicate that an oven volume a thousand times smaller could still hold
enough source metal for decades of continuous operation.
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I. INTRODUCTION

Cold trapped atomic ions are an ideal platform for
quantum computing beyond the fault tolerant thresh-
old, having demonstrated the highest fidelity operations
(preparation, readout, and single- and two-qubit gates)
and the highest ratio of coherence time to gate period1–4

of any qubit candidate. Although trapped ions qubits
can be manipulated with exquisite precision, the transla-
tion of these techniques to a larger-scale processor capa-
ble of operating at the ∼ 1000-qubit level has yet to be
demonstrated. The technical challenge of building and
controlling a large system is significant and a number of
approaches have been proposed to address this.5–7

One approach to achieve the necessary scaling is to
produce a large number of relatively simple quantum pro-
cessor nodes, each of a size which permits high-fidelity
operation, and to connect the nodes together to form a
large quantum network. Entanglement between modules
can be generated and distributed remotely via photonic
interconnects.8,9 By taking a modular approach the com-
plexity of each node is reduced to a manageable level,
thereby transforming the scaling challenge from a prob-
lem of quantum physics to one of classical systems engi-
neering and integration.

Present-day proof-of-principal ion trap systems do not
have particular size requirements, however in the con-
struction of these larger networks or other applications
demanding compact or portable ion trap systems, the
per-node footprint will become increasingly critical. The
ultra-high vacuum system which houses the ion trap typ-
ically dictates the overall size of each node, and therefore
pursuing compact and scalable technologies for this par-
ticular component is important.
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A number of technical aspects of system design are im-
proved when the vacuum system is scaled down, includ-
ing reduced imaging system working distance, increased
mechanical and thermal stability, and lower power re-
quirements for magnetic field coils. On the other hand,
there are aspects which become more challenging, pri-
marily achieving a suitable quality of vacuum with lim-
ited pump rates, putting a strong imperative on making
vacuum-side components as simple and clean as possi-
ble and minimizing localised heating of the system to
reduce outgassing. One such in-vacuum component is
the atomic source used to load the ion trap, which typ-
ically consists of a resistively heated oven connected to
a pair of high-current vacuum feedthroughs. This ap-
proach to construction leads to a relatively complex and
poorly thermally isolated assembly, increasing both the
in-vacuum surface area and unwanted heating of the sur-
rounding system. In this paper we demonstrate how opti-
cal heating of the oven mitigates these issues and demon-
strate an effective miniaturised atomic source compatible
with ultra-compact ion trap systems.

II. ATOMIC SOURCES IN ULTRA-COMPACT VACUUM
SYSTEMS

Loading of ion traps requires ionisation of atoms of
the desired species within the trapping region, commonly
through a two-photon ionization process10. A variety
of methods are used to produce sufficient atomic den-
sity in the loading region, including collimated thermal
beams,11 laser ablation,12 and cold beams from magneto-
optical traps (MOTs).13

Collimated thermal beams are the most widely used
due to the simplicity with which they can be produced:
a small tube filled with the target species can be heated
with an electric current with high reliability and loaded
with sufficient source metal to last for thousands of years
of loading if used conservatively. A highly compact Joule-
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heated thermal source has been demonstrated,14 however
high-current electrical feedthroughs remain a potential
point of failure for ultra-compact systems. Furthermore,
Joule heating is inherently inefficient as the low-resitivity
electrical connections needed to deliver the heating cur-
rent also act to conductively sink the generated heat.
This greatly increases overall power dissipation, and at-
tempts to integrate such ovens with cryogenic systems
have either resorted to mounting the oven outside the
low-temperature stage15,16 or faced problems during op-
eration, such as large temperature drifts after loading.17

Laser ablation loading has gained popularity in recent
years due to the cryo-compatible heat load and the lack of
warm-up time allowing near-instantaneous ion loading.18

However, this comes at the cost and complexity of includ-
ing a high-intensity pulsed laser source and, in the case
of many-node networked quantum computers, directing
the emitted pulses to each node. The very high stream-
velocities of ablated atoms also mean that the technique
is not well suited to low-depth traps, where only a small
fraction of the atoms have low enough kinetic energy to
be successfully confined after photoionisation.19

MOT-based loading provides a clean, cold and well-
controlled source of atoms on demand, but the consid-
erable experimental overheads make it all but unfeasible
for scaling to large networks of small traps.

In this paper we investigate an alternative approach
to producing the atomic beam, using an optically-heated
thermal source which combines the low-velocity output
associated with Joule-heated sources with greatly im-
proved efficiency and a reduced complexity of construc-
tion.

III. CONSTRUCTION

The oven consists of a stainless steel tube, of length
10 mm, diameter 2 mm and wall thickness 0.1 mm. The
oven is filled with approximately 20 mg of calcium in
granular form and both ends closed with stainless steel
plugs, one of which has a 0.75 mm aperture drilled
through its centre. The oven is mounted on a framework
of glass rods and folded steel supports (of proprietary
design), which ensures thermal conductivity between the
oven and the surrounding room temperature vacuum sys-
tem is extremely low.

The completed assembly is mounted in a custom
built ultra-compact vacuum system using ColdQuanta’s
‘Channel Cell’ technology, of volume <10 cm3, with an
integrated ion pump (see Fig. 1). The oven is directed
through a second 0.75 mm aperture fixed to an internal
silicon partition of the chamber, reducing deposition of
calcium outside the target region. This target region con-
sists of a fiducial in the form of a silicon wafer with a
5× 0.5 mm slot cut through it, representing the intended
location of the ion trap.

Heating of the atomic oven is achieved via a multimode
continuous-wave diode laser near 780 nm, capable of up

FIG. 1. Ultra-high vacuum system used in this work, includ-
ing (a) integrated Penning cell ion pump; (b) optically-heated
calcium oven; (c) target region with dummy trap. Internal
volume of cell is <10 cm3.

to 7 W output power, but typically operated at 100 mW
to 500 mW. The heating laser is focused and directed
onto the oven tube with ex-vacuo bulk optics, targeting
a small region of the tube which is intentionally darkened
to increase absorption (via a proprietary technique). For
improved performance, the remainder of the oven tube
can be electroplated in gold to reduce the radiative emis-
sivity, although this has not been performed for the re-
sults reported here.

IV. CHARACTERISATION OF OVEN PERFORMANCE

To validate the performance of the oven, we evaluate
the dynamic and equilibrium number density of atoms
produced within the target region versus heating laser
power via spectroscopic measurements. We target a nom-
inal number density of 100 cm−3, sufficient to achieve ion
loading within a few seconds in typical trap geometries
with ∼ 1 mW of power applied via the second-stage ion-
isation laser.20,10 We also infer the temperature of the
oven from the measured number density and system ge-
ometry, and use this to produce a simple thermal model
of the oven and give a prediction of its operating lifetime
under normal conditions.

A. Measurement of atomic flux

The oven tube is optically heated by the 780 nm laser,
producing a wide beam of neutral calcium atoms from
the first of the two 0.75(2) mm collimation apertures, the
second of which selects a narrow beam of atoms directed
towards the target region. We detect the presence and
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FIG. 2. Schematic diagram of apparatus for optical heating
of calcium oven and resonance fluorescence spectroscopy of
emitted atomic beam. (a) Calcium-filled stainless steel oven
tube; (b) 780 nm optical heating laser; (c) beam of calcium
atoms passing through second collimation aperture; (d) sili-
con wafer target, approximating a microfabricated wafer-type
ion trap chip; (e) 423 nm spectroscopy laser beam aligned with
wavevector orthogonal to the neutral atom flux; (f) NA ∼ 0.3
collection lens, imaging with magnification m = 10 to (g)
photon-counting PMT detector.

number density of neutral calcium atoms via resonance
fluorescence spectroscopy on the 4s2 1S0 → 4s4p 1P1

transition. The atomic beam passing through the tar-
get region interacts with the beam from a 423 nm single-
mode external-cavity diode laser, which is focused to
a waist of 1/e radius w0 = 40 µm and aligned with
wavevector orthogonal to the neutral atom flux, minimis-
ing Doppler effects. The resonance fluorescence emitted
by the atoms passing through this target region is col-
lected by an NA = 0.299(3) imaging system with optical
axis at 45 degrees to the spectroscopy beam, and relayed
with magnification m = 10 to a photon-counting photo-
multiplier tube (PMT) for detection. A 500µm aperture
is placed immediately before the PMT, such that detec-
tion is limited to photons emitted from a (. 50 µm)3

target region where the spectroscopy laser and atomic
beam intersect. A schematic diagram of the oven and
optical systems is given in Fig. 2.

From the imaging system photon detection efficiency,
the interaction and fluorescence collection volumes and
the physics of the laser-atom interactions, we can convert
the measured photon count rate to a number density of
atoms in the target region. Note that the experiments
reported here are conducted in the absence of any strong
bias field, so the dipole transition quantisation axis is de-
fined by the polarisation state of the spectroscopy laser.
This polarisation is stable but unknown, introducing a

significant uncertainty (±33%) in the conversion from
count rate to number density. Despite this large uncer-
tainty, we are able to establish an effective model of the
oven’s thermal performance, response time and required
operating power, as we will show in Sec. IV B.

In the remainder of this section, we provide a summary
of the physics relevant to the spectroscopic determination
of the atomic beam number density and the assumptions
that are made. Throughout these experiments, the in-
tensity of the excitation laser is kept much smaller than
the saturation intensity,

Isat =
~ω3

0Γ

12πc2
, (1)

where ω0 = 2π × 707 THz is the frequency of the spec-
troscopy transition and Γ = 2π×35 MHz is the transition
linewidth. The total scattering rate, for an ensemble of
atoms with Doppler-shifted transition frequencies at de-
tuning ∆ from the excitation field frequency, is then given
by

R =

∫ ∫
V

I(r, z)κ(∆)n(∆)dV d∆ (2)

where

κ(∆) ≈ Γ

2Isat(1 + 4∆2

Γ2 )
(3)

and I(r, z) is the excitation field intensity as a function of
radial and axial position within the spectroscopy beam,
n(∆)d∆ is the number density of calcium atoms with
Doppler-induced transition frequency shifts ∆+d∆ from
the laser frequency, and the inner integral is taken over
the volume V of the region imaged onto the detector.

The excitation field is orthogonal to the atomic beam
axis, so the only Doppler shifts are those due to the diver-
gence of the atomic beam across the interaction region,
with

∆(θ, T ) ≈ 2πθ

(
v̄(T )

λ

)
, (4)

where θ is the small angle between the atom velocity
and the axis of the atomic beam in the plane containing
the axis of the excitation beam, v̄(T ) =

√
8kBT/mπ is

the mean speed of atoms with mass m in a beam emitted
from a gas at temperature T , and λ is the wavelength of
the excitation field.

For the purposes of estimating the Doppler shift num-
ber density n(∆), we consider the target region to be
point-like, a good approximation given its size and dis-
tance from the source. The direction of the velocity of an
atom reaching the target region is thus associated with
the region of the source aperture from which it originates.
As the collimation aperture is circular, we calculate the
Doppler-shift spectral number density

n(∆) = N ∗ p(∆) = N ∗ 2

π∆max

√
1−

(
∆

∆max

)2

, (5)
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where N is the total number density in the target region
and the p(∆) is the Doppler shift probability distribu-
tion. −∆max(T ) < ∆ < ∆max(T ), where ∆max(T ) is
determined by the temperature and the collimation of
the atomic beam.

In our set-up, θmax = 0.044, given by the first aperture
diameter (0.75 mm) and its distance to the target region
(17 mm).

We can evaluate the integrals separately for each term
in Eqn. 2. The intensity profile is near-constant as it
passes through the interaction region, so evaluating the
volume integral (see App. A for details) we find∫

V

I(r, z)dV = LP423, (6)

where L = 46.4 µm is an effective length of the imag-
ing system collection volume in the direction of the laser
beam and P423 is the total optical power. We therefore
find

R = LP423

∫
κ(∆)n(∆)d∆

= LP423N(T )κ̃(T )

(7)

where N(T ) is the number density and

κ̃(T ) =

∫ ∆max(T )

−∆max(T )

κ(∆)p(∆)d∆

=
Γ3

4Isat [∆max(T )]
2

√1 +
4 [∆max(T )]

2

Γ2
− 1

 .

(8)

The photon count rate is C = ηdηgηpR, where ηd =
25(3)% is the detection efficiency including losses in the
optics, ηg ≈ 2.28(5)% is the geometric collection effi-
ciency calculated from the numerical aperture (NA ≈
0.299(3)) of the photon-collecting lens and ηp = 1.1(4)
is the likelihood of emission per solid angle in the direc-
tion of collection relative to isotropic emission, on which
the large systematic uncertainty is due to the unknown
but stable polarisation of the 423nm beam. The num-
ber density N(T ) can therefore be determined from the
measured count rate and the temperature of the beam:

N(T ) =
C

κ̃(T )P423Lηdηgηp
. (9)

B. Thermal performance

The temperature of the oven could be determined by
scanning the laser to measure the Doppler broadening,
but the intentionally near-Doppler-free geometry of the
system means this provides limited sensitivity. However,
the very strong dependence of vapour pressure on tem-
perature means that by comparing the measured num-
ber density with that predicted to be found within the
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FIG. 3. Dependence of oven output on optical heating power.
We measure steady-state number density in the target region
as a function of incident power, and convert this to a pro-
jected oven temperature via the geometric properties of the
system and standard calcium vapour pressure curves.21 We
fit a simple thermal model of the oven to this data, find-
ing that radiative processes dominate the power loss. The
shaded regions around the fit line indicate the ±1σ bounds
of the model fit, with the uncertainty dominated by the un-
known but constant spectroscopy beam polarisation. Using
the same known properties of the system to convert the tem-
perature fit to number density allows us to find the power
necessary to achieve the target number density (100 cm−3) in
the trap region, which is too low to easily measure via reso-
nance fluorescence spectroscopy. We predict that 175 mW of
optical power is sufficient to run the oven at the desired level
of flux.

interaction region, we are able to infer the oven temper-
ature to within a few kelvin, even when considering the
substantial uncertainty in N due to the uncalibrated po-
larisation.

The atomic vapour pressure within the oven is given
by

p(T ) = No(T )kBT, (10)

where No is the number density inside the oven and
T the oven temperature. The vapour pressure can be
obtained from standard tables.21 The atomic flux density
at the hole is Φ = No(T )v̄(T )/4, where No(T ) is the

number density in the oven, v̄ =
√

8kBT/mπ is the mean
speed of atoms in the oven (equal to that in the emitted
beam). The atomic flux density on the sphere r away
from the source is φ(r, β) = φ0(r)cosβ, where β is the
angle to the atomic beam axis and flux conservation of
the half sphere with radius r determines axial flux density
φ0(r):

ΦAo =

∫ π/2

0

φ(r, β)(2πrsinβ)rdβ = φ0(r)πr2 (11)

where Ao is the area of the oven aperture. The flux den-
sity along the axis is also related to the target region
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number density N by φ0(ro) = v̄N , where ro is the dis-
tance between the oven aperture and the target region.
The target region number density is then:

N(T ) =
φ0(ro)

v̄(T )
=
No(T )Ao

4πr2
o

=
p(T )Ao

4πkBTr2
o

(12)

Using equations (12) and (9), we can calculate the
number density in the target region and the tempera-
ture of the oven from the measured photon count rate. In
Fig. 3 we show how steady-state number density and oven
temperature vary as a function of optical power. Con-
sidering in particular how the temperature varies with
power, we can fit a thermal model of the oven and extract
estimates of its radiative emissivity εrad and the thermal
conductivity K of its mechanical supports. For an oven
at temperature T mounted in a vacuum system at room
temperature T0 = 298 K, the total heat loss power is:

Ploss = K(T − T0) + εradσS(T 4 − T 4
0 ) (13)

where σ is the Stefan-Boltzmann constant and S is the
surface area of the oven. The fraction of heating laser
power absorbed εabs may differ from the total surface
emissivity (due to both the difference in wavelength
and local variation in surface roughness or composition).
From energy conservation we therefore find:

Plaser =
Ploss
εabs

=
K

εabs
(T −T0) +

εrad
εabs

σS(T 4−T 4
0 ). (14)

Fitting this to the data in Fig. 3 we find values of the
parameters

K

εabs
= (5.7± 6.2)× 10−5 WK−1 (15)

εrad
εabs

= 0.89± 0.07. (16)

From our fitted thermal model and the results in
Eqns. 12 and 9, we can then predict how number den-
sity will vary with laser power, as shown by the blue
line in Fig. 3. This allows us to extrapolate from our
measured data to number densities which would not pro-
duce enough fluorescence to permit direct detection – our
target number density of 100 cm−3 corresponds to an av-
erage number of atoms in the loading region at any one
time of < 0.0001. According to the fitted thermal model,
a heating power of 175(10) mW is predicted to achieve
the oven temperature of 485(1) K necessary to produce
this target density of 100 cm−3.

Thermal losses from the system are primarily radiative
at typical operating temperatures. The fitted conductive
losses are consistent with zero, and even at the 485 K
target temperature comprise . 10% of the total losses,
within errors.
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FIG. 4. Temporal response of number density in loading re-
gion after heating laser turn-on, with and without feedforward
to optical power. Operating at constant heating power, the
oven takes ∼3 min to reach 80% of its steady state output;
with a simple two-level turn-on profile this response time can
be reduced to ∼15 s, shown in more detail in the inset. The
number density drops rapidly after turn-off, reaching 20% of
its steady state value in 11 s.

C. Temporal response

We now consider the temporal response of the oven
immediately after the heating laser is switched on. The
blue data series shown in Fig. 4 shows the number den-
sity measured in the trap region after applying 500 mW
of laser power from t = 0 to t = 440 s. The number den-
sity begins to rise after about a minute of heating, and
reaches 80% of its steady-state value (∼6.8× 105 cm−3)
after 181 s. To reduce the turn-on time of the source, we
apply very simple feedforward in the form of two-level,
three-stage heating profile, with 3 W of laser power ap-
plied from t = 0 to 11.5 s, 0 W from 11.5 s to 18 s and
500 mW from 18 s until turn-off. This results in the re-
sponse shown in black in Fig. 4, with 80% of the steady-
state value reached in 15 s. More sophisticated power
profiles could doubtless achieve even faster turn-on and
less overshoot, but it is likely that this simple approach
is sufficient for most applications.

Note that the turn-off response is rapid (reducing to
20% of the steady-state level in 11 s) because the initial
stages of cooling are fastest, and the flux is reduced by
80% after just 30 K of cooling. However, the fitted ther-
mal model, along with the calculated heat capacity of
the system (0.055 JK−1), predicts that the temperature
response will be significantly slower, cooling with a char-
acteristic timescale of ∼ 2 min. This residual heat would
have to taken into account if using the oven frequently
and with feedforward, to avoid excessive overshoot.
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D. Predicted lifetime

Using, Eq. 12, the total flux of atoms leaving the oven,
given in Eq. 11 is

Jatom = ΦAo = N(T )v̄(T )πr2
0. (17)

Operating at 485 K, sufficient to produce the 100 cm−3

target number density, the oven emits atoms at a rate of
Jatom = 46 × 106s−1. The 20 mg of calcium in the oven
consists of ∼ 3× 1020 atoms, giving an expected lifetime
under continuous operation of 200,000 years.

V. CONCLUSION AND OUTLOOK

We have produced a compact optically-heated atomic
oven. By avoiding the increased thermal conductive
losses associated with the wiring required for electrical
heating, the oven may be extremely well thermally iso-
lated from the surrounding vacuum system, and we find
175 mW of optical power heats the oven to 485 K, pro-
ducing atomic flux density suitable for rapid loading of
a ion trap. The power required could be further reduced
through gold electroplating of the oven tube. Running at
high steady-state flux levels and with a maximum of 3 W
of laser power, we achieve 80% of equilibrium flux within
15 s with simple two-level feedforward to the laser power;
an even faster response is likely possible when operating
at the much lower flux levels required for ion loading, by
using a higher optical power, or with a smaller oven with
lower thermal mass. While demonstrated here with cal-
cium, the oven could be used as a thermal source of pop-
ular ion species such as magnesium, strontium, barium or
ytterbium at similar but lower operating temperatures,
and also for beryllium but, owing to its lower vapour
pressures, heating laser powers in the range of 1 W to
2 W would be required to reach the desired number den-
sities.

The extremely high lifetime of the current source im-
plies the mass of calcium in the oven, and thus its size,
could be greatly reduced without any meaningful im-
pact. Looking ahead, we are investigating far smaller
optically-heated sources, integrated within the structure
of the trap itself. By also moving the source much closer
to the target region, the overall flux required to reach a
suitable number density for loading is greatly reduced,
and the source mass may be reduced further still. Com-
bined with measures to reduce radiative losses, the nec-
essary heating power could likely be reduced by an order
of magnitude or more, reducing the heating laser require-
ments and presenting the possibility of operation within
a cryogenic system.

While such reductions in mass also provide the poten-
tial for reduced turn-on time, another approach worthy
of consideration is to forgo the question of temporal re-
sponse altogether by running the oven continuously at
a very low flux. For suitable choice of oven materials

and location within a multi-zone trap, this may be feasi-
ble without significant reduction in vacuum quality in the
qubit operation regions. Loading would then be achieved
by applying a short pulse of both photoionisation lasers,
with ion production rate limited only by the second stage
power available. This approach would also bring the ben-
efit of reducing temporal fluctuations of the temperature
throughout the trap, which can introduce problematic
drifts in the electric properties and micromotion com-
pensation.

In summary, we believe that efficient, optically-heated
thermal atomic sources provide a promising solution to
the problem of ion loading in compact ion trap vacuum
systems, where the low power dissipation and simplic-
ity of construction and assembly represent considerable
benefits.
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Appendix A: Calculation of effective fluorescence collection
region volume

In equation 6, the total integrated intensity of the col-
lected volume

∫
V
I(r, z)dV is converted to the product

of the power P423 and an effective length L. This effec-
tive length L is determined by the area over which the
excitation beam and the collection overlap in space (the
atomic beam is sufficiently wide that its properties can
be assumed constant over the relevant region).

The excitation beam has a 1/e waist of w0 = 40 µm,
and thus a Rayleigh range of z0 = 12 mm. This is much
longer than the extent of the beam in the collection re-
gion, and thus the beam radius will be considered con-
stant over the entire collection region.

The imaging system has a magnification of ≈10
through a 500µm diameter aperture before the PMT.
Therefore counts can be collected from up to 25 µm away
from the imaging axis in the imaging plane. The imaging
system is assumed to have infinite depth of field because
the depth of field is much larger than the imaging axis
length over which atoms are excited by the laser

With these assumptions, the volume integral of inten-
sity in the collection region

∫
V
I(r, z)dV can be calcu-

lated by setting up two coordinates systems according to
figure 5. The coordinates x, y and z are associated with
the imaging system, with z defining the imaging axis and
the origin in the focal plane. The coordinates x′, y′ and
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FIG. 5. Diagram of the coordinate system geometry used to
calculate the effective length L of the imaging system. The
collection region is shown in red and the excitation beam
(shown here as a cylindrical contour) is blue. The target
region is formed at the overlap of the excitation beam and
the collection.

z′ are associated with the excitation beam, with z′ along
the beam axis and x′ and y′ in the transverse plane. The
two coordinate systems share a common origin. Without
loss of generality, x′ is chosen to coincide with x.

The intensity of the excitation field in its coordinate
system can be written

I(x′, y′, z′) =
2P423

πw2
0

e
−

2(x′2+y′2)
w2

0 , (A1)

where there is no z′ dependence because the Rayleigh
range is assumed large. To transform into the collection
coordinates, we use x′ = x and y′ = y cosα+z sinα with
α = 45◦ the angle between the excitation beam axis and
imaging axis. Finally, we convert the transverse coordi-
nates x, y to polar coordinates ρ, φ using x = ρ cos θ and
y = ρ sin θ. This leaves the integral of equation 6 as

∫
V

I(r, z)dV =
2P423

πw2
0

∫ ∞
−∞

∫ ρm

0

∫ 2π

0

e
− 2

w2
0
((ρ cosφ)2+(ρ cosα sinφ+z sinα)2)

ρ dφ dρ dz, (A2)

where ρm = 25µm is the radial extent of the collection
region from the imaging axis. Evaluated numerically, this
leads to

∫
V
I(r, z)dV = LP423 with L = 46.4 µm.
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3V. Schäfer, C. Ballance, K. Thirumalai, L. Stephenson, T. Bal-
lance, A. Steane, and D. Lucas, Nature 555 (2018).

4M. A. Sepiol, A. C. Hughes, J. E. Tarlton, D. P. Nadlinger, T. G.
Ballance, C. J. Ballance, T. P. Harty, A. M. Steane, J. F. Good-
win, and D. M. Lucas, Phys. Rev. Lett. 123, 110503 (2019).

5D. Kielpinski, C. Monroe, and D. J. Wineland, Nature 417, 709
(2002).

6B. Lekitsch, S. Weidt, A. G. Fowler, K. Mølmer, S. J. Devitt,
C. Wunderlich, and W. K. Hensinger, Science Advances 3 (2017).

7N. H. Nickerson, J. F. Fitzsimons, and S. C. Benjamin, Phys.
Rev. X 4, 041041 (2014).

8D. L. Moehring, P. Maunz, S. Olmschenk, K. C. Younge, D. N.
Matsukevich, L.-M. Duan, and C. Monroe, Nature 449, 68
(2007).

9L. J. Stephenson, D. P. Nadlinger, B. C. Nichol, S. An, P. Dr-
mota, T. G. Ballance, K. Thirumalai, J. F. Goodwin, D. M.
Lucas, and C. J. Ballance, Phys. Rev. Lett. 124, 110501 (2020).

10D. M. Lucas, A. Ramos, J. P. Home, M. J. McDonnell,
S. Nakayama, J.-P. Stacey, S. C. Webster, D. N. Stacey, and
A. M. Steane, Phys. Rev. A 69, 012711 (2004).

11T. G. Ballance, J. F. Goodwin, B. Nichol, L. J. Stephenson, C. J.
Ballance, and D. M. Lucas, Review of Scientific Instruments 89,
053102 (2018).

12R. Hendricks, D. Grant, P. Herskind, A. Dantan, and
M. Drewsen, Applied Physics B 88, 507 (2007).

13J. M. Sage, A. J. Kerman, and J. Chiaverini, Phys. Rev. A 86,
013417 (2012).

14P. D. D. Schwindt, Y.-Y. Jau, H. Partner, A. Casias, A. R. Wag-
ner, M. Moorman, R. P. Manginell, J. R. Kellogg, and J. D.
Prestage, Review of Scientific Instruments 87, 053112 (2016).

15G. Pagano, P. W. Hess, H. B. Kaplan, W. L. Tan, P. Richerme,
P. Becker, A. Kyprianidis, J. Zhang, E. Birckelbaw, M. R. Her-
nandez, Y. Wu, and C. Monroe, Quantum Science and Technol-
ogy 4, 014004 (2018).

16M. F. Brandl, M. W. van Mourik, L. Postler, A. Nolf,
K. Lakhmanskiy, R. R. Paiva, S. Mller, N. Daniilidis, H. Hffner,
V. Kaushal, T. Ruster, C. Warschburger, H. Kaufmann, U. G.
Poschinger, F. Schmidt-Kaler, P. Schindler, T. Monz, and
R. Blatt, Review of Scientific Instruments 87, 113103 (2016).

17F. M. Leupold, Bang-bang Control of a Trapped Ion Oscillator,
Ph.D. thesis, ETH Zurich (2015).

18G. Vrijsen, Y. Aikyo, R. F. Spivey, I. V. Inlek, and J. Kim, Opt.
Express 27, 33907 (2019).

19K. Sheridan, W. Lange, and M. Keller, Applied Physics B 104,
755 (2011).

20The first-stage ionisation laser is assumed to be well saturated,
and therefore its exact power is not important for the loading
rate.

21C. B. Alcock, V. P. Itkin, and M. K. Horrigan, Canadian Met-
allurgical Quarterly 23, 309 (1984).


