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Abstract

This Technical Design Report presents AION-10, a 10-meter atom interferometer to be located at Oxford
University using ultracold strontium atoms to make precision measurements of fundamental physics. ATON-
10 serves as both a prototype for future larger-scale experiments and a versatile scientific instrument capable
of conducting its own diverse physics programme.

The design features a 10-meter vertical tower housing two atom interferometer sources in an ultra-high
vacuum environment. Key engineering challenges include achieving nanometer-level vibrational stability and
precise magnetic field control. Solutions include active vibration isolation, specialized magnetic shielding,
and a modular assembly approach using professional lifting equipment.

Detailed analysis confirms the design meets all performance requirements, with critical optical compo-
nents remaining stable 97% of the time under realistic operating conditions. Vacuum and vibration mea-
surements in the host building validate that the instrument will achieve the precision needed for quantum
sensing applications.

This work establishes the technical foundation for scaling atom interferometry to longer baselines while
creating a cutting-edge facility for precision measurements that could advance our understanding of funda-
mental physics.

AION-REPORT/2025-04
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1 Introduction

The discoveries by the LIGO and Virgo long-baseline laser interferometer experiments of gravitational waves
(GWs) emitted during the mergers of stellar-mass black holes [1] and neutron stars [2] motivate experiments
searching for GWSs in other frequency ranges. Examples include space-borne laser interferometer experiments
such as LISA [3] and pulsar timing arrays (PTAs) [4] that probe lower frequency ranges. Atom interferometers [5]
such as AION [6] have the potential to Il a gap in the frequency coverage between terrestrial and space-borne
laser interferometers [7], opening a window onto mergers of intermediate mass black holes [8]. These mergers
could be stepping stones in the formation of the supermassive black holes at the centres of most galaxies, so
studying them has the potential to provide a deeper understanding of the most massive compact objects in the
universe.

In addition to searching for GWs, atom interferometers have many other applications in fundamental physics,
including searches for the interactions of waves of ultra-light dark matter with atoms [9, 10], violations of the
gravitational equivalence principle [11], probing the properties of dark energy and searching for possible \ fth
forces" [12]. For these reasons, increasing e ort around the world is going into developing long-baseline atom
interferometers [13]. We note that atom interferometry is also an important driver of research in quantum
sensor technologies with applications to navigation and remote sensing [14], and has much in common with
technologies for quantum computing.

The AION Collaboration is a team of multiple UK institutions planning to develop and construct a family
of atom interferometers using 8’ Sr, working in partnership with the MAGIS experiment [15] in the US and
co-operating with other international collaborators. The next phase of the AION project is to build a 10 m
baseline instrument capable of taking useful science measurements, and to prove out the technology required
to move to longer-baseline experiments (100 m and 1 km on Earth, and the AEDGE mission in space [16]). As
such, the AION programme aims to play a pioneering role in the rapidly advancing eld of atom interferometry,
working at the forefront of quantum sensing and fundamental physics exploration.

The AION Collaboration plans to use 8 Sr atoms [6], because their narrow 698 nm optical transition fa-
cilitates exceptional precision performance, making them ideal for high-sensitivity measurements. Delivering
AION's ambitious scienti ¢ goals necessitates overcoming key engineering challenges: achieving ultra-high vac-
uum, maintaining nanoradian-level vibrational stability, and controlling magnetic environments with high preci-
sion. These challenges form the focus of this Technical Design Report (TDR), which summarises the engineering
progress of the project on the 10 m instrument and sets out the roadmap for commissioning the experiment's
tower and vacuum system. In parallel with the AION 10m design work presented here, R&D work is also
being carried out on developing atom sources [17] and interferometry techniques [18] for the project in several
laboratories around the UK. This complementary work is beyond the scope of this TDR, and is not covered in
detail here.

The structure of this TDR is as follows. In Section 2 we outline the speci cations and requirements, in
Section 3 we describe the engineering designs of the components of the AION 10 m detector, and in Section 4
we describe the planned assembly and build procedure. Section 5 presents a vibrational stability analysis,
Section 6 analyses the magnetic system, and Section 7 describes the vacuum system. The TDR is summarised
in Section 8.

2 Specication Requirements for AION-10

2.1 Overview of Requirements

AION-10 is a gradiometer based on di erential measurements between two atom interferometers utilising the
ultra-narrow clock transition in fermionic 87Sr [6, 18]. The instrument is intended both as a scienti ¢ platform
and as a development stage towards larger-scale interferometers [17]. In addition to the direct practical require-
ments, for instance the required viewports, in-vacuum optics, and the connection nodes to further equipment
(cameras, atom sources), there are many requirements stemming from potential systematic errors.

In the ideal case without other technical limitations or systematic errors, the relevant sensitivity of an
individual atom interferometer is typically inversely proportional to the number of large-momentum transfers
(NomT ) and the square root of the number of atoms N,):

1 1
Nimt — Ng'
where d°®st represents the smallest detectable signal amplitude. BotiN_yr and N, will improve over time

through upgrades to exchangeable components (lasers and atom sources) and optimized interferometer sequences

that will undergo continuous development. The permanent infrastructure, namely the 10 m tower structure,
vacuum vessel, magnetic system, and in-vacuum optics, must in contrast constrain systematics to levels below
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the nal targeted resolution [17]. The design presented in this report is driven by rigorous speci cations that
enable optimal performance for gravitational wave and dark matter detection.

2.2 Mechanical stability (Sections 3, 5)

Mechanical vibrations of optical components in the path of the interferometer beam (steering mirrors, telescope
lenses, retro mirror) lead to changes in the optical path length between the atom clouds and hence to additional
phase noise in the di erential measurements | for details see the relevant chapters.

We note also that the envisioned phase-shear readout maps the interferometer phase onto the spatial fringe
pattern of the atomic density [19]. For a typical spacing of 1000 m, a resolution goal of = 10000 translates
to a fringe displacement of approximately 100 nm. Therefore, the camera assemblies must either remain stable
within 100 nm or allow real-time monitoring of their relative motion to this precision. This in uences the vibra-
tion isolation platform design (Section 3.12) and camera alignment systems (Section 3.11), with performance
validated in Section 5.

The minimum positional accuracy for optical components will guide the decision whether to use adjustable
mounts. Since in-vacuo adjustability adds complexity and failure risk, its use will be limited as far as possible.

In addition to the short-term vibrational stability, an instrument of this size (10 m) will unavoidably be
subject to thermal drifts over timescales of several hours. The instrument must sustain operational conditions
continuously over such periods and allow for auxiliary dimensional monitoring to be able to compensate for
slow drifts in the data processing.

2.3 Magnetic Field Requirements (Section 6)

The fermionic 8 Sr atom has a Zeeman structure due to its nuclear angular momentumt = 9=2. This creates
multiple possible clock transitions, which are all sensitive to magnetic elds. In particular, the M = 9/2 to
9/2 clock transition exhibits a frequency shift of 489 Hz/G [20]. In order to avoid parasitic excitations along
unwanted transitions, such as the M = 9/2 to 7/2 transition, two requirements need to be ful lled:

(1) A well-de ned constant quantisation axis provided by a horizontal magnetic bias eld of up to 10 G is
needed along the relevant parts of the interferometer beam pipe to resolve neighbouring Zeeman sublevels and
optimise state preparation and interrogation.

(2) The interferometer laser must be linearly polarised with its polarisation angle less than mrad from the
applied magnetic eld, so that the M = 9/2 to 9/2 transition is driven while the parasitic M = 9/2 to 7/2 ( )
transition is strongly suppressed. A 10 mrad misalignment between magnetic eld and polarisation direction
would already correspond to a 104 ratio of Rabi frequencies on the undesired vs the desired Zeeman transitions,
corresponding to a 10 # pulse in delity.

The light polarisation will be set by the in-vacuo optics, which will be di cult to align to within the required
tolerance to a single set of bias coils. Hence a tunable horizontal bias eld with homogeneity better than 5mG
and 5mrad (angular) is required. It must be applicable in both horizontal axes to be able to align its direction
with the linear light polarisation. p__

In addition, time-dependent magnetic eld noise must remain below 1 G/ Hz in order to suppress phase
noise in the interferometric signal.

These requirements are met by the magnetic shielding and eld design described in Sections 6.1 and 6.2.

2.4 Vacuum Requirements (Section 7)

To avoid atom loss and decoherence from collisions with residual gas, the vacuum pressure in the interferometer
pipe should be in the extreme high vacuum (XHV) region (ideally close top 10 ! mbar). This requirement

is central to the vacuum system architecture described in Section 7. The vacuum requirements in the parts
needed for the preparation of the interferometer laser beams (input beam pipe, beam conditioning pipe (BCP),
beam transfer pipe) are less stringent high vacuum (HV) requirements |§ < 10 ° mbar). Maintaining a clean
assembly environment is essential to minimize the risk of deposition of debris on optical surfaces during nal
pump-down, as diraction o, e.g., dust particles would give rise to phase-front errors in the interferometer
beam. Practical cleanliness procedures are detailed in Section 4.3.

2.5 Design Implications and System Integrity

These requirements underpin the engineering designs presented throughout this document. As discussed in
Section 3.1, AION-10 comprises two vertically aligned 5m interferometers housed in a 10m XHV vacuum
system. Detailed analyses in the subsequent sections demonstrate how the system meets each requirement,
ensuring that AION-10 ful Is its role as a high-precision scienti ¢ instrument and as a prototype for future
instruments such as AION-100 and AEDGE [6].
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Figure 1: Schematic engineering drawing of AION-10.

3 AION-10 Design Elements

3.1 Instrument Schematic

The AION-10 project envisages an aligned pair of 5m baseline atom interferometers in a 10 m vertical vacuum
tube. Fig. 1, produced for the project's Provisional Design Review, shows the layout of the science instrument
(not including its support structure). The instrument uses a narrow-linewidth interferometer laser at 698 nm to
perform interferometry with clouds of 8 Sr atoms launched into a pair of vertical 5m beam pipes, with camera
assemblies at the base of each pipe to measure the nal phase shifts of the falling atoms. The interferometer
laser beam enters the instrument through the input arm and is then directed up through the beam conditioning
pipe, where it is re ected by a pair of mirrors in the beam transfer pipe back down through the interferometry
beam pipe. It is then re ected again o the bottom retrore ecting mirror (BRM), which is mounted on the
phase-shear detection platform at the base of the instrument, to point back up into the interferometry beam
pipes.

The atom clouds are prepared in two dedicated atom sources, called sidearms, that contain strontium ovens,
2D and 3D magneto-optical traps, and additional traps to produce the ultra-cold atom clouds that are then
transported through XHV connections into the interconnect chambers in the interferometer beam pipe. As
discussed in Section 2, these sidearms are crucial for the nal resolution of the interferometers. As they are
treated as exchangeable components and will undergo continued development, they are not included in this
design review.

Two of the most important requirements from the project engineering perspective are the vacuum levels and
the vibrational stability requirements. The vacuum level in the main beam pipe must be in the order 10 ! mbar,
and the vibrational stability during interferometry sequences must keep some key optical components in the
range of tens of nanoradians/nanometres from their design orientations/positions. The rest of Section 3 details
the various sub-assemblies that form the design of AION-10, reviewing the current levels of maturity, decisions
taken and assumptions made for each. The order of presentation largely follow the interferometer laser beam
as it travels through the vacuum system.

3.2 Input Arm

The input arm (shown in Fig. 2) transfers the laser beam from the laser laboratory to the interferometer. It is

in the early stages of design, as the decision on free space or bre-optic laser delivery to the beam conditioning
pipe has not yet been made. For now we assume that we will use in-vacuo free-space delivery, as it is the more
di cult option from an engineering perspective. We may simplify later the speci cation to bre-optic delivery.
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Figure 2: Engineering drawing of the laser input arm to the beam conditioning pipe.

Figure 3: Left panel: Beam conditioning pipe on the full tower. Centre panel: Beam transfer pipe. Right panel:
Highlight of the telescope section.

The input arm is expected to consist of a straight vacuum pipe with a viewport at the end to insert the
laser beam and potentially to contain two convex lenses of identical focal length$ to deliver the beam via
a 4f telescope to the beam conditioning pipe. It will be connected to the vertical beam conditioning pipe
via a six-way cross that will house the steering mirror and corresponding adjustment mechanisms and provide
additional vacuum ports for beam monitoring optics and pump apertures.

3.3 Beam Conditioning Pipe

The beam conditioning pipe (BCP) (shown in the left panel of Fig. 3) is one of the simpler sections of the vacuum
system. It consists of a tube under less stringent HV vacuum levels than the interferometer beam pipe, on the
order of 10 ® mbar. Its primary purpose is to provide a vacuum environment to transmit the laser without
picking up wavefront errors due to air turbulence or dust particles and to house dedicated beam-cleaning optics
to diract o existing wavefront perturbations to prepare the input beam for the main telescope (see below).
We have designed lens holders with adjustment mechanisms and bellows on either side. These can be placed at
any point along the BCP, and the nal positions will be determined by a trade-o between stability simulations
and beam cleaning performance, taking into account the nal free space or bre-optic beam delivery discussed
above. We have placed lenses at the bottom, middle and top of the BCP in CAD to investigate this, and will
nalize vibration stability simulations on each location once the beam delivery matures.

3.4 Beam Transfer Pipe

The function of the beam transfer pipe (shown in the centre panel of Fig. 3) is to re ect the interferometry
laser beam around 180 degrees via two mirrors into the main telescope at the top of the interferometer beam
pipe. At least one of the two mirrors will be dynamically adjusted during each interferometer sequence in order
to enable, together with the bottom retrore ecting mirror, a tunable e ective pivot point for the interferometer
laser to compensate for Coriolis e ects [21]. The second mirror is likely to use a piezo-actuated hexapod system
or comparable setup to compensate slow drifts of the tower geometry due to, e.g., temperature drifts. Analysis
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of the exact requirements for adjustability and precision is still in progress, but they are expected to be far less
stringent than for the main telescope (see below).

3.5 Telescope

The main telescope (right panel of Fig. 3) is a Keplerian telescope consisting of two plano-convex lenses with
f1 = 55mm and f, = 1947 mm that expands the interferometer laser beam to a waist of 1cm throughout
the interferometer beam pipe. The rst lens could feature an aspheric rst surface to minimize optical path

di erences across the nal beam. The telescope is placed at the top of the pipe, with two lenses positioned
approximately 2 m apart within the assembly. The module will have bellows on either end to allow adjustment
of the lens holders, and to aid assembly of the tower. The lower lens holder may also act as part of a di erential
pumping aperture that separates the extreme-high vacuum (XHV) area below and the high vacuum (HV)
above [22]. As the vacuum pumping strategy develops, a decision will be taken on whether to seal the lens
holder or keep the di erential pumping aperture.

Limiting the pointing uctuations on the main interferometer beam to < 35nrad, such that the resulting
phase gradients remain much smaller than the e ect of the phase-shear readout, translates into stringerstability
requirements for the telescope lenses, namely maximal transversal shifts ef 40nm (< 70nm) for the rst
(second) lens. Furthermore, the maximum tilts of the lenses are< 1:8 urad (< 70nrad). Consequently, extensive
simulation work is crucial to predict the vibrational response of the lenses to external inputs from the building,
ensuring that the design adheres to the intended speci cations. This simulation work is documented in Section
5.

3.6 Interferometer Beam Pipes

The pair of 5m interferometry beam pipes (shown in the centre of Fig. 1) are the workhorses of the instrument.
They de ne the length of the baseline of the experiment and must provide as “clean' an environment as possible
for the atoms during interferometry. As such they must facilitate the extreme high vacuum levels, and also
provide a stable and controlled magnetic eld inside the pipe. In order to meet these targets the beam pipes
consist of several layers that are, from innermost to outermost:

1. The vacuum pipe assembly;
2. Heater tape and insulation;
3. The magnetic coil assembly;
4. Magnetic shielding.

The vacuum pipe assembly is a standard vacuum system with con- at anges for connections, designed
to maintain the vacuum levels required for the experiment. Directly attached to these are heater tapes and
insulation. Reaching a pressure of 10! hpa will require an extensive bakeout of the vacuum system, and the
beam pipe is the most signi cant portion of its volume. The heater tape will provide the heat for bake-out,
and the insulation will reduce the heat load transferred to the rest of the structure. Outside this there will
be magnetic eld coils, designed to provide a known and consistent magnetic eld across the beam pipes, see
Section 6.2. Finally, the magnetic shielding will shield the interior magnetic eld from external elds. As with
the telescope, there will be bellows placed at either end of the vacuum pipes, to aid assembly. The design and
assembly of this structure is explained in more detail in Section 6.1.

3.7 Phase-Shear Detection Platform

This section details the work involved in assembly and pre-commissioning of the phase-shear detection plat-
form for the 10m MAGIS prototype at Stanford, see Fig. 4. This platform houses and controls the bottom
retrore ecting mirror (BRM). The system is ready to be assembled for a 100 m MAGIS experiment at Fermilab.
The design, development, and assembly were accomplished in collaboration with Stanford and Northwestern
universities and Fermilab. The AION experiment has an opportunity to leverage the knowledge, experience and
design of the MAGIS phase-shear detection platform and adapt it for planned interferometers in the UK.

The phase-shear detection platform is an XHV chamber located at the bottom of the interferometers at
MAGIS-10, MAGIS-100 and AION, see Fig. 15, blue section. The platform's purpose is to house and control
the mirror that re ects the interferometry beam. This mirror's precise and fast angular control is achieved with
three in-vacuum piezoelectric transducer (PZT) actuators. Precision and speed are necessary for Coriolis force
compensation [21], which is a leading systematic, and for implementing the phase-shear detection method [23].
The mirror angle can be directly measured in two ways: strain gauge sensors attached to PZTs that measure
their extension, and by using light re ected o the back surface of the mirror into a position-sensitive detector.
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