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Rapid all-optical loading of trapped ions using a miniaturized atom source
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We characterize an efficient optically heated neutral atom source for ion trapping. We observe loading
rates of up to 24(3) s~ with heating powers below 85 mW, and demonstrate loading of a single ion in
under 30 s with 41.4(4)mW of optical power in a room-temperature ion-trap system with an ionization
probability of 1.50(5) x 107>, We calibrate a thermal model for the source’s internal temperature by
imaging the fluorescence of a collimated flux of neutral calcium that effuses from the source at various
optical heating powers. We show that the thermal performance of this source is mainly limited by radiative
losses. We explore the effect of second-stage photoionization laser power on the loading rate, and identify
a path beyond the loading rates reported in this study. We predict that this source is also well suited to a

wide range of metals used in ion trapping.

DOI: 10.1103/wq63-ptbt

I. INTRODUCTION

Quantum technologies based on single trapped ions are
of great interest at present, and they have been used suc-
cessfully in the fields of metrology, sensing and quantum
information [1-5], quantum simulation [6-9], quantum-
enhanced metrology [10,11], and in searches for new
physics [12,13]. As these technologies gradually move
from the laboratory to deployable devices such as ion-
based atomic clocks, quantum sensors, and near-term
quantum computers, it becomes increasingly crucial that
ion trap systems can be operated reliably over time.

To trap ions, neutral atoms have to be transported into
the trapping volume, ionized, and cooled. The conven-
tional methods of generating neutral atomic flux involve
either resistively heated ovens [14,15], ablation targets
[16—18], or magneto-optical traps (MOTs) [19]. We can
compare these approaches by considering both the heat
dissipated in the system and the “loadable fraction” of neu-
tral atoms produced [20]. Broadly, the loadable fraction
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depends on two parameters: the transverse spread of
the atomic beam, which should be small compared to the
trapping volume and the mean Kkinetic energy of the
atomic beam, which should be low compared to the trap
depth. The resulting loading rate additionally depends
on the number density, which should be as high as
practical.

Resistively heated sources are widely used owing to
their straightforward construction; however, their electri-
cal connections impose unavoidable conductive losses, and
conventional designs emit broad, diffuse beams of atoms.
To compensate for these inefficiencies, they require sig-
nificant powers, of order 5 W, to heat the source metal to
high temperatures (of order 500 K for calcium) [14,15].
The electrical power dissipated in the vacuum chamber can
cause temperature fluctuations, which are particularly dele-
terious for cryogenic experiments, and can disrupt high-
precision experiments. There has been recent progress on
reducing this effect using custom microfabricated resis-
tively heated thermal sources [21].

Ablation of a target by a high power laser has been
demonstrated in a number of experiments [16—18], and can
enable the use of chemically stable alkali-earth salt tar-
gets. Unfortunately, the resulting ablation plume contains
a range of undesirable species, e.g., multiply charged ions
and molecules [17]. Ablation of pure metallic sources can
produce a cleaner plume, but the method still suffers from
reliability issues owing to target degradation, and atoms

Published by the American Physical Society
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Simplified experimental setup. (a) Construction of the oven. Shown schematically are the following: i, the aperture for input

heating laser light; ii, the crucible for containing the atom source material; iii, the integrated collimator; and iv, the outer wall which
is thermally isolated from the hot crucible, by a series of supports (shown here as radial spokes for simplicity). An outer jacket, used
for mechanical stability, is omitted for clarity. (b) A photograph of the ion trap and oven mount installed in the chamber, the oven
used in this work is highlighted. The electrodes are 0.5 mm in diameter and are spaced by 0.65 mm from the rf null. (¢) An illustration
depicting the midplane of the ion-trap system. Simplified diagram of the imaging system; the central region is approximately to scale.
Further, the coordinate axes used to analyze the atomic beam are rotated by 30° to the trap axis and are consistent with (b).

are produced with a high average velocity resulting in a
low loadable fraction [20].

Loading from a MOT offers key advantages in terms of
the velocity distribution of the neutral atoms [19]; since
the atoms are precooled, the loadable fraction can approach
unity. However, this method requires additional frequency-
stabilized lasers, complex extensions to the apparatus, and
restricts optical access to the ion trap.

In a previous work [22], we demonstrated that laser-
heated ovens provide an attractive alternative for neutral
atomic flux generation. By removing the necessity of ther-
mally conductive electrical connections onto the oven
itself, the conductive losses to the surrounds were greatly
reduced. Despite these improvements, this source was still
limited by poor thermal efficiency necessitating in excess
of 300mW to reach metal temperatures of 550 K. Hav-
ing been an uncollimated source, the loadable fraction of
atoms produced was limited by the spatial extent of the
beam.

In this paper, we present an alternative microfabricated
optically heated atom source, from here on referred to
as the “oven,” which has been engineered to reduce its
conductive and radiative losses allowing for high temper-
atures to be reached with a fraction of the power used in
conventional resistively heated sources. The addition of
an integrated high-aspect-ratio collimator ensures that the
atomic flux is highly localized to the trapping region.

The paper is structured as follows: in Sec. I we describe
the properties of the neutral atomic beam of calcium pro-
duced and model the thermal performance of the oven. In
Sec. I1I we demonstrate loading of single “°Ca™ ions into a
prototypical three-dimensional Paul trap and quantify the
loading rate. Finally, in Sec. IV we provide an outlook on

possible operational regimes accessible with this oven. We
also discuss applications to other atomic species and the
technical challenges they face.

II. NEUTRAL ATOMIC BEAM
CHARACTERIZATION

We characterize the atomic number density by operating
the oven at sufficient fluxes where resonance fluorescence
can be detected from neutral calcium atoms with a conven-
tional imaging system and photon-counting electronics.
From this, we calculate the atomic flux as a function of
heating power, which we then use to infer the temperature
inside the oven.

A. Experimental setup

The oven is constructed from UV-fused silica parts
machined using selective laser-induced etching [23]. We
illustrate the key features of the oven schematically in
Fig. 1(a). Heating light is supplied through a narrow aper-
ture on the rear face of the oven (i), which illuminates
the calcium metal contained within a central crucible (ii).
The heated metal produces vapor, which effuses through
a high-aspect-ratio collimator (iii). To reduce conduc-
tion to the surrounding apparatus the outer wall of the
oven (iv) is thermally isolated from the crucible by a
numerous spoke-like supports, which take a meander-
ing path from the crucible to the outer wall. The spokes
have cross-sectional areas ranging from 0.0025mm? to
0.015mm? and crucible-to-wall path lengths approaching
10 mm [24]. To reduce the thermal emissivity of the oven,
each of these components is coated with a Ti/Au stack in
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a magnetron sputterer, where the coating thickness is con-
trolled to ensure thermal conductance remains dominated
by the fused silica bulk. We mount the oven in a titanium
V-groove, mechanically retained by an oxygen-free cop-
per clamp, approximately 10 mm from the trap center [see
Fig. 1(b)].

The measurements of the atomic flux are performed in
an ultrahigh vacuum chamber into which a linear Paul (rf)
trap, described in detail in Sec. 111, is mounted. The atoms
emerge from the oven collimator and propagate along the
vertical axis of the chamber, which we label Z. We use
excitation laser light resonant with the 45> 'Sy <> 4s4p ' P,
transition at 423nm in “°Ca, to probe the atomic beam.
The propagation axis of this laser beam defines the X axis.
We image the atoms along the quantization axis, given
by an 0.8-mT magnetic field, which lies at 30° to X. The
path of the excitation laser through the trapping region is
shown schematically in Fig. 1(c). The excitation laser has
beam waist 31(2) pum and power 1.6(2) uW or 5.2(5) uW
depending on the dataset (shown in Fig. 3). The laser light
at 785 nm used to heat the oven is directed onto the rear
side of the oven via an in-vacuum dielectric prism [see

Fig. 1(b)].

B. Imaging system

The fluorescence of the neutral atoms is collected by
an infinity corrected objective (Mitutoyo MY 10X-803). A
telescope is used to magnify the image to M = 5.95(2),
with the light split between a photomultiplier tube (PMT)
(H10682-210-MOD, Hamamatsu) and CMOS camera
(ORCA Quest 1, Hamamatsu). Background scatter is
rejected by an adjustable aperture placed at an intermedi-
ate focus of the telescope. The total detection efficiency of
the system, including the quantum efficiency of the PMT,
at 397 nm and 423 nm was measured to be 0.25(1) % and
0.42(3) %, respectively.

C. Number density and temperature

To quantify the thermal performance of the oven we
determine the total flux of neutral atoms that pass through
the trapping region. We resonantly excite the 'Sy <> P,
transition and count the number of photons incident on the
camera within a collection duration 7. = 120s. The peak
value of the photon distribution Cy,,x imaged on the cam-
era emerges from the intersection of the excitation laser
and the atomic beam as depicted in Fig. 2. Cy.x is deter-
mined by fitting a two-dimensional Gaussian to the image.
In these images, the vertical (Z) extent of the detected
fluorescence is limited by the excitation laser power and
1/€? radius. In the horizontal direction, a projection of the
XY plane, the dependence is much more complex owing
partly to the finite depth-of-field of the imaging system,
the extent of the atomic beam, and the 30° angle between
the excitation laser and the optical axis.
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FIG. 2. A false-color image of resonant fluorescence from
neutral °Ca taken using the imaging system shown in Fig. 1(c).
The axes are scaled to the object plane by the known magnifica-
tion of M = 5.95(2). The white arrow is aligned with the z axis
in Fig. 1 and labels the atom-flux direction. The dashed yellow
line shows the projection of the XY plane labeled in Fig. 1 onto
the image plane. The wave vector of the excitation laser beam is
in XY and makes an angle of 30° with the optical axis. The white
cross x shows the center of the fitted distribution.

Figure 3(a) shows the measured peak photon num-
ber Cunax as a function of the heating laser power for
two different saturation parameters s = /[, correspond-
ing to a peak intensity of the excitation laser beam of
I ~ 31y, and [ ~ 10lg. The saturation intensity I =
Asphied /(127 c?) ~ 600 Wm™2 of the 'Sy <> 'P; transi-
tion is defined by the corresponding Einstein coefficient
Asp and transition frequency wg [25].

To convert these measurements to the absolute atomic
density, we establish a model for the fluorescence rate in
the interaction region. The number of photons scattered per
second in a region of volume d°7 summed over the states
in the ' P; manifold is given by

y () &'F = n(AspPr (s(7) &°F, (M

where y (F) is the scattering-rate density and n(7) is the
number density of “°Ca, where we have assumed that the
contribution from other isotopes is negligible due to low-
power off-resonant driving. The steady-state population Py
of the excited state can be found by solving the master
equation of an atom interacting with the excitation laser.
The function Pr is adjusted for the Doppler broadening
caused by a misalignment of approximately 1° between
the excitation laser and the atomic beam (for a full deriva-
tion see Appendix A). By integrating over the optical axis
of the imaging system [shown by the red line in Fig. 1(c)]
we relate Ciax to the scattering-rate density through

Apx +o00 .
Conax = 01, e / L+m?y(Fe)ds,  (2)
—00

where 7{&™ is the collection efficiency of the camera,
the ratio of pixel area over the square of the magnifica-
tion Ayx/M? = [4.6 um/5.95(2)]* yields the area of the
pixel in the object plane of the imaging system, and 7 =
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FIG. 3. Determination of the oven’s thermal performance
from fluorescence measurements. (a) Peak photon count Ciyx
extracted from Gaussian fits of fluorescence images as shown
in Fig. 2. Datasets are shown for two excitation laser pow-
ers, 1.6(2) uW (yellow triangles) and 5.2(5) uW (green circles).
(b) The peak atomic density is inferred from the camera data in
(a). The dashed blue line shows 7, as inferred by the thermal
model. (¢) Synchronous camera and PMT readings are combined
to quantify the total atomic flux and deduce the crucible tem-
perature. The red line is the best fit of the thermal model to
the temperature data. The inset shows the distribution of the
model parameters obtained by bootstrapping, each point cor-
responds to a unique set of parameters. The conductive loss
coefficient a./s = 4(3) x 107> WK~ could not be well estab-
lished due to the thermal response being dominated by radiative
losses in this regime. The radiative loss coefficient is fitted to
be a,/e = 1.2(1) x 107> m~2. The thermal model obtained from
data shown in (c) is used to predict npea in (b). Shaded areas
represent 1o confidence intervals.

(&, mé&,0). In the above, +/1 + m? d§ is the length of the
infinitesimal line element, where m = tan (30°) arises from
the angle between the excitation laser and the imaging sys-
tem. We approximate the density of atoms to be uniform
over the narrow laser waist; we estimate that the impact
of this simplification on n () is less than the contributions
from other experimental error sources. Using this, we rear-
range Eqs. (2) and (1) to obtain an expression for peak
density 7pcak as a function of Cry,

Mzcmax
nc(:g)tcAprSP jj—oooo V 1+ mZPT dg '

€)

Npeak =

The inferred values of the peak atomic density are reported
in Fig. 3(b).

Determining the temperature inside the crucible requires
knowledge of the fotal atomic flux leaving the oven, whilst
our previous method yielded the peak atomic density. Due
to the 30° angle between the imaging system and the exci-
tation laser and the finite depth of focus, the extremes of
the interaction region are no longer sharply imaged. This
means that the spatial information in the image cannot be
easily converted to an atomic flux. However, by using the
PMT in conjunction with the camera we can measure the
integrated photon counts across the whole region. Then,
we fit a model of the atomic density n(7) to the measure-
ments shown in Fig. 3(b) to determine the total atomic
flux. We consider #(#) to be uniform in Z over the diam-
eter 2 x wy = 62(4) wm of the excitation laser and to be
Gaussian-like in the plane perpendicular to Z:

262 0d)
n(FWe) = Npeake Yo . 4)

In the above, w, is the width of the atomic beam in the
object plane and is defined as the 1/¢* radius of the dis-
tribution, following the same convention as Gaussian laser
beams. The total counts registered by the PMT are given
by the integral of Eq. (1) over all space,

72(x2+y2)
PMT 3= >
Comr(Wa) = & )npeakASP / d’re va

Pr(s(@)).
)

We fit Eq. (5) to the densities reported in Fig. 3(b) and the
accompanying PMT measurement, yielding a best fit value
of w, = 218(15) pm.

The flux produced by the source is well approximated
by the integral of the density over the (x,y) plane multi-
plied by the average velocity of the atoms and corrected
for isotopic abundance, a4 = 96.9% [26], i.¢.,

1 -
Doy = Enwinpeakv/aw- (6)
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By relating the output flux to the input flux through the
transmittance p, of the collimator, as shown in Appendix B,
we can relate the temperature inside the crucible to the
measured peak number density:

P(T) _ 372 Wi Npeak
kBT 4pt Acoll aso ’

(7

where P(T) is the calcium vapor pressure in the crucible at
temperature 7 and Ao = (25 um)? the cross-sectional
area of the collimator. For each point in Fig. 3(b), Eq. (7)
is numerically solved for 7. The result of this analysis is
shown in Fig. 3(c).

To predict the peak densities beyond the regime we were
able to probe, we construct a simple model of the thermal
behavior of the oven. This model accounts for the conduc-
tive and radiative losses, which must be balanced by the
fraction ¢ of heating power Pj,, which is coupled into the
crucible, to maintain thermal equilibrium:

S (4 T ). (8)

Q.
Py = _(T_ Tenv) +

e €
In the above, Tepy = 295 K is the environment temperature
and op is the Stephan-Boltzmann constant. The fitting of
o./¢ and o,/ is shown as a probability distribution in the
inset in Fig. 3(c). Note that we do not separate contribu-
tions from ¢ and the thermal losses. For the heating power
regime we were able to probe, we cannot uniquely identify
the parameters individually as they are strongly correlated.
To estimate the uncertainty on our fit we use a Monte Carlo
bootstrapping method, which resamples our experimen-
tal data, yielding a./e = 4(3) x 10> WK™! and a,/s =
1.2(1) x 1075 Wm™2.

Despite the limitation on our fit, the parameters are suffi-
ciently constrained to show that the thermal performance is
limited by radiative losses. Furthermore, we have observed
that a significant density of neutral atoms can be pro-
duced with modest heating laser power, and our simple
model reveals that this can only be reasonably improved by
reducing the radiative losses further through an improved
coating process.

II1. ION LOADING

The oven is designed to facilitate rapid and efficient
loading of ions into a trap. As the atoms effusing from
the source have temperatures below 600 K, we expect that
almost all ionized atoms will be trapped in traps with
depths of order 1 eV.

At low heating powers, the neutral atom flux through
the trapping region becomes too low to be detectable as the
average number of atoms in the overlap volume is less than
one. The flux is however still sufficient to load individual
ions at a reasonable rate. As we have a thermal model for
source performance, by collecting loading rate data over a

similar range of optical heating powers, we can determine
the relationship between number density of neutral atoms
and ion-loading rate. This then allows the ion-loading rate
to be used to validate the thermal model at lower heating
powers where a direct measurement of the number density
was not possible.

A. Experimental setup

This work utilizes a linear rf Paul trap, constructed from
0.5-mm diameter rods and 0.2-mm diameter pointed end-
caps separated by 3.9 mm. An image of the trap is shown
in Fig. 1(b) and a schematic is shown in Fig. 1(c). It is
operated using a monopolar rf drive at 14.69 MHz with
peak-to-peak voltage of approximately 400 V. The short-
est ion-electrode distance is 0.65 mm. This combination of
geometry and voltages results in typical axial and radial
trap frequencies of 200kHz and 1 MHz, respectively. An
additional four electrodes, with an ion-electrode distance
of 4mm, are used with voltages up to 10V to compen-
sate for stray electric fields. These compensation voltages
were set using a photon-correlation technique that allows
for micromotion minimization [27].

The laser beams form an angle of 30° with respect to
the optical axis. The 1/e? radii for the two beams at the
trap are 29(2) pm and 41(2) um for the 397 nm cooling and
866 nm repump laser, respectively. The second step ion-
ization laser, which has a nominal wavelength of 375 nm,
co-propagates with the 423-nm excitation laser and it has
a beam waist of 184(2) um, resulting in an approximately
uniform UV field over the interaction region.

B. Loading-rate characterization

Loading-rate measurements are performed by scanning
the pulse duration of the excitation laser beam. Before
the experiment begins, the trapping potential is briefly
switched off to allow any ions to escape from the trapping
region. During the entirety of one experimental repetition,
the cooling, repump, and ionization lasers are left on. By
pulsing the excitation laser, the ionization dynamics can be
separated from the cooling dynamics in the trap. During all
loading rate measurements, the oven was heated with the
specified optical power and allowed to reach thermal equi-
librium. Following the ionization step, in order to cool the
ions into the trap, cooling cycles consisting of two sequen-
tial pulses of cooling laser light at different detunings are
used, first at 80 MHz and then at 30 MHz, both red detuned
from the Sy, <> Py, transition. After each cooling cycle,
the fluorescence is measured on the PMT with the cooling
laser 15 MHz red detuned from the S|/, <> Py transition.
If the counts are sufficiently above the background, this
indicates the presence of at least one ion. After the cooling
cycle finishes, the number of ions trapped is counted and
the next cycle begins. We determine the total number of
ions by counting the number of photons on a PMT within
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an exposure time of 100 ms and dividing this by the signal
we measure from one ion. As no more than six ions were
loaded in any given repetition, the extent of the ion chain
at this point is approximately 47 pm. Due to the finite size
of the cooling beam, the outer ions are illuminated with a
third of the intensity of those in the center. Measurements
were taken with a peak intensity of / & 23/, resulting in
the ions fluorescing sufficiently brightly to be counted.

Across a range of loading times, data is collected for a
number of repetitions at the specified heating power. We
determine the loading rate by averaging the number of
ions counted for a given loading time and linearly fitting
the resulting time-dependent dataset. Using this method,
we measure loading rates from 2.7(8)x1073s™! up to
24(3)s~! at heating powers of 37.0(4) and 84.7(8) mW,
respectively. This range of rates is sufficient to repopu-
late a large array of ions sufficiently quickly enough to
enable continuous fault-tolerant operation with minimal
heat load [28].

C. Dependence of loading rate on second-stage
photoionization laser power

As the second step of the photoionization process at
375 nm couples to a continuum of unbound states, this pro-
cess is not saturable. In order to explore the dependence of
the loading rate on ionization laser intensity, the heating
beam power was fixed and the ionization laser power var-
ied. Initially, an ionization laser intensity of 5.3(4) W cm ™2
was used. The loading rate was found to be 1.0(2)s~!.
Increasing the ionization laser intensity to 11.9(6) W cm ™2
yielded a loading rate of 2.1(2)s~!. This increase follows
the expected linear trend in the ionization rate with sec-
ond stage photoionization power consistent with Ref. [14].
This shows a clear path to increasing loading rate above
the experimentally measured maximum of 24(3)s~!.

D. Ionization probability

To quantify the ionization probability, we determine the
linear relationship between measurements of the number
density and ion-loading rate. As the trap depth (of order
1eV) used is significantly larger than the mean kinetic
energy of the neutral atoms, we expect the loading rate
to be limited predominantly by the ionization probabil-
ity rather than laser-cooling dynamics. Using the thermal
model described in Sec. II, we calculate the number densi-
ties of neutral atoms that correspond to the heating pow-
ers used in the loading-rate measurements. The loading
rate [14],

1 Iw?
R=gx - v 9
q X 5aqn x — ©)

can be expressed in terms of the ionization probability,
g; the relative abundance of “°Ca, a49; the number den-
sity, n; the atomic beam width, /, the excitation laser beam
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FIG. 4. Loading-rate comparison to number density and pulse
scheme. (a) Loading rate of “’Ca™ ions (black circles, right axis)
vs varying heating power with modeled central number density
(dashed line, left axis). Dashed vertical lines indicate the region
used to determine the relationship between the loading rates and
number densities. The thermal model is reproduced from Fig. 3.
The shaded area represents one standard deviation for the thermal
model. The ion-loading rate data follows the same trend as the
modeled number density. (b) Pulse sequence for the loading-rate
measurement. The repump (866-nm wavelength) laser is briefly
turned off at the beginning to measure background counts. The
excitation (423-nm wavelength) laser pulse is scanned in dura-
tion followed by a cooling and probe cycle using 80, 30, and
15 MHz red detuned pulses of cooling (397-nm wavelength) laser
light. Detection is carried out during the 15 MHz red-detuned
cooling laser pulse in order to check if ions have been loaded.

waist, w; and the time spent in the interaction region, 7.
The factor of 1/2 accounts for the fraction of *°Ca in the
4s4p 'P| state at the saturation parameter used in these
measurements, where s ~ 20.

We perform linear orthogonal distance regression to
determine the conversion factor from loading rate to num-
ber density. We constrain this analysis to the range of
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heating powers where measurements for both the load-
ing rate and the number density are available. For heating
powers below 58 mW, the signal-to-noise ratio of neu-
tral density measurements was limiting; for powers above
85 mW, changes in conformation of the trapped-ion crys-
tals limited the reliability of loading-rate measurements.
The experimentally measured loading rate is shown along-
side our inferred number density model in Fig. 4(a). We
indicate the bounds we use to determine the relationship
between loading rate and number density with vertical
dashed lines. Using this relationship across all data points
in Fig. 4(a), we find ¢ = 1.50(5) x 107>, We can extend
our model of the neutral density down to the lower heating
powers and compare to the loading-rate data. In so doing,
we find excellent agreement to our thermal model, even at
powers as low as 41.4(4) mW, where a direct measurement
of the neutral flux was not feasible.

IV. CONCLUSIONS AND OUTLOOK

The loading rate realized depends on a multitude of
experiment-specific parameters, that can be hard to decou-
ple. In our experiments, the trap was sufficiently deep that
we can neglect contributions from kinetic energy. The nar-
row collimation further ensures that the vast majority of
atoms that effuse from the oven pass through the trapping
region. The high loading rate we demonstrated, however,
is still hindered by the fraction of the atomic flux that
we can address with the excitation and ionization lasers.
This depends not only on the available laser intensities but
also on the interaction volume, which is set by the laser
diameters and the spread of the atomic beam.

The ionization laser intensity has a considerable impact
on the achievable loading rates. By extrapolating from
our data, we can determine a regime where g ~ 1,
where nearly every excited atom is ionized. This regime
could be accessed for ionization laser intensities of order
10* W cm ™2, increasing the loading rate by a factor of more
than 50 000. Moreover, significant gains could be made by
selecting a different ionization laser wavelength as the pho-
toionization cross section has a wavelength dependence
[29]. These improvements would culminate in much faster
loading rates than those presented.

This style of atomic source allows for an alterna-
tive mode of operation: by continuously operating at
comparatively low heating powers a significant density
is still achieved at the trap. The addition of a high-
intensity pulsed ionization laser could therefore provide
trappable ions in less than 1ms. This would eliminate
any turn-on latency and the design, presented here, signif-
icantly reduces the heat load to the experimental apparatus
improving the overall thermal stability whilst still allow-
ing for on-demand replacement of lost ions. Moreover,
owing to the collimation of the neutral beam, a target
atomic density in the trap can be reached at a lower

total atomic flux and lower kinetic energy compared to an
uncollimated oven, increasing the overall efficiency of the
source.

To test the applicability of our source to metals beyond
calcium we consider that, for 42mW of heating laser
power, we measured a loading time of approximately 30s;
which compares well with resistively heated sources [15].
Our thermal model predicts that the internal crucible tem-
perature is, for this heating power, approximately 500 K.
At this temperature the vapor pressure of calcium inside
the oven is of order 1079 mbar [30]. At this temperature
the vapor pressure of magnesium, strontium and ytterbium
are all higher by at least one order of magnitude [30],
which strongly implies the suitablility for use in ion traps
built around these species, even for cryogenic applications.

If we instead consider 107! mbar to be a minimum
acceptable vapor pressure and allow the heating laser
power to increase we can consider the application to a
greater range of materials. We find that barium, which
requires a crucible temperature of approximately 515K
[30], also produces suitable densities for loading for only
a modest (less than 10 mW) increase in power. We can
conclude that, through the thermally isolated design pre-
sented, we have produced a source well suited to the needs
of ion-trap researchers using the heavier group-II metals
and Yb.

Further, by extrapolating our thermal model to higher
laser powers, we predict that less than 1 W of input laser
power is necessary for temperatures of approximately
1000 K. Whilst this is significantly higher in laser power
than we use in this work, it is within reach of many exper-
iments. Naturally, our system is unsuited to testing at such
high temperatures, as the vapor pressure of calcium would
reach such a high level that it would likely damage the
structure of the oven. However, more exotic metals used
in state-of-the-art ion-trapping systems, such as beryllium
[31], aluminium [32], or lutetium [33] would present suit-
able vapor pressures for loading. Indeed, expanded use of
this technique may open up hitherto unprecedented species
to being used in ion-trap experiments.

In summary, in this work, we have demonstrated an
efficient microfabricated atom source, that requires no
electrical connections. We used this oven for the gener-
ation of a neutral beam of “°Ca atoms, and shown that
the beam is of a sufficient peak density to rapidly load
ions into a Paul trap, even for modest heating powers.
Further, by using a two-photon ionization technique, we
demonstrated the capability to produce atomic fluxes that
allow for reliable, continuous reloading of ion-trap-based
quantum processors.
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APPENDIX A: STEADY-STATE EXCITED
POPULATION OF A CALCIUM ATOM

We consider the manifold consisting of the 'Sy and
the three 'P; states coupled by a laser of frequency w
and detuning §. In this discussion, we label with |g) the
'Sy, m; = 0) state and with |g) the |' P, m; = gq) states for
q €{0,—-1,+1}.

The steady state, if exists, can be found by solving the
Lindblad master equation [35]

o !
p=—5H.pl+4sr > WL} - E{LqL,}p}), (A1)
q

where the sum is over all possible decay pathways from
the ' P, level and the decay operators are
(A2)

The Hamiltonian figuring in Eq. (Al) that drives the
dynamics of the system can be separated into

H = Hy+H,, (A3)

where the atomic Hamiltonian operator

Hy = h(wy +qA)lg){g] (A4)
q

represents the energy of the atom immersed in a magnetic
field and A is the Zeeman splitting between the levels in
the ! P, state. The other Hamiltonian operator H; describes

the laser interaction. To derive an expression for it, we
write the electric field associated with the laser field as
E(f) = Re(eEpe™™), (AS)
where we have implicitly assumed that the electric field
is uniform across the extent of each atom (also known
as dipole approximation). The electric dipole energy then
reads as
er- E). (A6)
If we write the Hamiltonian operator in the atom eigen-

basis and apply the rotating-wave approximation, we
obtain the expression

Q .
Hi@® =h) lg)gl—fe™ +he, (A7)
q

where the Rabi frequency €2, depends on a combination of
laser polarisation and power:

(A8)

This system admits a steady state, which can be easily
found once the time dependence is removed from the
Hamiltonian. This is done by moving into the rotating
frame of the laser defined by the unitary operator Uy =
exp (—iHgt/h), which is generated by the Hamiltonian

Hy = —ho Y |g)ql. (A9)
q

In the interaction picture, the system Hamiltonian becomes

H' = Ul(Hy + H,)Ug — Hpg (A10)
Q
= (; Ig)(CIITq + h.c.) + th:(qA —8lg){ql,
(A11)

which is now time independent. The total population P’
across all three sublevels in the !'P; manifold can be
obtained by solving Eq. (A1) as a function of laser satu-
ration parameter s and detuning 6 [36]. In order to account
for the Doppler broadening caused by the 1° angle of the
neutral excitation beam with the oven axis, we take the
ensemble average of P over the speed of the particles. The
velocity distribution out of the oven stems from the inter-
action of the atoms with the walls of the collimator. This is
a complicated process to model, which is dependent on the
surface roughness and finish of the glass surface. For sim-
plicity, we assume elastic collisions to take place, so that
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the thermal distribution is conserved through the collima-
tor and it is set by the thermal distribution characteristic of
an effusion process [37]:

2 me, 2
mcy, )
pw;Tdv == < 40) e T 33

Al2
iaT (A12)

where p (v; T) is normalized over the interval v € [0, c0).
The expression for the total excited population averaged
across the thermal ensemble of atoms is given by

Pr(s;8) = /p(v T) dvPi(s,8,(v) + §), (A13)
where 8,(v) = wov/c - sin(1°) is the Doppler shift expe-
rienced by an atom traveling at velocity v. The laser
detuning § was experimentally set to maximize the flu-
oresce signal while probing the atoms with s &~ 1, while
the oven operated around an approximate temperature of
T = 550K. Following from Eq. (A13), this corresponds
to a detuning of dp.x = —(27)23.6 MHz from resonance.
The final expression for P7 as a function of the saturation
parameter only, is then given by

PT(S) = PT(S; 5max)’

which is used throughout the analysis in the main text.

(Al14)

APPENDIX B: OBTAINING THE INTERNAL FLUX
FROM THE MEASURED DENSITY

In order to obtain the temperature inside the crucible, we
need to obtain an expression for the atomic flux leaving the
oven. We can convert the density of 4°Ca into an atomic
flux using an appropriate thermal velocity distribution for
the atoms. On a plane at a distance d from the oven, we
have approximated the density of emitters to be

262452

n() = npeake ¥ (B1)

We are interested in finding the flux through this plane and
in order to do so, we consider the infinitesimal volume
element depicted in Fig. 5 and the number of atoms with
velocity v € [v, v 4 dv] contained within, which is given
by the formula

dx dy drcos(@)n(#)p (v; T) dv, (B2)

where p (v; T) is the velocity probability distribution. If we
divide this expression by the time dr it takes for the atom
to traverse dr, we get the partial contribution of this small
surface element to the flux

dx dy cos(@)n(F)p (v; T)v dv. (B3)

Integrating this over the velocities v, and the spatial coordi-
nates x and y gives the total flux through the plane. By not-
ing that the average velocity is just o = [;~ p(¥; v dv,

5% &
vt
@ calcium atom dxi'?'f'
— velocity vector
n(7
y z (7)

o>
d

FIG. 5. Diagrammatic representation of the atomic flux com-
ing from the oven. The flux out of the oven can be inferred from
the known density and the velocity distribution at a plane set at a
distance d from the crucible. Given that d >> 50 pm (collimator
diameter), the oven is modeled as a point source.

cos(9) = d/+/x* + y? + d?, and by correcting the density
by the natural abundance a4, we can write the flux out of
the oven as

2,.2
o[ eyt e
ut — “
o VXI+ 2+ d2 aa
(B4)
2
Npeak ,Od _2%
A g (BS)
6140 ,/ \/m
= En ﬁnpeakwﬁf /aao, (B6)

where in the second line we have performed the change of
variable from (x,)) to polar coordinates (p, ¢), with the
integration over ¢ giving the factor of 27, and in the third
line we have defined the dimensionless integral Z through
the additional change of variable « = 2r/w, as

& d 2ad/wy,

g Ma a2,
0 a? + 2d/w,)?

7= (B7)

Due to the atomic beam being highly collimated, this inte-
gral evaluates to Z = 0.99982(4) for our experimental
parameters and can therefore be neglected. The expression
for the output flux is then greatly simplified and it evalu-
ates to the product of the average output velocity v and the
integral of the density n(7) /a0 over the (x, y) plane, which
evaluates to lnwgnpeak /as. The average velocity can be

2
obtained from the thermal distribution (A12)

97TkBT
8Mca

<
Il

(B?)
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The flux incident into the collimator on the crucible side
is [37]

P(T)Acoll
2 mekg T

where A.o = (25 wm)? is the surface are of the collima-
tor aperture. Given that the probability of a particle being
transmitted through the collimator and emerging from the
other side is pr, we can equate the input flux and the output
flux as ®qy = p;Din. By substituting Egs. (B9) and (B6),
we can obtain an expression that links the temperature
inside the crucible to the measured peak density value:

Qi = (B9)

P(T) _ 3i2 Wﬁ Npeak

kT~ 4p; Acon aso

(B10)

which can be solved numerically for the crucible tempera-
ture 7, where P(T), the vapor pressure of calcium, is well
approximated by

B
log)o(P/1 atm) = A + - + Clog;((T/1 K) + DT/1000,
(B11)

with the coefficients given in Ref. [30].
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