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Novel quantum technologies and devices place unprecedented demands on the performance of exper-
imental components, while their widespread deployment beyond the laboratory necessitates increased
robustness and fast affordable production. We show how the use of additive manufacturing, together
with mathematical optimization techniques and innovative designs, allows the production of compact
lightweight components with greatly enhanced performance. We use such components to produce a
magneto-optical trap that captures approximately 2 × 108 rubidium atoms, employing for this purpose a
compact and highly stable device for spectroscopy and optical power distribution, optimized neodymium
magnet arrays for magnetic field generation, and a lightweight additively manufactured ultrahigh-vacuum
chamber. We show how the use of additive manufacturing enables substantial weight reduction and sta-
bility enhancement, while also illustrating the transferability of our approach to experiments and devices
across the quantum technology sector and beyond.
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I. INTRODUCTION

While the growing range of quantum technologies offers
great promise for both fundamental research [1–3] and
practical applications [4–10], their realization places ever
greater demands on component performance. In particular,
the production of portable quantum sensors [11–17] will
require compact lightweight components capable of oper-
ating in a range of harsh environmental conditions; com-
pactness, stability, and robustness will be critical for such
components and conventional laboratory-based systems
are not appropriate [18,19].

The rapid transition of quantum technologies from
research experiments to commercial devices also opens up
space for innovation and the use of unconventional imple-
mentations of known techniques. We show how additive
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manufacturing (AM), also known as three-dimensional
(3D) printing, can be used to create performance-
optimized components, unimpeded by the constraints of
conventional manufacturing methods, while at the same
time allowing quick and easy production of customized
components and thus greatly accelerating the prototyping
and testing of novel component designs. The approach is
generalizable to a wide range of experimental components
and will transform applications as diverse as miniatur-
ized optical devices, vacuum systems, and magnetic field
generation. Our work complements previous studies of
integrated laser sources [20–22] and miniaturized vac-
uum chambers [23] and expands preliminary studies of the
utility of additive manufacturing in the setting of quan-
tum technologies [24,25]. Specifically, we demonstrate a
new approach to experimental design in free-space optics,
where the overwhelming majority of the adjustable compo-
nents are eliminated and most of the optical elements are
mounted in a monolithic additively manufactured mount
within prealigned push-fit slots. This new approach offers
improvements in stability as well as significant reductions
in cost and in size, weight, and power (SWAP) consump-
tion. We apply this technique to create a stable mount for
an optically isolated laser source and a compact and highly
stable apparatus for optical power distribution and laser
frequency stabilization.
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The described components are combined with an AM
ultrahigh-vacuum chamber [26] to form a magneto-optical
trap (MOT), which captures 2 × 108 cold 85Rb atoms. The
MOT is the starting point for nearly all cold-atom-based
experiments and quantum technologies [27]. The magnetic
fields required for our MOT are produced using an array of
neodymium magnets in a custom-built AM mount, offer-
ing significant SWAP reductions over conventional MOT
coils. An optimization algorithm is developed to deter-
mine the placement of the permanent magnets in order to
accurately replicate the conventional anti-Helmholtz field
used in a MOT; the algorithm is transferable to the recre-
ation of other field structures. Our results demonstrate
the power of AM to directly implement the outcome of
an optimization process, without reference to traditional
manufacturing constraints. Measurements of the atomic
lifetime within the MOT are used to place an upper limit
on the background pressure in the AM vacuum chamber of
approximately 3 × 10−9 mbar. An overview of the MOT
system is given in Fig. 1.

The remainder of this paper is organized as follows. The
overall setup is explained in Sec. II, including a descrip-
tion of the laser sources used (Sec. II A), followed by a
discussion of the compact AM spectroscopy and power-
distribution system (Sec. II B). The placement of the
ferromagnets used for MOT field generation and the corre-
sponding optimization algorithm are described (Sec. II C)
and a brief overview of the AM vacuum chamber is given
(Sec. II D). The performance of the MOT is characterized
in Sec. III.

II. SYSTEM ARCHITECTURE AND
COMPONENTS

A. Laser sources

With the atomic structure of alkali metal atoms in
mind—in particular, 85Rb [see Figs. 5(a)–5(c)]—the typ-
ical roles of lasers employed for magneto-optical trapping
are used here [27]: “reference” and “repumper” lasers,
each frequency stabilized directly to an atomic transi-
tion via saturated absorption spectroscopy [28,29] and a
“cooler” laser that is stabilized at a fixed frequency offset
from the reference laser via an optical beat signal [30].

Figure 1, box A shows the distributed feedback lasers
(DFBs) used as our reference and repumper lasers; DFBs
are chosen for their stability, large mode-hop free tuning
range, and compact size. Specifically, an Eagleyard laser
diode is used with an output power of 80 mW at 780 nm.
Although this is sufficient to produce a MOT, a tapered
amplifier (Toptica TA-100, cooler laser), which provides
up to 1 W of output power, is also used to facilitate further
experiments and provides the “cooler” light for our MOT.
The DFB packages are encased in an AM mount with an
optical isolator (Isowave I-780-LM), as seen in Fig. 2. The
optical isolator has an external diameter of 4 mm and a
depth of approximately 2.9 mm. It is mounted inside an
AM ring with a small grip to facilitate adjusting the isola-
tion angle manually. The total weight of the laser ensemble
is only 51 g. After optimizing the isolation efficiency, the
isolator mount is secured in the DFB housing using epoxy
adhesive.

Laser 

drivers

Ion

pump

DFB

Chamber

Magnets

CSPD

Rb dispenser

To beat

lock

DFB

Power

supply
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C
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FIG. 1. An overview of the com-
plete setup, showing 3D-printed
and optimized components in the
areas marked with dashed boxes
A, B, and C. A indicates the
distributed feedback lasers (DFBs)
used as master light sources, B
indicates the compact spectroscopy
and power-distribution (CSPD)
apparatus, and C indicates the
trapping apparatus including the
AM UHV chamber, the optimized
permanent-magnet arrays, and
a set of self-aligning AM fiber
outcoupler mounts. The setup
takes up a volume of 0.15 m3 and
the custom parts indicated have a
cumulative mass of 3.2 kg.
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10 mm

FIG. 2. A photograph of a butterfly-packaged DFB laser and
optical isolator (indicated with the dashed rectangle) in an AM
mount. Note how the DFB laser module is mounted such that the
original base plate remains exposed to the air, to facilitate passive
cooling.

Figure 2 shows the physical implementation of the cor-
responding systems. The AM mount leaves the back plane
of the laser package exposed to the air in order to facili-
tate passive heat sinking. This is sufficient to regulate the
temperature of the laser module during normal operation.

The polymer casing surrounding these systems and
holding the various components in place is produced from
photopolymer resin (Formlabs “Rigid Resin”) via stere-
olithographic additive manufacturing (SLA) [31]. SLA
allows a customized mount to be produced to meet the
component and alignment requirements of the user. Once
the casing is printed, the components simply slot into
position, reducing the need for user alignment. The pho-
topolymer resin offers a good balance between weight
and thermal and/or mechanical stability (for more details,
see Appendix A). The completed reference and repumper
source assemblies both provide output powers of 42 mW,

consistent with 80 mW output power from the DFBs and
2.8 dB losses in the isolators when used optimally. The
40 mW of optical power dissipated in the isolators is
much less than the (> 700 mW) electrical power dissipated
in the diode module and does not necessitate additional
heat-sinking measures. The DFB lasers are powered using
the Koheron DRV200-A-200 compact driver board, which
provides diode currents of up to 200 mA and allows current
modulation at up to 6 MHz.

B. Laser spectroscopy and optical power distribution

To enhance laser stability, all of the optics required for
laser stabilization via vapor-cell spectroscopy [28] and
optical beat locking [30,32], as well as those needed to
distribute the optical power of the cooler and repumper
lasers appropriately between the MOT beams, are secured
in a custom-designed optics mount with few adjustable
elements. This mount, designated the “compact spec-
troscopy and power-distribution” (CSPD) apparatus, uses
fixed beam paths and prealigned components (via push
fitting into specially designed slots in the AM mount)
to eliminate the need for adjustment screws or tunable
mirror-mounts. The result is a robust and stable setup
[see Fig. 1, box B]. Like the laser mounts, the CSPD is
manufactured from Formlabs “Rigid Resin” via an SLA
process. The CSPD is shown in Fig. 3 and has dimen-
sions of 128 × 103 × 12 mm, and a mass of 84 g. “Rigid
Resin” is selected as its build material based on a thorough
assessment of the physical properties of the available build
materials (for more details, see Appendix A). The CSPD
design uses the fewest optical elements possible, in order
to enhance stability and reduce cost and SWAP.

To improve stability, the optical beam paths in the CSPD
are kept as short as possible and the number of reflections

(a)

(c)
(d)

(b)

FIG. 3. The CSPD apparatus. (a) A 3D render of the mount. The holes that can be used as fiber inputs or outputs are indicated.
(b) A photograph of the CSPD with optics, a reference cell, and fibers adhered to the appropriate positions. (c),(d) Close-ups of the
wave-plate and beam-splitter slots. The rounded recesses on the edges and corners prevent scuffing of the optically active surfaces and
improve push fit alignment accuracy, respectively.
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undergone by each beam is also minimized. Each beam
that is fiber coupled for transmission to the MOT under-
goes a maximum of two reflections in this arrangement,
as does each of the two beams combined to produce the
optical beat signal. The maximum path length for any of
these beams is 120 mm. The (less alignment-sensitive)
saturated absorption spectroscopy beams each undergo
four reflections, with a maximum optical path length of
290 mm.

To illustrate the importance of this, consider the follow-
ing simple model of a beam path subject to experimental
imperfections. The expected positional deviation of a beam
from its target at the end of an optical beam path is given by

�r =
[∑

i

(2�φLi)
2

]1/2

, (1)

where the sum is taken over all reflective components in
the beam path, which are all assumed to have independent
alignment inaccuracies of magnitude �φ. The values of Li
are the remaining path lengths between each component
and the end of the optical beam path and we apply the
small-angle approximation tan θ ≈ θ . We can now com-
pare the CSPD with a more conventional setup. In the
CSPD, prior to fiber coupling, the cooler beam under-
goes two reflections with L1 = 30 mm and L2 = 90 mm,
yielding �r = 190�φ mm. By contrast, a more conven-
tional system might involve, say, ten reflective compo-
nents, roughly equally spaced along a 1-m path length. In
this case, we find that �r = 3920�φ mm, more than 20
times the equivalent value for the CSPD.

Each of the optics slots within the CSPD is designed
to leave clearance in the center of the optical compo-
nent; this prevents direct contact between the mount and
the central part of the optical element on which the beam
impinges, thus ensuring that device performance is not
degraded by scuffing of the optical surfaces when com-
ponents are inserted. Slots for cube beam splitters have
rounded recesses in each corner (similar to an undercut)
[see Fig. 3(c)]. This improves the accuracy of the push-fit
alignment by ensuring that cube position and/or orientation
is controlled via extended contact with defined flat surfaces
that can be built accurately using the SLA process. This is
important because AM methods are not well suited to pro-
ducing sharp internal features, such as the corners of the
beam-splitter slots. The wave-plate slots are designed to
facilitate smooth rotation of the wave plates via a friction
contact with the exposed upper rim of the plate. For stable
long-term operation, the wave plates can be secured at a
fixed angle using epoxy adhesive.

No special equipment or methodology is required for
component installation: the optics are simply manually
pushed into the designated slots and then secured with
adhesive if required. Additional voids (that do not hold
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FIG. 4. A schematic of the optics layout in the CSPD and how
each input laser beam is directed through it. The purple beams
represent reference light, the orange beams cooler light, and the
green beams repumper light.

optics) are also built into the design of the CSPD, as seen in
Fig. 3. These reduce the weight of the CSPD and decrease
the amount of heat buildup within the structure during the
additive manufacturing process, thus preventing warping
of the frame.

The layout of the optics and optical paths within the
CSPD are designed to minimize the number of optical
components required. A schematic of the beam paths used
in the CSPD is shown in Fig. 4. The cooler beam first
passes through a half-wave plate that controls the distri-
bution of the power between the MOT beams and the
spectroscopy setup, which happens at the polarizing beam
splitter marked “1.” The reflected component is divided
among the three output fiber couplers that provide the
MOT beams. This happens at the two nonpolarizing beam
splitters immediately to the right of polarizing beam split-
ter “1.” The first of these has a transmission-to-reflection
ratio of 67:33, while the second splits the power 50:50.
The repumper beam also reaches polarizing beam splitter
“1” via a wave plate to control power distribution. In this
case, the transmitted polarization component is distributed
among the MOT beams.

The reflected component of the repumper beam and
the transmitted component of the cooler beam then pass
through a half-wave plate with its fast axis fixed at 45◦ rel-
ative to the polarizing beam splitters. Thus, when they are
combined with the reference beam at polarizing beam split-
ter “2,” the cooler light is reflected and the repumper light
transmitted. The component of the reference light trans-
mitted at beam splitter “2” is mixed with the cooler light
on the same pathway by the polarizing filter, fixed with its
transmitted polarization axis at 45◦ relative to the polar-
izing beam splitters, such that an optical beat signal can
be produced on photodiode “A.” This is used to stabilize
the frequency difference between the cooler and reference
lasers via feedback to the diode current of the cooler laser.
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This leaves the repumper light transmitted at beam split-
ter “2” and the component of the reference light reflected
at beam splitter “2.” These enter what is a conventional
saturated-absorption-spectroscopy setup for one laser—the
difference here is that two beams overlap on the same spa-
tial path in orthogonal polarizations. After re-emerging
from the spectroscopy setup, they are ultimately sepa-
rated onto their respective photodiodes by the polarizing
beam splitter “3.” To generate an error signal suitable for
feedback stabilization of the laser frequencies, the laser
currents are sinusoidally modulated and the modulation
signals are combined with the photodiode outputs using
analog multipliers—a standard practice in laser stabiliza-
tion [33].

By sharing the same spatial path in the vapor cell, the
reference and repumper beams influence each other’s spec-
troscopy signals via optical pumping effects [34]. Provided
that both lasers are to be stabilized simultaneously, this
does not prove detrimental to the operation of the device
but, rather, increases the strength of the locking signals
(for more details, see Appendix C). The design of the
CSPD allows fixed-focus fiber collimators to be inserted
directly into the fiber access ports (see Fig. 3) and fixed
in place using epoxy once aligned. However, the stability
of standard fiber-optic connectors is found to be insuf-
ficient to allow long-term operation without adjustable
components. This could be fixed by a custom fiber mount.
In principle, this device can be extended to unite the
laser source housing with the power-distribution and spec-
troscopy optics, thus eliminating the need for any external
optics (or an associated baseplate/breadboard) and provid-
ing all of the light-generation requirements for a MOT in a
single stand-alone fiber-coupled device.

1. Thermal stability and resistance tests

Temperature fluctuations are a major source of drifts in
optical alignment, even in a temperature-stabilized labora-
tory environment; outside the laboratory, these problems
become much more significant. To test the thermal stabil-
ity of the CSPD, the environmental temperature is adjusted
between 288 and 298 K, while monitoring key parameters
of the system.

Figure 5(d) shows the error signal generated for feed-
back stabilization of the reference laser frequency at a
range of environmental temperatures within this window.
Note that the results for different temperatures are inten-
tionally offset relative to one another to improve visibility.
It can be seen from the figure that the overall form of the
signal is unaffected by beam misalignment due to tempera-
ture variations; it remains appropriate for laser stabilization
over the entire temperature window. The change in signal
amplitude occurs due to an increased vapor pressure in the
reference cell at higher temperatures.

One experimental parameter that is extremely sensi-
tive to beam misalignment is the coupling efficiency of
light into optical fibers. The optical power coupled into
the fibers at the outputs of the CSPD is monitored and
only 10% power variation is observed over the entire
10 K temperature window, with a maximum relative
power variation coefficient of 0.02 K−1. This result rep-
resents a significant advance over standard laboratory
optics and optomechanics, where typically a change of
approximately 1 K can lead to a complete coupling loss,
and is comparable to results obtained with much heavier
and more costly systems built out of materials specif-
ically selected for thermal stability, such as Invar and
Zerodur [35].

Relative frequency (MHz)

Relative frequency (MHz)

Relative frequency (MHz)

(a) (b)

(c)

(d)

FIG. 5. (a) The laser locking frequencies relative to 85Rb D2 transitions and the corresponding saturated absorption spectroscopy
features of the (b) cooler and (c) repumper beams. (d) The spectroscopic error signal for the cooler laser (see text for details). The
form of the signal can be seen to remain consistent and appropriate for feedback stabilization of the laser frequency despite substantial
variations in environmental temperature. Note that vertical offsets of −0.1, −0.05, 0, 0.05, 0.1, and 0.15 V are added to the displayed
signals (in order of increasing temperature, respectively), to improve visibility.
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The design concept behind the CSPD, i.e., the use of
a monolithic additively manufactured optics mount as a
replacement for conventional optomechanics, is general-
izable to almost any desired arrangement of free-space
optics. Our results show that this approach offers major
advantages in terms of compactness, stability, cost, and
assembly time. Further work in this area may lead to the
establishment of a new paradigm for experimental design
with free-space optics.

C. Magnetic field generation

The efficient creation of a linear MOT field, prioritizing
both field fidelity and power consumption, is an impor-
tant consideration for a portable apparatus. In conven-
tional systems, the required fields are generated by coils
drawing many watts of power. The apparatus developed
here instead utilizes an array of ferromagnets to generate
MOT-suitable magnetic fields, thus eliminating the power
consumption of the coils entirely. This technique has not
traditionally been employed for SWAP reduction because
many experiments require the magnetic fields to be briefly
extinguished following the collection of an atomic cloud.
However, we show that even in such cases, it is still possi-
ble to augment MOT coils with permanent-magnet arrays
and that doing so reduces time-averaged power consump-
tion by a factor of 1/(1 − TM ), where TM is the fraction of
the experimental cycle time for which the magnetic field
should be present (for full details, see Appendix D).

In order to open up these experimental possibilities, it is
necessary to design a ferromagnetic array that produces the
same field distribution as conventional MOT coils. This
can be done via well-established numerical optimization
methods [36] and computer-science algorithms [37] allow-
ing the optimal placement of ferromagnets to be deter-
mined a priori for any given apparatus, thereby greatly
reducing testing and manufacturing times. Neodymium
magnets are manufactured in a variety of standardized
shapes and strengths. This makes them an ideal choice
for an optimization algorithm designed to determine the
optimal placement of a set of magnetized defined volume
elements (voxels) on a predetermined initial grid to create a
required field profile, allowing multiple magnet configura-
tions to be designed and tested to establish their suitability
before manufacture. Such algorithms are frequently used
in the context of magnetic resonance imaging (MRI) [38]
in the process of shimming, which employs optimization
algorithms to inform the placement of permanent magnets
or current carrying wires to remove unwanted spherical-
harmonic contributions in a given region. These techniques
for passive shimming [39] are exploited in the design of
the ferromagnet array. A voxel of volume dV, magnetized
entirely along the z axis with strength Mz, at a position
Q = (ρ,α,ψ), produces a scalar potential at a position

P = (r, θ ,φ) given by

� = −dVMz

4πρ2

∞∑
n=0

n∑
m=0

εm
(n − m + 1)!
(n + m)!

Pm
n+1

× (cosα)
(

r
ρ

)n

Pm
n (cos θ) cos[m(φ − ψ)], (2)

where Pm
n are the associated Legendre polynomials and εm

is the Neumann factor, defined as εm=0 = 1 and εm>0 = 2.
This can be related to the magnetic fields by B = −∇�.
From this, a matrix equation can be formed relating the
spherical-harmonic contributions from each voxel (out of
a total of N voxels) and its magnetization to the required
overall spherical harmonics:

⎛
⎜⎝

A(z,1) (1, 0) . . . A(z,N ) (1, 0)
...

. . .
...

A(z,1) (nmax, mmax) . . . A(z,N ) (nmax, mmax)

⎞
⎟⎠

×

⎛
⎜⎝

m1
...

mN

⎞
⎟⎠ =

⎛
⎜⎝

bz (1, 0)
...

bz (nmax, mmax)

⎞
⎟⎠ . (3)

Here, the matrix contains A(z,i) (n, m), the contribution
from the ith voxel to the n, m spherical-harmonic mode to
the magnetic field in the z direction. This is then multi-
plied by the vector containing the magnetization of each
voxel, mi, to be optimized. The elements of this vector can
take values of either mi = 1, for the magnetization directed
entirely along positive z, mi = −1, for the magnetization
directed entirely along negative z, or mi = 0 for no mag-
netic material required. The result of the matrix expression
in Eq. (3) is the vector of total contributions from each
(n, m) spherical-harmonic mode, bz(n, m), which are set
by the user to constrain the optimization. All that remains,
therefore, is to define the b elements. The magnetic field for
a MOT is well described by first-order spherical harmon-
ics; therefore, these can be targeted to produce the required
linear fields. In theory, this technique could be expanded to
any required field, provided that it can be decomposed into
spherical-harmonic components. This is then similar to the
standard form of a linear optimization problem [37], as uti-
lized previously in Ref. [40]. Thus, the method employs
the spherical-harmonic decomposition from the process of
shimming to produce a linear optimization problem to con-
strain the field to the desired form. This is then combined
with an optimization function that seeks to maximize the
contribution of the magnet strength to the field, resulting in
a final placement of magnets, which produces the desired
field while acting to reduce the required Mz.

The voxels are then defined as an assortment of read-
ily available premanufactured neodymium magnets. The
chosen magnets can form initial placement grids tailored
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FIG. 6. A 3D model of the vacuum chamber seen in Fig. 1,
without the lattice structure. The blue rings attached to the top
and bottom of the chamber represent the permanent-magnet
arrays.

to the experimental apparatus, based on their individual
sizes and the required spacing between voxels (see Fig. 7).
Application of the optimization method then determines
the required magnetization, mi, of each voxel and therefore
the required positions and orientations of the magnets. For
this specific setup, the initial grids are designed to allow
optical access, though in theory any distribution of voxels
could be defined. Examples of initial and optimized grids
are shown in Fig. 7. Figure 7(a) shows the initial grid for
cylindrical voxels of radius 6 mm and depth 3 mm, while
Fig. 7(b) illustrates the initial grid for cylindrical voxels
of radius 6 mm and depth 6 mm. The optimized struc-
tures for each case are then shown in Figs. 7(c) and 7(d),
respectively.

The design shown in Fig. 7(d) is chosen for
the magnetic-field-generating structure, utilizing N42-
strength-grade neodymium magnets, and AM polymer
mounts to position the magnets. The choice of final design
is based on both the fidelity of the resulting field struc-
ture and the practical consideration that this design allows
the magnet rings to be centered to the CF40 view ports
on the vacuum system via a simple push-fit mechanism,
thus reducing the likelihood of any misalignment. The
rapid prototyping provided by AM methods allows swift
manufacture and application to the experiment.

The resulting fields, calculated using the derivatives of
Eq. (2) for the optimized magnet arrangement, are com-
pared to the target field and experimentally measured fields
in Fig. 8. Figure 8(a) illustrates good agreement between
the target field and the numerically calculated field pro-
duced by the optimized structure of Fig. 7(d), for the Bx
and Bz components along the x and z axes, respectively.
Figure 8(b) then illustrates the agreement between the field
formed by one ring (measured experimentally using a Hall-
probe system) and the fields produced by the same ring
calculated numerically. Figure 8(b) shows good agreement
between the numerically calculated and experimentally
obtained fields; the error bars represent a combination of
the uncertainties in sensor calibration and alignment. Thus,
the algorithm provides a powerful method of determining
a magnetic structure tailored to a given apparatus, which is
capable of producing a wide variety of fields accurately.

D. Vacuum system

The central component of the vacuum system is an
additively manufactured octagonal chamber carrying eight
CF16 ports and two CF40 ports, as shown in Fig. 6.
This chamber and its production are fully described in

(a) (b)

(c) (d)

O
pt

im
iz

ed
 g

ri
ds

In
iti

al
 g

ri
ds

FIG. 7. Grids of the possible posi-
tions for two different types of mag-
netized voxels: (a) diameter of 6 mm
and depth of 3 mm; (b) diameter of 6
mm and depth of 6 mm. The optimized
arrangements to produce a MOT field
are shown in (c) and (d) for the initial
grids of (a) and (b), respectively. The
geometry in (d) is used as a basis for
the magnet rings shown in Fig. 6, as the
increased distance between the rings
and the trapping region is necessary to
accommodate the vacuum chamber.
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(a) (b)

FIG. 8. (a) A graph showing the similarities between the numerically calculated fields produced by the optimized magnet structure
(circles and squares) of Fig. 7(d) and target magnetic fields (lines) for Bx along the x direction (blue) and Bz along the z direction (red).
(b) A comparison between the numerically calculated and the experimentally measured axial magnetic field components produced by
a single ring of magnetic voxels, along the axis of the ring, versus the distance from the ring (see text for details).

Ref. [26]; here, we give a brief summary. The mass of
the chamber (excluding externally attached components) is
245 g, considerably less than that of equivalent commercial
chambers, which typically weigh approximately 1 kg. The
chamber is additively manufactured from the aluminum
alloy AlSi10Mg by a selective laser-melting process
[41–43]. The choice of build material, and latticing of large
regions of the structure to decrease the volume of solid
material while preserving mechanical strength, are jointly
responsible for the greatly reduced chamber mass.

Attached to this central chamber for demonstration
purposes are standard vacuum components, including a
hybrid ion-nonevaporable getter pump (NEXTorr D100-
5), a valve for roughing and turbopumping of the chamber,
and Rb dispensers (SAES Getters). An important long-
term vision is the gradual elimination of the standard
vacuum components and reaching a full additive manufac-
ture of the entire system as a single optimized lightweight
component. The consolidation of multiple modular com-
ponents into one customized vacuum vessel will eliminate
most of the vacuum joints present in a conventional sys-
tem, improving stability while further reducing the cost
and the SWAP parameters.

The system is baked at 393 K for 5 days, following
which a pressure of<10−10 mbar is achieved, as measured
via the ion pump current.

III. MAGNETO-OPTICAL TRAPPING

The components described above are used to produce
a magneto-optical trap (MOT), capturing up to 2.5 ×
108 85Rb atoms.

The light used to form the MOT consists of three retrore-
flected laser beams produced by the DFB laser systems and
tapered amplifier. The cooler and the repumper beams are

equally distributed via the CSPD into three optical fibers
that deliver the light to the chamber. Each MOT beam con-
tains 15 mW of cooler light and 4.5 mW of repumper light,
with a beam diameter of 1.2 cm. The maximum total inten-
sity of the six beams is approximately 40 mW/cm2. The
MOT is generated in a magnetic field gradient of 12 G/cm
provided by the ferromagnet array.

A. Atom-number measurement and pressure limit
determination

For an estimate of the atom number, fluorescence light
from the trapped atoms is collected onto a photodiode
using a planoconvex lens (for details, see Appendix E).

Figure 10 shows MOT loading curves obtained for var-
ious values of the Rb dispenser current from 2.20 to 2.75
A. The loading curves enable a direct measurement of the
pressure in the trapping region under certain conditions
[44,45]. For each loading curve, the atom number with

FIG. 9. The fluorescence image of the cloud of cold 85Rb
atoms captured by our MOT, which is produced using the
optimized components described herein.
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FIG. 10. MOT loading curves based on fluorescence data for
various values of the Rb dispenser current. The colored lines
show raw data and the black lines are fits to the data based on
Eq. (4).

respect to time, N , is fitted to the form

N (t) = R
L
(1 − e−Lt), (4)

where the loading rate R and the single-body loss rate L are
used as free parameters.

This description neglects two-body and higher-order
loss processes and is therefore only valid in the limit of
low density of trapped atoms. In order to remain in this
limit, the loading profile taken with the lowest dispenser
current (2.2 A) is used to determine an upper limit on our
background pressure.

A fit to this loading profile, according to Eq. (4), is
shown in Fig. 10. The extracted single-body loss rate
is L = (0.0834 ± 0.0003 s−1). This single-body loss rate
is the total loss rate resulting from collisions with all
thermal background-gas species present, including ther-
mal Rb atoms. A pressure estimate based on this figure
therefore represents the overall pressure in the trapping
region, including the contribution from the intentionally
introduced Rb atoms. Since our measurements cannot dis-
tinguish the different partial pressures of individual back-
ground species, our result represents an upper limit on the
pressure of unwanted gas species, rather than a direct mea-
surement of it. The resulting pressure estimate depends on
the assumed composition of the residual background gas.
The loss coefficients per unit pressure for various com-
mon background gases have been measured in Ref. [44].
We use these coefficients to estimate the upper bound on
the pressure in the trapping region under the assumption
of various different dominant background-gas species. The
results are displayed in Table I. The background gas is
most likely a mixture of the species listed, placing the
resulting pressure limit somewhere within the range of
values presented. These results represent an upper limit

TABLE I. Estimated pressures in the MOT trapping region
under the assumption that the background gas consists primar-
ily of the species indicated, corresponding to an upper limit on
the non-Rb pressure.

Species Pressure (×10−9 mbar)

H2 2.27 (±0.01)
He 4.45 (±0.02)
N2 4.27 (±0.02)

on the pressure of non-Rb species in the chamber and
are therefore consistent with the results of the ion-pump-
current readings. While the pressure limit imposed by this
measurement is much less stringent than that obtained via
the ion-pump-current reading, it nevertheless represents an
independent confirmation that the pressure is far into the
high-vacuum regime. The result is particularly relevant
for the future use of printed vessels in quantum tech-
nologies, opening the door for future highly complex and
compact printed chambers with designs not realizable by
conventional methods.

IV. CONCLUSION

We demonstrate a fundamentally new approach to
experimental component design that exploits the poten-
tial of AM techniques to offer greatly improved perfor-
mance. AM allows direct implementation of simulation
results and optimization processes. Our results illustrate
the remarkable potential of AM to facilitate experimental
research in all areas currently relying on free-space optics,
tailored magnetic fields, or high vacuum apparatus. The
demonstrated techniques enable rapid prototyping along-
side improvements in stability and substantial reductions
in cost and SWAP parameters—many component weights
are reduced by 70%–90% compared to standard equiv-
alents. One important area of application is the field of
cold-atom experiments and portable quantum technologies
based on magneto-optical trapping. AM components will
allow widespread use of these technologies, including in
field applications and space-borne experiments.

The use of AM to produce these components opens
many future avenues of research. Optimum thermome-
chanical performance can be achieved via the freedom
AM offers when considering material distribution; for
example, enabling the use of variable-density latticing
[46,47]—optical frameworks such as the CSPD could be
designed so that thermal expansion has a minimal effect
on the key alignment variables of the components. Lat-
tice structures can also, in principle, be designed to iso-
late or damp specific frequencies of mechanical vibration
[48]; this will be a useful feature in many experiments,
as there are generally specific narrow frequency ranges
within which an experiment or device is most sensitive to
environmental noise.
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For AM vacuum apparatus, one promising avenue is
part consolidation, in which a substantial part of a cus-
tom vacuum system could be printed as a single piece.
This eliminates the overwhelming majority of the vacuum
joints, further reducing the SWAP parameters, increasing
the mechanical stability, and reducing the susceptibility of
the system to leaks. Another option is to exploit AM to
produce high-surface area elements such as small-scale lat-
tices or fractal surfaces. These could be coated in reactive
materials to produce enhanced getter pumps for passive
pumping in portable devices.

Our demonstrated design of customized ferromagnetic
arrays paves the way for progress beyond the standard
magnetic field distribution used for magneto-optical trap-
ping; systematically tailored magnetic field shapes can
be produced in order to optimize selected experimental
parameters, such as the total atom number or loading rate.

While AM techniques have only just started to be used
in the context of quantum technologies, they hold the
promise of providing a clear pathway for miniaturization
and expanded functionality.
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APPENDIX A: MATERIAL SELECTION

Different 3D printing materials are tested to ensure
their relevance and compatibility with the optical systems.
Formlabs “Rigid Resin” is chosen as the build material for
the DFB housing, lens tubes mounts, and CSPD on the
basis of its low coefficient of thermal expansion and high
elastic modulus, which offer improved alignment stability
when compared to alternative build materials. Table II
details physical and thermal properties of the selection of

build materials considered. The material from which our
system parts are 3D printed, “Rigid Resin,” is shaded in
gray [49].

APPENDIX B: SYSTEM COMPONENTS AND
COSTINGS

Table III gives a list of the parts used in the con-
struction of the key experimental components described
in the main text and their costs from commercial sup-
pliers. It should be noted that although we give specific
manufacturers and part numbers for many components,
equivalent products are available from a range of suppliers
with comparable cost and performance. Many compo-
nents, such as the beam-splitter cubes and wave plates,
come in standard sizes, thus enabling components from
multiple manufacturers to be used within the same AM
frame.

APPENDIX C: OPTICAL PUMPING EFFECTS

As described in Sec. II B of the main text, the use of
overlapping repumper and reference beams in the spec-
troscopy cell of the CSPD results in a modification of the
spectroscopy signals. This means that accurate frequency
stabilization for either laser requires both lasers to be fre-
quency stabilized. However, it also enhances the amplitude
of the spectroscopic and stabilization signals generated by
the CSPD, improving the signal-to-noise ratio and conse-
quently enabling more stable locking—particularly for the
repumper laser. Figure 11 shows the “error signals” used
for feedback stabilization of the laser frequencies, gener-
ated by modulating the laser current and then combining
the spectroscopic and current modulation signals via an
analog multiplier. The amplitude enhancement resulting
from the presence of the second laser on the same spatial
path can clearly be seen in each case and results in more
pronounced locking signals and steeper lock points.

TABLE II. The physical and thermal properties of commonly used materials, as well as candidate AM build materials for the CSPD
[50–52], spaced by a thick line.

Material Supplier
Elastic

modulus (GPa)

Glass transition
temperature

(◦C)

Thermal expansion
coefficient, α
[(μm/m)/◦C] Reference(s)

Austenitic stainless steel 215.3 14.1 [53]
Aluminum 70.3 23.1 [53]
Borosilicate crown glass (BK7) 71.3 570 [54] 7–8 [53]
Polycarbonate (PC) Ultimaker 2.13 147 69 [55–58]
Polylactic acid (PLA) Ultimaker 2.35 60 68 [55,56]
Acrylonitrile butadiene styrene (ABS) Ultimaker 1.62 105 90 [55–58]
Copolyester (CPE) Ultimaker 1.54 82 70 [55,56]
Photopolymer (rigid) resin (white) Formlabs 4.1 88 (heat deflection) 53 [59]
Photopolymer (tough) resin (green) Formlabs 2.7 45 (heat deflection) 119.4 [60]
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TABLE III. The component parts required for construction of the key experimental systems and approximate costs. Some compo-
nents are optional or variable depending on the performance required by the user; these are indicated in the table. Material costs for
the AM frames are omitted as these are negligible compared to the cost of the optics used to populate them.

Part Subpart Supplier and part number Cost (GBP)

Auxiliary CSPD components Mirrors & mounts Thorlabs 420
Fibres & outcouplers Thorlabs 1700

Core CSPD components Polarizing beam-splitter Thorlabs PBS122 465
cube (×3)

Nonpolarizing beam-splitter Thorlabs BS005 290
cube (×2)

Nonpolarizing beam- Thorlabs BS053 145
splitter cube 70:30

Half-wave plate (one essential, Lens Optics (custom order) ∼ 150 (each)
up to nine can be used)

Linear polarizer Thorlabs LPNIRE050-B 70
Mirror Thorlabs BB05-E03 40

Aspheric lens Thorlabs C220TMD-B 60
Rb vapor-cell Photonics technologies ∼ 400
Photodiodes Thorlabs FD11A, FDS100 60 (total)

and/or FDS015

DFB source module (each) DFB butterfly package Eagleyard EYP-DFB-0780-00080- 2300
1500-BFW01-0002

Optical isolator Isowave I-780-LM 220

Magnet ring assembly Neodymium magnets Bunting E-magnets ∼ 20

APPENDIX D: HYBRID MAGNETIC FIELD
GENERATION—DETAILED DERIVATION

In Sec. II C of the main text, we claim that augmentation
of coils with permanent magnets can reduce the time-
averaged power requirements for magnetic field generation
by a factor equal to 1/(1 − TM ) compared to using coils
alone, where TM is the fraction of the experimental cycle
time for which the magnetic field must be active. Here,
we provide a full derivation of this result. The strength
of the magnetic field generated by a coil is proportional

to the current through it, I , while the power dissipated
in that coil is equal to I 2R, where R is the resistance of
the coil. We neglect inductive effects because in practice
experimental cycle times are usually sufficiently long to
make them negligible as a source of power consumption,
while from a purely theoretical perspective they do not
necessarily have to result in a net energy loss from an
appropriately designed system. It follows that the power
dissipation in a set of coils is equal to RI 2 and hence also
to CB2, where B is a scalar proportional to the magnetic

E
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FIG. 11. The error signals resulting from saturated absorption spectroscopy (with laser current modulation and phase-sensitive
detection) of (a) the 85Rb D2 line |F = 2〉 → |F = 1, 2, 3〉 “repumper” transition and (b) the 85Rb |F = 3〉 → |F = 2, 3, 4〉 “reference”
transition. The red curves represent the signals generated when only the laser performing the spectroscopy is present in the vapor cell,
while the blue lines represent the signals obtained when a beam resonant with the other transition spatially overlapped with this
beam in the same vapor cell. As can be seen from the figures, optical pumping effects result in an enhancement of the error signal
amplitude—particularly for the laser addressing the repumper transition.
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field strength produced by the coils and C is a constant
coefficient dependent on the exact system parameters.

Let us now define a fraction, F , of the required magnetic
field that is to be produced by a ferromagnetic array, with
the remaining fraction, 1 − F , being produced by coils. We
assume that the fields are of the same form and consider
only their relative magnitudes. The power consumption
while the field is to be on is now equal to C(1 − F)2B2.
However, while the field is required to be off, the coils must
be used to cancel the field component of the permanent
magnets by running current in the opposite direction. The
power consumption for this process is clearly now equal to
CF2B2.

We now define the fraction of the experimental cycle
for which the MOT fields are to be active as TM . From
this, we see that the time-averaged power consumption P
is given by

P = TM C(1 − F)2B2 + C(1 − TM )F2B2. (D1)

In order to find the value of F that minimizes the time-
averaged power consumption, we set the first derivative of
P with respect to F equal to zero. This gives

CB2[−2TM (1 − F)+ 2F(1 − TM )] = 0, (D2)

the solution to which is F = TM .
Using a standard approach where the entire required

field is generated by the coils, the time-averaged power
consumption would simply be equal to TM CB2. Setting
F = TM in Eq. (D1) and dividing through by this value, we
find that the use of permanent magnets to create part of the
MOT field reduces the time-averaged power consumption
by a factor of 1/(1 − TM ).

APPENDIX E: ATOM-NUMBER ESTIMATION

The MOT atom number N is calculated from the photo-
diode voltage VPD using

N = 4πλαVPD

hc�γscs
, (E1)

where N is the number of atoms, λ represents the wave-
length of the emitted photons, α is the magnification factor
of the lenses used to capture the MOT fluorescence, and
� is the solid angle subtended by the photodetector, such
that the effective solid angle from which light is collected
is equal to�/α, The term VPD denotes the amplitude of the
voltage signal of the photodiode as measured on the oscil-
loscope, γsc denotes the photon scattering rate of the MOT
atoms (which can be approximated as saturated by the illu-
mination of the MOT beams, and is therefore equal to half
of the spontaneous decay rate of the excited state), and s is
the sensitivity of the photodiode to 780-nm light (in volts

per watt, including the postamplification circuit). The load-
ing curves (see Fig. 10 in the main paper) are obtained for
various values of the Rb dispenser current ranging from
2.20 A (the minimum current value at which an atomic
cloud can be formed) to 2.75 A.
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