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ABSTRACT

Compact, customizable, non-magnetic vacuum systems are a key requirement for many field applications of quantum technology based on
cold atoms. We report on the development and construction of a compact, low-cost ultrahigh vacuum compatible cell using the glass-
ceramic MACOR. The cell offers a CF flange connection to commercial vacuum technology, as well as high numerical aperture viewports for
precise optical measurements. The presented technology shows stable vacuum pressures of <1� 10�10 mbar for more than a year since the
implementation into the vacuum system of a quantum gas experiment, further proving suitability for general quantum technology
applications.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0317325

Precise manipulation of long-lived atomic states, void of any
external or thermal perturbation, is a key requirement for most mod-
ern quantum technology applications.1–5 While laser cooling can
already minimize the effects of thermal dephasing and decoherence,
any further environmental factors are usually dealt with by placing the
experimental subject under ultrahigh vacuum conditions. These vac-
uum systems usually consist of metal-based chambers (made from,
e.g., titanium, aluminum, or stainless steel), where glass windows are
used as viewports. While this is arguably one of the cheaper options,
the bulky nature of metal to metal connections limits the optical access,
especially in applications like optical tweezers and microscopy, where
the numerical aperture of optical systems needs to be as high as possi-
ble to achieve sub-lm precision.6 Additionally, the magnitude of para-
sitic eddy currents on the steel surface is often hard to predict and
rather complicated to completely eliminate. The development of
UHV-suitable bonding methods between glass and metal made solu-
tions to these problems commercially available7–9 by employing pure
glass cells as the main scientific vacuum chamber. These chambers
excel in the aforementioned parameters while also contributing to
minimizing the SWaP-budget (size, weight, and power consumption),
which is the main design driver in most modern quantum applica-
tions. While being the optimal solution for most experiments with
cold atoms, the downsides to this vacuum technology are the limited

availability, the rather high price tag, especially when custom geome-
tries are involved, and technical challenges in achieving a double sided
AR-coating inside and outside of the vacuum system. Other commer-
cial material platforms, such as ceramic-based technologies,10–12 are
available in industrial UHV contexts but are in general not tailored
toward flexible laboratory-scale realizations of customizable science
cells. Furthermore, such technologies are typically focused either on
the realization of ceramic–metal interfaces or on permanently sealed
vacuum assemblies, and do not include the integration of optical view-
ports required for quantum applications. Consequently, several recent
academic approaches have explored alternative materials and fabrica-
tion strategies for compact UHV chambers. Notable examples include
brazing sapphire or fused silica windows into titanium frames,13,14

additively manufactured metal vacuum chambers,15 and ceramic-based
systems such as sintered alumina chambers with bonded windows.16

While these approaches demonstrate excellent vacuum performance or
increased geometric flexibility, they generally require specialized fabri-
cation infrastructure and, in some cases, extensive post-processing to
achieve UHV compatibility.

In contrast, the present work focuses on a low-cost, easily
machinable glass-ceramic body with adhesive-based bonding techni-
ques, enabling customizable UHV-compatible science cell manufactur-
ing while minimizing fabrication complexity. As a material of choice,
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we choose the glass-ceramic MACOR,17 which is relatively low-cost,
easy to machine, and lightweight. Due to its great machinability,
MACOR can be processed using standard CNC equipment commonly
employed for metals, which substantially reduces fabrication effort. Its
intrinsic properties of being non-magnetic and electrically isolating
reduce interactions with external electric and magnetic fields to a mini-
mum. To be able to realize a complete UHV-system, we developed
procedures to connect and seal the MACOR chamber to a conven-
tional metal-based flange, as well as seal UV fused silica windows to
the chamber. Suitability of the technology is proven by building a
UHV cell (science cell) out of MACOR and connecting it to an existing
ultrahigh vacuum system of an experiment to study cold dysprosium
atoms.18 Here, the pressure of the system over a time of more than 1
year was kept constant, and cold atoms could be optically transported
into the chamber. Finally, we present an outlook on how this technol-
ogy can contribute to the growing endeavors toward more mobile,
transportable, and compact applications in quantum sensing and space
applications19–23 substituting MACOR with a different, heat-resistant,
ultra-stable glass-ceramic, ZERODUR.

To be able to connect commercial devices such as pumps, gauges,
or even metal-based parts of an already existing vacuum system to the
science chamber, a hermetic flange connection between the glass-
ceramic chamber and metal-based components is required. As glass-
ceramics are too brittle to apply sufficient force to deform a copper
gasket to a degree where the connection becomes UHV tight, like in
CF-type flanges, an alternative sealing method had to be found that
strongly reduces or removes mechanical stress from the sealing con-
nection. One of these approaches, most commonly found to seal brittle
materials like optical glasses to metallic viewports, involves indium
sealing rings deformed in between two flat surfaces.24 This approach
requires great surface cleanliness as well as flatness, the latter being a
property hard to obtain using glass-ceramics, unless expensive polish-
ing of the flange surfaces is performed. Additionally, a deep under-
standing of the maximum clamping forces in dependence of the
material thicknesses and properties is required to avoid irreversible
damage to the vacuum components. Alternative joining techniques,
such as active brazing, offer high mechanical strength and bakeability
but typically require high processing temperatures, vacuum furnaces,
and careful material selection, which can limit compatibility with
machinable glass-ceramics and increase fabrication complexity. We
developed a conical flange design in which we can establish an
adhesive-based connection between a glass-ceramic and metal that is
not reliant on the material surfaces touching under significant
amounts of mechanical stress. The schematic of the design is laid out
in Fig. 1. It consists of two conical mating parts with a slightly different
opening angle on both sides of the to be connected parts. The differ-
ence leads to a gap between both materials that can be filled with an
adhesive to form a mechanically stable and hermetic sealing connec-
tion. A reducing angle of the glass-ceramic part was chosen to maxi-
mize the wall thickness around the adapter to chamber intersection,
while also contributing to the SWaP-budget by continuously reducing
the wall thickness over the length of the adapter. In the depicted case,
the conical parts’ overlap amounted to 2/3 compared to the respective
conical parts’ total length, which made the gap easily accessible with a
1mm diameter syringe for adhesive application. For the flange dimen-
sion, we chose DNCF40, as this can be seen as the commercial stan-
dard for most medium sized vacuum systems, and it also suited our

available vacuum equipment. In general, the presented dimensions can
be arbitrarily scaled to suit the experimental requirements. The lengths
shown in the schematic are the exact proportions used for the con-
struction of the science cell, while for the test chamber, shown in
Fig. 2(a), the metallic flange extrusion and the chamber were scaled
down to reduce material cost. The reduced clear aperture of the flange
was chosen to match the optical dipole trap beam geometry. In general,

FIG. 1. Technical drawing of the metal flange to MACOR chamber connection. The
wall thickness of the metal part was chosen to be 2.5 mm, while the glass-ceramic
conical extrusion has a minimum wall thickness of 4 mm.

FIG. 2. (a) Photograph of the glass-ceramic to metal flange technology. The lower
part shows the metallic CF40 flange adapter with a conical mounting tube. The test
cell (25� 25� 20mm3) made out of MACOR glass-ceramic can be easily inserted,
after which an adhesive-based sealing of the conical mating, as well as the optical
viewport, is established. (b) Photograph of the test chamber after the finished
adhesive-based sealing procedure, here performed using Epotek 353ND.
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however, the dimensions can be scaled to fully utilize the maximum
CF40 opening if required. For the flange materials, titanium was
selected as the metal part, while MACOR was the material of choice
for the glass-ceramic counterpart. The difference in the coefficients of
thermal expansion (CTE) of these two materials results in a maximum
mismatch of only 2� 10�7 K�1 between 20 and 150 �C,17,25 reducing
the amount of stress around the circular touching area of both materi-
als in the case of external temperature changes (fluctuations, baking,
etc.). To test this connection concept, a MACOR test chamber was
constructed [see also Fig. 2(a)] and inserted into a titanium flange uti-
lizing the conical extrusion from the cell body. The adhesive gap
between the flange and the cell is clearly visible, and a singular window
is placed onto the recess of the chamber.

The aim of the presented glass-ceramic to metal sealing technol-
ogy is to reduce mechanical stress in between these materials as much
as possible while maintaining high control and reproducibility in the
adhesives’ spread. With the same motivation, the glass-ceramic to win-
dow sealing was developed, as depicted in Fig. 3. Here, a circular win-
dow is placed into a recess of the MACOR chamber body covering the
clear aperture into the chamber. The diameter of the recess is chosen
slightly larger than the window’s diameter, resulting in the depicted
gap forming around the window that can be filled with adhesive. This
approach was preferred over placing a window onto a flat surface
already covered in adhesive, as it again yields more reproducible results
concerning adhesive spread, especially in geometries with multiple
windows. The underlying concept with this method is the utilization of
thermal expansion of the adhesive in the curing process, spreading
into the window and glass-ceramics interface homogeneously, remov-
ing trapped gas on the way. For the window material, UV fused silica
was selected, as its comparable low CTE reduces mechanical stress in
applications where high power lasers are used.

The foremost criterion for the selection of adhesives was to mini-
mize the outgassing rate, measured by the total mass loss (TML) after
being exposed to 200 �C for 24h in vacuum. This ensures long-term
stability and longevity of the vacuum sealing. Moreover, a suitable vis-
cosity range had to be found, which allows the adhesive to spread
between the chamber and window interface but prevents leaking of
excessive amounts of adhesive into the chamber, which could lead to
the obstruction of the optical aperture due to surface cohesion between
the adhesive and the window. The most promising candidates selected
for further testing were 353ND, 377, and H77S, which are well-

established UHV adhesives in industry and technology, distributed by
Epoxy Technology with their relevant properties displayed in Table I.

To test the aforementioned adhesive spreading properties, several
windows were placed onto aluminum optical viewports with unpol-
ished surfaces. This allows for microscopic slits to form at the contact
area of window and aluminum surface, the same as would be expected
when substituting the aluminum with a porous glass-ceramic. During
the adhesive curing process, thermal expansion pushes the adhesive
into these slits, slowly diffusing toward the viewport’s aperture. The
three adhesives were prepared in accordance with their respective data-
sheets,26–28 and then applied into the adhesive gap with a syringe and
cured. The result of this process for the three test adhesives is depicted
in Fig. 4. The significantly lower viscosity of 377 allowed a substantial
amount of adhesive to leak into the window–aluminum interface and
accumulate around the clear aperture, potentially reducing the optical
access in experimental applications. By this 377 was ruled out as a
potential candidate for our application. For the metal to glass-ceramic
sealing, no influence of potential adhesive leaks on the vacuum or opti-
cal performance is expected due to the chosen geometry. In subsequent
test chamber sealings [see also Fig. 2(b)], no leakages around the circu-
lar touching area of metal and glass-ceramic could be observed.

With the Epotek 353ND and H77S confirmed as potential candi-
dates for the UHV sealing procedure, we constructed MACOR test
chambers featuring one optical viewport and a flange connection,
depicted in Fig. 2(a). The conical metallic flange was CNC-machined
out of a solid titanium piece, with all dimensions scaled by a constant
factor to maintain the relative proportions depicted in Fig. 1. Prior to
application, the adhesives were first mixed according to their data-
sheets and then transitioned into test tubes and degassed using an
ultrasonic bath for 5min. Special care was taken to not degas for
extended times, since it was found to initiate the curing process after
around 20min in the ultrasonic bath. Following the degassing, the
adhesives were filled into syringes and applied to the respective adhe-
sive gaps of metal to glass-ceramic and glass-ceramic to window con-
nections. The sealings were precured at room temperature for two
days to start the gelling of the adhesive. Afterward, the test chambers
were placed into an oven and cured at 80 �C, with a heating rate of

FIG. 3. Technical drawing of the glass window to MACOR chamber connection for
a 1 in. window. The diameter of the chamber recess and window are chosen such
that the clear aperture is fully covered and the depicted gap is formed. The thick-
ness of the window (3.175mm) is slightly larger than the chamber recess depth
(3.0 mm) to prevent the adhesive from spilling onto the window surface during the
application process.

TABLE I. Overview of important properties of the adhesives to be tested.26–28

Adhesive ET 353ND ET H77S ET 377

Viscosity (cP) 3000–5000 950–1500 150–300
Weight loss at 200 �C (%) 0.22 <0.05 0.06

FIG. 4. Photographs of the aluminum viewports, including a window after curing of
the stated adhesives. 377 shows an increased leakage of adhesive into the view-
port, indicated by the ring formation around the clear aperture.
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0:25 �C=min, followed by 8 h at 80 �C and a subsequent cooling with
the same rate. This approach is recommended by the manufacturer for
curing at lower temperatures. The deviation from the faster curing pro-
cess of 1 h at 150 �C was chosen due to the windows being more prone
to break after the fast curing process when external force was applied.
This indicates that more mechanical stress was induced during the
heating and subsequent cooling processes.

Using this procedure, two test chambers were assembled [see also
Fig. 2(b) for the case of 353ND], employing Epotek 353ND and H77S
adhesives as sealants, respectively. As a preliminary test for UHV suit-
ability, both chambers underwent a helium leak test. To that end, an
Agilent G8610B helium leakage seeker with a minimal detectable leak-
age rate of QL ¼ 10�11mbar 1=s was used. Both chambers were
attached to the helium leakage seeker via a standard CF40 flange con-
nection using copper sealing gaskets. After generously applying helium
onto the test chambers with a pressure nozzle for extended periods, we
could not detect any leakages, resulting in a lower limit leakage rate of
QL < 10�11mbar 1=s. After qualifying both chambers as sufficiently
hermetic for UHV applications, they were successfully integrated into
a vacuum system, consisting of an 300 1=s turbomolecular pump and
a 10 1=s ion getter pump. In Table II, the final pressures are noted,
with all measurements taken using a Pfeiffer IKR 270 vacuum gauge
after roughly 14 days of bakeout at 60 �C. The bakeout temperature
was kept below the adhesive curing temperature to avoid inducing
additional mechanical stress. We found that both chamber sealing pro-
cedures produced a UHV-suitable sealing of the chambers, with simi-
lar base pressures as a previous reference measurement, where the
chamber was replaced with a standard CF40 blind flange. It should be
noted that the blind flange reference measurement was taken after a
higher bakeout temperature of 200 �C to clean the vacuum system of
undesirable gas loads before investigating the adhesive sealings.
Though the previous tests qualified both adhesives for further use, we
ultimately selected Epotek 353ND as the adhesive of choice for the
construction of the glass-ceramic science cell due to its greater avail-
ability at the time of testing.

To demonstrate scalability and suitability for arbitrary experi-
mental platforms, we designed and constructed a MACOR science cell
depicted in Fig. 5, featuring nine optical viewports of various sizes,
which will be implemented into a cold atom experiment operating
with dysprosium atoms.29 The cell features two 40.0mm viewports for
high numerical aperture applications, as well as three 20.0mm and
four 13.6mm viewports for atom transport, absorption/fluorescence
imaging, and state preparation. After cleaning the chamber body in an
ultrasonic bath, all windows were glued to the science cell successively

according to the aforementioned procedure, after which the flange
connection sealing was established. Subsequently, the chamber was
cleaned by flushing it with isopropyl alcohol. Special care was taken to
not leave any large drops of the cleaning liquid, as well as not to use
harsh chemicals such as acetone. The cleaned science cell was then
mounted onto the helium leakage seeker, which again showed a lower
limit leakage rate of QL < 10�11mbar 1=s. After the verification of its
helium hermeticity, the science cell was first attached to the test vac-
uum system, with which a base pressure of 4:16 1:4� 10�10 mbar
was observed. This agrees very well with the prior test chamber mea-
surements, qualifying the science cell for the final integration into the
dysprosium experiment’s vacuum system. Figure 6 shows the cell after

TABLE II. Base pressures achieved for different test chambers, as well as a refer-
ence blind flange measurement. All measurements were taken after around 14 days
of pumping time. The blind flange configuration was baked out at 200 �C to initially
clean the vacuum system of undesired gas loads. While the adhesive-based vacuum
chambers were only baked out at 60 �C.

Base vacuum pressure after bakeout

Blind flange ð3:06 1:0Þ � 10�10 mbar
Test chamber ET 353ND ð4:36 1:3Þ � 10�10 mbar
Test chamber ET H77S ð4:76 1:4Þ � 10�10 mbar
Science cell ET 353ND ð4:16 1:4Þ � 10�10 mbar

FIG. 5. Picture of the MACOR science cell. Its full dimensions are denoted in the
figure, featuring a 62� 62� 40mm3 octagonal cell body and a 30mm conical
flange adapter. The nine optical window recesses are designed to hold commercial
0.75, 1, and 2 in. windows.

FIG. 6. Photograph of the MACOR science cell mounted in the experimental sys-
tem. After an initial bakeout at 60 �C for 2 weeks, the lower limit of the vacuum sen-
sor of � 1� 10�10 mbar was reached.
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integration connected to a stainless steel DNCF40 5-way cross. The
5-way cross allows for the connection of a UHV-valve to separate the sci-
ence cell system from the main chamber and an angle valve for separate
pre-pumping before the cell is baked at 60 �C for 2 weeks. Additionally,
an SAES Getters NEXTorr Z100 combination pump was connected to
the system increasing the pumping speed to 150 l/s (H2). After getter
activation and bakeout, a final pressure of 8:96 1:0� 10�11 mbar
could be measured with a Pfeiffer IKR 270 vacuum gauge attached to
the 5-way cross. This gauge had to be removed later on due to its strong
magnetic field influencing the highly magnetic dysprosium atoms.
Nevertheless, the ion pump controller of the NEXTorr Z100 consis-
tently displayed a pressure of �1� 10�10 mbar measured via the ion
pump supply current, which has not changed as of publishing this
report (over a time period of 23months). In this time, dysprosium
atoms could be transported from the MOT chamber into the science
cell over a distance of 41 cm utilizing a focus shifted optical dipole trap
with transport efficiencies exceeding 60%. The transport mechanism is
detailed in Ref. 29. As of today, no degradation of experimental perfor-
mance indicative of increased background scattering collisions has been
observed following the installation of the science cell, further indicating
similar vacuum performance to established steel chambers. This
emphasizes the maturity of the technology as an alternative to conven-
tional science cell systems.

In summary, we presented a new approach for ultrahigh vacuum
sealing of CF-based metal flanges, as well as optical viewports to a
custom-geometry MACOR glass-ceramic science cell utilizing
adhesive-based bonding. Competitive leakage rates and base pressures,
when compared to conventional vacuum technology, were achieved.
The technology enables the reliable construction of glass-ceramic vac-
uum chambers for various applications, such as magneto-optical trap-
ping or optical dipole trapping of atomic ensembles. The robustness of
the sealing method was demonstrated by the integration of a multiple
viewport custom-geometry scientific chamber into an existing cold
atom experiment and optical transport of atoms into it. With a stable
base pressure maintained for more than a year, the longevity of the
technology was demonstrated, indicating its suitability as a reliable
long-term solution for scientific vacuum chambers. Additionally, the
possibility of using commercial optical windows as viewports offers
great flexibility for customized window coatings, enhancing the range
of experimental applications. The possibility of arbitrarily selecting cell
geometry, window coating and sizes, as well as flange dimensions serves
as a proof of the high grade of flexibility in the presented technology,
making it a serious alternative to established science cell technology.

The technology and techniques demonstrated in this paper are
not limited to the materials of the presented science cell. They are also
expected to be compatible with various ceramic, glass, or glass-ceramic
materials, such as Zerodur or Alumina (Al2O3), potentially broadening
the range of materials suitable for specialized applications.
Consequently, the next step is to apply the presented technology to a
vacuum chamber, where both the chamber body and optical windows
are made of ZERODUR, a glass-ceramic with low helium permeability
and a negligible CTE,30 thereby providing resilience against tempera-
ture gradients over large ranges, a property advantageous for quantum
sensing in space applications.21,31,32
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