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ABSTRACT

Open microcavities offer great potential for the exploration and utilization of efficient spin-photon interfaces with Purcell-enhanced quantum
emitters thanks to their large spectral and spatial tunability combined with high versatility of sample integration. However, a major challenge
for this platform is the sensitivity to cavity length fluctuations in the cryogenic environment, which leads to cavity resonance frequency varia-
tions and thereby a lowered averaged Purcell enhancement. This work presents a closed-cycle cryogenic fiber-based microcavity setup, which
is in particular designed for a low passive vibration level, while still providing large tunability and flexibility in fiber and sample integration,
and high photon collection efficiency from the cavity mode. At temperatures below 10K, a stability level of around 25 pm is reproducibly
achieved in different setup configurations, including the extension with microwave control for manipulating the spin of cavity-coupled quan-
tum emitters, enabling a bright photonic interface with optically active qubits.

VC 2024 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/10.1116/5.0233296

I. MICROCAVITIES WITH SINGLE QUANTUM EMITTERS

The strength of the light–matter interaction is a key parameter
for the realization of efficient interfaces between single quantum emit-
ters and optical photons. Optically active quantum emitters are inter-
esting testbeds for quantum science and are promising candidates for
realizing stationary qubits,1–3 but the bare coupling to optical photons
in bulk materials is generally weak. This coupling can be greatly
improved by integrating the emitter into an optical resonator.4–7 In the
simplest form, two highly reflective mirrors facing each other can be
used to realize such a cavity. The cavity can be utilized to efficiently
couple quantum emitters to an optical photon mode, thereby selec-
tively enhancing its emission, known as the Purcell effect. When used
with solid-state host materials, a hemispherical plano–concave cavity
geometry with a low radius of curvature and a micrometer short length
can be used to minimize the mode volume. Such open optical micro-
cavities have proven to be a versatile tool in quantum optics, due to
their high spectral and spatial tunability and their compatibility with a

broad spectrum of quantum systems. The cavity design allows to
incorporate quantum emitters in various ways: quantum dots can be
directly grown on top of the mirror8–11 or emitters in layered materi-
als12–14 can be bonded onto the mirror surface. Furthermore, the spa-
tial tunability can be used to optimize on localized emitters on the
mirror like carbon nanotubes,15,16 rare-earth ions in nanoparticles,17

or color centers in nanodiamonds.18–21 In addition, (sub)micrometer-
thin membranes can integrate color centers in host materials like
diamond,22–24 silicon carbide,25,26 yttrium orthosilicate,27 or organic
crystals28 into the cavity. This approach is especially advantageous for
emitters like the nitrogen-vacancy center in diamond, which are noto-
riously hard to integrate coherently into nanostructures due to the
presence of a permanent electric dipole, but maintain good optical
properties in micrometer-thin membranes.29

The optical access of the microcavity can conveniently benefit
from the realization of the mirrors on the tip of optical fibers,30,31

enabling direct fiber coupling. Furthermore, high cavity quality factors
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can be realized by commercially available mirror coatings, including
the purposely design of symmetric or single-sided cavities.

The high spectral tunability makes the cavity sensitive to fluctua-
tions in length, leading to variations in the resonance frequency. These
perturbations lower the effective coupling of the emitter to the cavity
and lead to a reduced averaged Purcell enhancement. This can be
expressed with the spectral overlap of the resonance frequency of the
emitter and the cavity frequency.32 Assuming a Gaussian distribution
of the varying cavity length,33 we can find a bound for the maximum
attainable (effective) Purcell factor

FP;max ¼ 3
4p2

c
n�

� �3 1
V

ffiffiffiffiffiffiffiffiffiffiffiffiffi
p

2ðsrÞ2
r

�

2
; (1)

which depends on the cavity resonance frequency �, mode volume V,
mode dispersion slope s, and root mean square (RMS) cavity length
fluctuations r with the refractive index in diamond n and the speed of
light c. The derivation of equation (1) can be found in Appendix A.
For a hybrid cavity consisting of an air part and a diamond membrane,
certain modes of a fixed frequency become more air- or diamond-
like.34 The mode type depends only on the diamond thickness. Due to
a smaller slope in the cavity dispersion relation, diamond-like modes
are less sensitive to vibrations.32 Note that for a given membrane thick-
ness and air length, the cavity mode dispersion slope s can be calcu-
lated with an analytic expression.32 Figure 1(a) shows the maximum
attainable Purcell factor depending on the RMS cavity length fluctua-
tions for different cavity parameters realized in other works. To reach
a large Purcell enhancement, a vibration level on the order of tens of
picometer RMS vibrations is required. This poses a technical challenge,
as most quantum systems need to be operated in high vacuum at cryo-
genic temperatures. For a closed-cycle cryostat configuration, which
enables continuous operation and reduced experimental overhead, the
vicinity of a running cryostat cold head inevitably introduces
vibrations.

Setups with high stability levels have been reported in quiet
helium bath cryostats35 or with limited spatial control in closed-cycle
cryostats.27 Recently, systems with large spatial tunability and a passive
stability levels at the tens of picometer level have been reported in
closed-cycle cryostats.36–39

In the following, we present a low-temperature fiber-based
Fabry–P�erot microcavity setup inside a closed-cycle cryostat, which is
designed to maintain a high passive stability level. We present the
operation of the cavity together with an analysis of the passive stability.
We showcase the functionality of this tunable platform by demonstrat-
ing the coupling of two different diamond color centers, the tin-
vacancy center and the nitrogen-vacancy center, to the cavity at tem-
peratures below 10K. Furthermore, we show that the integration of
microwave delivery lines into our system, to address the spin states of
cavity-enhanced nitrogen-vacancy centers, does not change the passive
stability level.

II. SETUP DESIGN

A schematic drawing of the cavity geometry and the setup design
is shown in Fig. 1(b). The microcavity is mounted in an optical cryo-
stat (Montana Instruments HILA) with an off-table cold head design
and a base temperature of 5.6K. The cold head is a two-stage Gifford–
McMahon cryocooler, which is suspended inside a rack-mounted
cooling tower assembly, hovering above the optical table. To minimize

the vibration transfer, the cold head tower is connected over a loose
bellow for vacuum and flexible braiding for cooling to the main cham-
ber (see photograph in Fig. 10 of Appendix C).

A computer-aided design (CAD) software drawing of the cryostat
baseplate with the microcavity insert is shown in Fig. 2(a) and a photo-
graph in Fig. 9(a) of Appendix C. The baseplate is integrated into an
auto-leveling floating stage acting as a lowpass filter for mechanical
vibrations with a cutoff frequency of about 1Hz. The baseplate is sepa-
rated into three parts: an outer ring, kept at room temperature to
mount the objective cone. An intermediate ring, which is connected to
stage one of the cold head, reaching about 90K. This ring is used for
connecting the electrical cables and mounting the radiation shield sep-
arating microcavity and room temperature objective. The microcavity
insert is placed on the central part, connected to stage two of the cold
head reaching the base temperature. The cryostat chamber [photo-
graph shown in Fig. 9(b) of Appendix C] is constantly pumped to a
pressure in the range of 1� 10�6 mBar, by an integrated turbopump
and a differentially pumped outer vacuum.

The flexibility of moving the fiber over a millimeter-large range
comes usually with the drawback of lower mechanical resonance fre-
quencies, making the positioning system more susceptible to vibra-
tions.43 With a microcavity, where the fiber is placed on an orthogonal
XYZ nanopositioning stage (JPE CS021), we measure a vibration level
of about 0.5 nm directly on the baseplate at room temperature. A pos-
sible explanation for this is the low mechanical resonance frequencies

FIG. 1. (a) Maximum attainable Purcell factor depending on RMS cavity length fluc-
tuations. The black lines show simulations for a microcavity with an around 0.8-lm-
thin diamond membrane, achieved in Ref. 40 for an air-like mode (mode volume
V ¼ 9k3, cavity dispersion s ¼ 139MHz=pm for 637 nm) and in Ref. 41 for a
diamond-like mode (mode volume V ¼ 4 k3, cavity dispersion s ¼ 89MHz=pm for
637 nm). The blue lines show simulations for an around 3.7-lm-thin diamond mem-
brane, achieved in Ref. 42 for an air-like mode (mode volume V ¼ 55 k3, cavity
dispersion s ¼ 46MHz=pm for 619 nm) and for the diamond-like case (mode vol-
ume V ¼ 31 k3, cavity dispersion s ¼ 21MHz=pm for 619 nm). For a cavity with-
out the diamond membrane, the maximum attainable Purcell factor follows
approximately the air-like modes. (b) Sketch of the experimental setup design. The
microcavity is composed of a flat sample mirror and a curved microscopic mirror,
fabricated on the tip of an optical fiber. Optical access to the sample mirror side of
the cavity is provided with a movable objective. The optical cavity axis is changed
by moving the cavity fiber and the outcoupling objective over the sample mirror. The
objective is kept at room temperature and thermally shielded by an aluminum cone
with a thin window for optical access. The sample mirror has embedded gold stri-
plines, which are connected over a support printed circuit board (PCB), to deliver
microwaves close to the cavity spot.
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of the nanopositioner stack (typically on the order of several 100Hz),
which are less suppressed by the isolation system.

To improve the vibration level, a different positioning system
with a high internal resonance frequency is chosen. This is provided
by the cryo positioning stage high resonance (JPE CPSHR1-a) placed
on a passive vibration isolator (JPE CVIP1). The cross section through
the stage is shown in Fig. 2(b). An optimized stiffness due to parallel
kinematics results in a high resonance frequency of about 4 kHz along
the cavity axis.44 Three linear actuators (JPE CLA2201) move the fiber
in situ in a tripod configuration over a range of more than 2mm later-
ally and 1mm along the cavity length axis, with a minimum step size
of 1 nm at low temperatures. Additionally, each tripod axis is equipped
with a fine scanning piezo element, with sub-nanometer resolution.
This allows continuous cavity length detuning with frequencies up to
5 kHz over a range of up to 0.5lm at low temperatures (all specifica-
tions of the CPSHR1-a stage can be found online45).

We employ two different ways of mounting the fiber, displayed
in Fig. 2(d): directly glued on a titanium holder or onto a shear piezo
element featuring a high resonance frequency (Noliac CSAP02). The
latter enables high-bandwidth fine control of the cavity length, allow-
ing for active cavity length stabilization.46 In both settings, we use a
two-component epoxy (Stycast 2850FT with catalyst LV 24) to glue
the fiber. To guide the cavity fiber into the vacuum chamber, we make

use of a 1/8 in stainless steel tube fitting (Swagelok male connector)
with a custom-made Teflon ferrule. This ferrule has a borehole of
0.17mm to fit the cavity fiber (Coherent FUD-4519 S630-P single-
mode fiber) with a polyimide protection coating. Furthermore, we use
a 0.25-mm-thin polytetrafluoroethylene (PTFE) film (Reichelt
Chemietechnik), cut to pieces of approximately 5mm width and
25mm length to further damp the fiber movement. This film connects
the fiber mount and the reference frame [not shown in Fig. 2, see pho-
tograph in Fig. 8(a) of Appendix C]. We see that the additional damp-
ing by the film can improve the vibration level.

The sample mirror is mounted on top of the positioning system,
separated by>100lm to the fiber. To ensure a good thermalization of
the sample mirror to the baseplate, three flexible links made out of
highly conductive copper [Montana Instruments (custom-design)] are
used [not shown in the drawing, see Fig. 9(a) of Appendix C]. Each
link is composed of multiple flat braids to ensure a good thermal con-
nection in combination with a low transfer of vibrations from the base-
plate to the cavity. This keeps the temperature difference between the
mirror holder and baseplate to about 0.2K. On the mirror holder, we
monitor the temperature with a temperature sensor (Lake Shore
Cryotronics Cernox 1050). To further ensure that the sample mirror
reaches low temperature, a 0.2-mm-thin window (Edmond Optics
Ultra-Thin N-BK7, with anti-reflection coating for 425–675 nm) glued

FIG. 2. CAD drawing of the full setup with detailed individual parts. The drawing of the HILA cryostat in (a) is made by Montana Instruments and the drawings of the positioner
stage in (a) and (b) and the adapter piece in (c) are from JPE, used with permission and available under Ref. 45. The drawing of the linear actuators in (a) is made by Physik
Instrumente, used with permission and is available under Ref. 48. The drawing of the temperature sensor in (a) and (b) is made by Lakeshore, used with permission, and is
available under Ref. 49. (a) Floating cryostat baseplate with microcavity insert inside the vacuum chamber. The front part shows the fiber, microwave, and electrical feed-
throughs. The insert is mounted on the copper-colored inner part of the baseplate, reaching a base temperature of 5.6 K. Two D-Sub 19 feedthroughs on the baseplate are
used to connect the actuators, piezo elements, and temperature sensor to the control and readout electronics. The middle ring of the baseplate mounts the radiation shield (at
about 90 K), while the outer part is used for the objective cone (at room temperature). (b) Cross section of the microcavity insert. The fiber mount is positioned by three linear
actuators in a tripod configuration. The sample mirror is glued on a copper holder, which is directly connected with flexible thermal links to the baseplate [not shown here, see
photograph of the setup in the Fig. 9(a) of Appendix C]. The sample mirror has a thickness of about 0.5 mm, and is placed at a distance of >100lm to the fiber, which can be
compensated by the positioning system (a detailed sketch of the full microcavity insert can be found in Fig. 7 of Appendix B). Each moving axis has an additional piezo element
for fine positioning. We monitor the sample temperature with a sensor mounted on top of the microcavity insert. Furthermore, a support PCB is glued onto the stack to connect
the mirror striplines to flexible coax cables. (c) Sample mirror on the copper holder with an adapter piece (JPE I2-CPSHR1) connecting to the reference frame. The gold stri-
plines embedded into the mirror coating are connected with standard wire bonds to the support PCB. (d) Mounting of the cavity fiber: the fiber is glued either directly on a tita-
nium mount (left) or onto a shear piezo element for fast fine control (right). The length of the fiber sticking out is kept as short as possible (between 100 and 200 lm) to avoid
possible resonances associated with the overhanging fiber tip.46
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into the radiation shield is used. This reduces considerably the heat
load stemming from the black-body radiation of the room temperature
objective that is about 4mm away. The sample mirror is glued with sil-
ver conductive paint to the mirror holder, shown in Fig. 2(c). In a test
cooldown, we measure the temperature directly on the center of the
sample mirror with a temperature sensor (Lake Shore Cryotronics
Cernox Thin Film RTD), glued onto it with GE low-temperature var-
nish. Without the window, a temperature of around 20K on the sam-
ple mirror is measured, while a temperature of about 8K is reached
with the window. This temperature is consistent with the measured
linewidth of cavity-integrated diamond tin-vacancy centers in previous
work.42

To control the spin state of quantum emitters inside the cavity,
microwaves are delivered to the cavity spot with gold striplines,
embedded into the sample mirror.47 The striplines are interfaced with
25-lm-thin standard wire bonds to a support PCB, glued onto the
cryostat insert [see Figs. 2(b), 2(c) and Fig. 8(b) of Appendix C]. The
PCB is connected with flexible coax cables (Montana Instruments LF-
5 with SMP female ends) to semi-rigid coax cables (Montana
Instruments C-20) on the baseplate, which are interfaced over a vac-
uummicrowave feedthrough.

Optical access to the sample mirror side of the cavity is provided
by a standard objective (Zeiss LD EC Epiplan-Neofluar, 100�magnifi-
cation, 0.75 numerical aperture, 4mm working distance). The objec-
tive can be positioned in a tripod configuration with three linear
actuators (Physik Instrumente Q-545), mounted on an encircling
stainless steel cone shown in Fig. 9(b) of Appendix C.

III. MICROCAVITY OPERATION

The setup is controlled via a PC and the Python 3 framework
QMI.50 We use a real-time microcontroller (J€ager Computergesteuerte
Messtechnik Adwin Pro II) for analog voltage control of the fine piezo
element offset. Cavity scans with a frequency of up to 5 kHz are
accomplished with a signal generator, connected to the fine piezo via a
bias-T. The signal is amplified (JPE Piezo Scanning Module) and fil-
tered afterward with a home-built voltage-controlled, switchable low-
pass filter (cutoff frequency in the range of 30Hz). Without filtering,
we see that the noise from the amplifier can excite the resonance fre-
quencies and increase the vibration level by a factor of up to two. The
driving voltage of the linear actuators is also filtered and controlled by
a high voltage amplifier (JPE Cryo Actuator Driver Module 2).

The microcavity is characterized by linewidth and length (or air
length and membrane thickness). With these parameters, important
properties like Finesse, quality factor, and mode volume can be calcu-
lated, and the sensitivity to vibrations can be determined. To measure
the linewidth, we probe the cavity in transmission with two resonant
lasers (Newfocus Velocity TLB-6300-LN and Toptica DL Pro), which
are frequency-stabilized to a reference wavemeter (High Finesse WS-
U). The cavity transmission signal is measured with a free-space
photodiode (Thorlabs APD130A2). In Fig. 3(a), we scan the cavity res-
onance over the two laser frequencies by applying a voltage to one of
the fine piezo elements moving the fiber. The difference in laser fre-
quency is used to transform the scanning voltage into a change in cav-
ity resonance frequency and to fit the two transmission peaks in the
frequency domain. The use of two lasers with an arbitrary detuning
allows to determine a narrow, but also broader (>10GHz) cavity line-
width. This contrasts the use of a single laser with sidebands imprinted
by an electrooptic phase modulator,33 in which case the range is

limited by the frequency spacing of sidebands. To determine the cavity
length, we probe the cavity in transmission with a supercontinuum
white light source (NKT Photonics SC-450-2), filtered to 600–700 nm,
which fully covers the cavity stopband [Fig. 3(b)]. The transmission
signal is sent to a fiber-coupled spectrometer (Princeton Instruments
SP-2500i). The cavity acts as a spectral filter, where fundamental
modes appear as bright peaks in transmission. These modes are spaced
by the free spectral range, which is directly related to the cavity length.

During cooling to the base temperature, the microcavity insert
shrinks in height by about 550lm (measured by the difference in the
focal position of the objective), and the cavity length is reduced by
about 50lm.

Imaging through the objective with an LED and camera provides
accurate observation of the cavity fiber position and the sample. The
high magnification of the objective makes it possible to move the fiber
with micrometer precision laterally over the sample mirror.

The cavity length stability as the crucial system parameter needs
to be studied for different system configurations. For a given cavity
length, the measured spectral cavity linewidth can be translated into a
spatial linewidth, which allows direct measurement of the cavity length
fluctuations. We use the same method as used in earlier work,33 where
the cavity transmission signal is recorded and mapped to a change in
cavity lengths [Fig. 3(c)]. The length is monitored with the cavity
transmission signal, measured on a photodiode (50MHz bandwidth)
over a time of 10 s. This time trace is used to calculate the RMS vibra-
tions, and a Fourier transform gives insights into the corresponding
mechanical resonance frequencies. The cavity is operated in the low
Finesse regime (1000–4000) to make sure that the transmission signal
is fully caught on one half of the Lorentzian linewidth. Overshooting
would lead to an underestimated cavity vibration level. To
avoid this, we make sure that all points of the acquired length displace-
ment trace follow an approximate Gaussian distribution [inset in
Fig. 3(c)].

FIG. 3. Characterizing the microcavity properties and the vibration level. (a) Cavity
linewidth measurement with two detuned resonant lasers. The cavity transmission
is probed by applying a voltage to one of the fine piezo elements to scan the cavity
length (scan frequency of 2.33 kHz). (b) Cavity length measurement by probing the
transmission of a broadband supercontinuum white light source. The visible funda-
mental modes directly determine the free spectral range and the cavity length. (c)
Exemplary cavity vibration measurement: the cavity transmission signal (center
panel) is mapped on half of the Lorentzian cavity resonance (left panel). The spatial
linewidth of the cavity allows to translate the transmission signal into a change in
length. The right panel shows a histogram of the transmission for the full measure-
ment (10 s). The insert shows the corresponding distribution of the cavity length
values.
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IV. PERFORMANCE OF SYSTEM AT LOW
TEMPERATURES

At ambient temperature under vacuum of typically
1� 10�6 mBar, we measure a vibration level less than 4 pm. At low
temperatures, we see an increase to about 25 pm. This level is consis-
tently reached for several setup configurations, including different fiber
and sample mounting and the integrated electronics for applying
microwaves. Figure 4(a) shows the integrated noise spectrum of the
measured length fluctuations and Fig. 4(b) an individual frequency
spectrum. The length fluctuations show a small low-frequency contri-
bution, which we attribute to the cold head cycle of the cryostat, run-
ning with a speed of about 1.4Hz (settings: 25Hz compressor and
70Hz cold head). For all configurations, the spectrum shows a jump
between 2 and 4 kHz, which fits the first resonance of the fiber posi-
tioning system along the cavity axis. Most configurations show an
almost flat spectrum for frequencies higher than 5 kHz.

Another measure of the vibration level is a resonant laser scan over
the cavity transmission, shown in Fig. 4(c). The cavity is probed with a
resonant 637nm laser from the fiber side and the transmission signal is
recorded with a fiber-coupled single photon detector (Laser Components
COUNT-10C-FC). With the cavity length, we determine a dispersion of
20MHz/pm. In the previous measurement in Fig. 3(a), the linewidth is
measured by scanning the cavity with a high scan speed to “freeze” the
vibrations, revealing the intrinsic cavity linewidth [shown in Fig. 3(a)]. In
contrast, the cavity is at a fixed length in Fig. 4(c), but the resonant laser
frequency is swept to measure the linewidth. The data is fitted with a
Voigt profile with a fixed Lorentzian part set to the intrinsic cavity line-
width. Vibrations lead to a Gaussian broadening, which can be trans-
formed into a RMS vibration level with the dispersion relation. For the
scans shown in Fig. 4(c), we measure a vibration level of
ð25:161:1Þ pm, which is close to the 22pmmeasured in Fig. 4(a).

We want to emphasize that the low vibration level is reproducibly
reached for different configurations, in which the fiber or sample

mounting is changed. Furthermore, it is also independent of the addi-
tional integration of microwave cables, a support PCB, and wire bonds
to the sample mirror. The microcavity insert was reassembled in
between different configurations and thermally cycled for more than
50 times over two years without a degradation in performance. We do
not see a vibration dependence on the exact wiring of cables used to
connect the piezo elements or the microwave wires. Moreover, the
vibration level did not change after exchanging the cold head.

In addition to vibrations >1Hz, the cavity can show drifts on
longer timescales. When operated with higher incident laser power
(>1lW) or microwave power (> 25 dBm measured before the input
of the cryostat, see Sec. V for the transmission losses), cavity length
drifts of more than one linewidth can be observed. However, after
some time (order of minutes) the drifts reduce to a new equilibrium.

The closed-cycle operation of the cryostat allows to operate the
cavity at a constant temperature (cryostat temperature stability< 25
mK) and to maintain the exact cavity spot for a longer time. In previ-
ous work,42 measurements with the same cavity-coupled diamond tin-
vacancy center were conducted for more than two months with pre-
served cavity parameters.

The same microcavity insert (JPE CVIP 1 with CPSHR1-a) was
operated in earlier work33 in a standard optical cryostation (Montana
Instruments C2). Thanks to the similarity in setup design, it is instruc-
tive to compare both performances, see Fig. 5. The much better vibra-
tion isolation of the HILA leads to an almost six times improved RMS
vibration level and a much smaller dependence on the cryostat cycle.

There are several further improvements of the vibration level pos-
sible: the damping with the PTFE film as explained in Sec. II can be
optimized. Furthermore, the stability of the system would benefit from
an increased mechanical resonance frequency of the positioning sys-
tem, which can be achieved by further engineering. For example, a
higher resonance frequency might be achievable by removing the fine
piezo element and losing the ability for precise positioning and

FIG. 4. System performance at low temperatures for different setup configurations. (a) A comparable vibration level is reached for different settings: for the first three configura-
tions, the fiber is mounted on a shear piezo element [right side of Fig. 2(d)], while configuration four is without [left side of Fig. 2(d)]. All configurations use different cavity fibers
and sample mirrors, configuration two was used in previous work with diamond tin-vacancy centers (Ref. 42). The extended PCB for microwave control in configuration four
does not influence the vibration level. (b) Resonance spectrum of configuration four, revealing a typical resonance at 1.4 Hz corresponding to the cold head cycle and resonances
up to 5 kHz attributed to the fiber positioning system. (c) Resonant cavity transmission scan for configuration four. The cavity is probed with a scan speed of about 10 GHz/s. The
data is fitted with a Voigt profile, in which the Lorentzian part is fixed to the cavity linewidth. The Gaussian component can be used to calculate the vibration level. The inset shows
15 consecutive scans.
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scanning of the fiber. Along the cavity axis, this could be compensated
by using the shear piezo element with a scanning range of about
300nm at low temperatures. Another possibility would be to increase
the temperature of the positioning system. At room temperature,
under vacuum, and with a running cold head, we observe a much bet-
ter vibration level. An explanation could be that temperature-
dependent material properties lead to an increased vibration level at
low temperatures. Thus, putting the fiber positioning system at a
higher temperature (for example on stage one of the cold head at
90K), might further improve the stability.

Furthermore, if it is compatible with the sample, it might be bene-
ficial to operate the fiber in contact with the sample mirror. In a similar
setup with a fiber-based microcavity in a closed-cycle cryostat,38 this
resulted in a vibration level improved by a factor of six.

So far, we have only discussed the passive stability of the system.
Most mechanical resonance frequencies are present below 10kHz,
which makes active length stabilization appealing. The use of a high-
bandwidth piezo element in a similar system enabled a locking band-
width of 44kHz,46 which would be sufficient to compensate for the
resonance frequencies present in our system. Active stabilization
would require some experimental overhead like an additional laser and
a broad (or second) cavity stopband, to find a cavity resonance that
can be used to generate the error signal. This is especially challenging
for a short cavity with a large free spectral range. Furthermore, the
locking laser could lead to stimulated emission of the cavity-coupled
emitters.51 To avoid this, a second cavity formed by an additional fiber
dimple can be utilized for active length stabilization.52

V. CAVITY-COUPLED DIAMOND COLOR CENTERS
WITH MICROWAVE CONTROL

We showcase the versatility of our platform by coupling two
types of diamond color centers to the cavity, namely, tin-vacancy
(SnV) and nitrogen-vacancy (NV) centers, shown in Figs. 6(a) and
6(b), respectively. The SnV sample is a 70� 70 lm2 square diamond
device with a thickness of about 2.2lm bonded to the sample mirror
via van der Waals force.40 SnV centers are created by ion implantation
in the range of the first intracavity electric field antinode. The NV

sample is a 2� 2mm2 and about 50-lm-thick diamond membrane,
with a central part thinned down to a thickness of about 5.8lm, used
in earlier work.33 NV centers are created by electron irradiation and
annealing.29 The cavity spot shown in the inset of Fig. 6(b) is formed
in the thinned-down region.

To demonstrate that diamond color centers are coupled to the cav-
ity at low temperature, we use off-resonant 515nm excitation light
(H€ubner Photonics Cobolt MLD515) sent into the cavity via the fiber.
The detection signal is collected from the sample mirror side by colli-
mating the Gaussian beam leaving the cavity with the objective. The
detection is filtered with a 600-nm longpass filter and measured with a
spectrometer. The cavity resonance frequency is tuned around the emit-
ter zero-phonon line by scanning the voltage of the three fine piezo ele-
ments. Once the cavity becomes resonant with an emitter, enhanced
photoluminescence at that frequency is observed. An individual emitter
can then be selectively coupled to the cavity by adjusting the fine piezo
element voltage to the corresponding resonance frequency.

An essential capability for quantum information applications is
qubit control, which can be efficiently achieved through driving the cor-
responding spin states with microwaves. To deliver microwaves close to
the cavity spot, 65-nm-thin gold striplines are partly embedded into the
sample mirror with nano-fabrication methods.47 The striplines are con-
nected as described in Sec. II. With a vector network analyzer, we mea-
sure around 6.5dB transmission loss including the PCB at a frequency
of 2.88GHz. The total cryostat transmission losses add up to about
25dB due to several cable connections. To demonstrate the ability to
address the spin states of the NV center, we measure an optically
detected magnetic resonance (ODMR) spectrum without and with a
static magnetic field shown in Figs. 6(c) and 6(d). The NV centers are
excited with off-resonant green light sent in via the cavity fiber. Cavity-
enhanced zero-phonon light is detected from the free space side with a
single photon detector. This light is filtered with a 600nm longpass fil-
ter, a (6406 5) nm bandpass filter and an angle-tunable etalon filter
(LightMachinery custom coating, full width at half maximum
� 100GHz). The cavity is kept on resonance during the ODMR mea-
surement by interleaved probing of the cavity transmission with a refer-
ence laser and a voltage feedback on the fine piezo element. An external
magnetic field is provided by a neodymium disk magnet
(Supermagnete S-70-35-N), which is mounted on top of the cryostat
vacuum chamber lid. Microwaves are delivered by a single-sideband
modulated vector signal generator (Rohde & Schwarz SMBV100A)
with an output power of �5dBm (�3dBm for the higher-frequency
transition), which is amplified by 35dB (MiniCircuits ZVE-6W-83þ).
A reduction in NV photoluminescence is observed when the microwave
driving is on resonance with one of the ground state spin transitions.

VI. CONCLUSION

We present the design, assembly, and operation of a fiber-based
microcavity platform with high passive stability and demonstrate the
cavity coupling of diamond color centers together with the ability to
address the spin of cavity-coupled NV centers with microwaves. The
key elements for achieving high passive stability is the combination of
a low-noise cryostat with incorporated vibration suppression and a
positioning system with a high mechanical resonance frequency. The
resulting separation of noise frequencies and positing system reso-
nance frequencies leads to the high cavity length stability. Our system
shows robustness and reproducibility over many thermal cycles with
varied setup configurations. Moreover, the passive stability seems to be

FIG. 5. Comparison of vibration level achieved in configuration four with the HILA
cryostat (light blue) vs the C2 optical cryostation (gray), used in an earlier experi-
ment.33 (a) Integrated noise spectra show that the mechanical resonance frequen-
cies of the positioning system are excited in both cryostats, although at a much
lower level in the HILA. Frequencies larger than 5 kHz are almost completely sup-
pressed in the HILA. (b) RMS vibration level scaled to the time fraction of the cryo-
stat cycle (about 0.7 s for the HILA and 1.2 s for the C2). The HILA shows a much
smaller susceptibility to “kicks” within the cold head cycle.

AVS Quantum Science ARTICLE pubs.aip.org/aip/aqs

AVS Quantum Sci. 6, 041401 (2024); doi: 10.1116/5.0233296 6, 041401-6

VC Author(s) 2024

 23 D
ecem

ber 2024 08:26:10

pubs.aip.org/aip/aqs


independent of experimental imperfections such as the exact wiring of
cables or the tightness of screws. The vibrations in our system are
mainly caused by the cold head, and we do not observe any influences
on the vibration level of other external sources like acoustic noise.

With improvements such as demonstrated by a related system38

or by active cavity length stabilization,53 it might be possible to further
reduce the vibration level. A stability improvement by another order of
magnitude would render the effect of the vibrations on the maximum
attainable Purcell factor almost negligible.

Notably, all parts for achieving the high passive vibration level,
such as the floating baseplate cryostat and the fiber positioning system,
are commercial.

For the estimated values for diamond color centers in Fig. 1(a),
the achieved passive stability would allow for an air-like Purcell factor
up to about 25, with even higher values possible for a diamond-like
cavity, in conjunction with good collection efficiency. With the integra-
tion of microwaves for full qubit control, this system provides a prom-
ising platform for testing and utilizing efficient qubit–photon
interfaces.
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APPENDIX A: DERIVATION OF THE MAXIMUM
ATTAINABLE PURCELL FACTOR

The Purcell factor is defined as55

FP ¼ 3
4p2

c
n�

� �3 Q
V
; (A1)

with the cavity resonance frequency �, refractive index n, cavity
quality factor Q, cavity mode volume V, refractive index of diamond
n, and the speed of light c.

The spectral overlap of an emitter with a linewidth much
smaller than the cavity linewidth is given by32

nsðD�Þ ¼
1

1þ 4Q2

�2
D�2

; (A2)

with the cavity resonance frequency � and the emitter-cavity detun-
ing D�.

The cavity frequency fluctuations can be modeled by a Gaussian
distribution, where the probability density function reads33

f ðD�Þ ¼ 1ffiffiffiffiffiffiffiffiffiffi
2pr2�

p e�D�2=2r2� ; (A3)

with the RMS value of the cavity frequency fluctuations r� ¼ sr,
where s is the cavity mode dispersion slope and r the RMS cavity
length fluctuations.

For an emitter on cavity resonance, the effective vibration-
averaged Purcell factor can be calculated with

FP;vib ¼ FP

ð1
�1

dðD�ÞnsðD�Þf ðD�Þ: (A4)

For a given cavity geometry, which determines the cavity mode
volume V and the cavity mode dispersion slope s, the maximum
attainable Purcell factor follows as:

FIG. 7. Sketch of the microcavity insert. Three linear actuators (JPE CLA2201) posi-
tion the cavity fiber in front of the sample mirror: moving all three actuators simulta-
neously changes the cavity length in axial direction, while a single actuator
movement changes the lateral position (together with a small change in the fiber
angle). Each axis can additionally be controlled with a fine scanning piezo, which
are clamped between the fiber platform and the linear actuators. Optionally, the fiber
can be glued on a shear piezo for axial cavity length control. A passive vibration iso-
lator (JPE CVIP1) is placed underneath the positioning system (JPE CPSHR1-a).
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FIG. 8. Photograph of the fiber and sample mounting. (a) The lower half of the cavity: cavity fiber glued to the shear piezo element for fast cavity length control. A 0.25-mm-thin
PTFE film is used to introduce additional damping, which can improve the passive stability. The platform with the fiber mount is moved in situ by the positioning system. (b) The
upper half of the cavity: the sample mirror with embedded microwave stripline and a partially thinned-down diamond membrane. A support PCB is glued to the mirror holder
adapter to connect the microwave lines via wire bonds.

FIG. 9. Photograph of the microcavity insert and the enclosing objective cone. (a) The insert is placed on the 5.6 K platform of the cryostat baseplate. Three thermal links ensure
a good thermalization of the mirror holder to the baseplate. The temperature reached on top of the stack is monitored with a temperature sensor. The microwave lines of the
PCB are connected with flexible coax cables to the baseplate to minimize the transfer of vibrations. On the baseplate, microwaves are guided by rigid cables to the vacuum
feedthrough. (b) The insert is enclosed by a radiation shield and a stainless steel cone mounting the objective with linear actuators in a tripod setting. The radiation shield is
made of a lower cone and an upper cylinder with an opening fitting the objective. The upper part is screwed into the lower part. The cone and objective are at room temperature
inside the cryostat vacuum chamber.
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FP;max ¼ max
Q>0

FP;vib ¼ 3
4p2

c
n�

� �3 1
V

ffiffiffiffiffiffiffiffiffiffiffiffiffi
p

2ðsrÞ2
r

�

2
: (A5)

To obtain Eq. (A5) we make use of

ð1
�1

dx
e�x2=B

1þ Ax2
¼ pe1=ABerfc 1=

ffiffiffiffiffiffi
AB

p� �
ffiffiffiffi
A

p ; (A6)

with A> 0, B> 0 and the complementary error function erfcðxÞ
¼ 1� erfðxÞ as well as

max
x>0

e1=x
2
erfcð1=xÞ

� �
¼ 1: (A7)

APPENDIX B: CAVITY FIBER POSITIONING SYSTEM

Figure 7 shows a sketch of the full microcavity insert, which is
presented in the main text as a rendered CAD drawing in Fig. 2(b).

APPENDIX C: PHOTOGRAPHS OF THE SETUP

Photographs of individual parts of the setup and the cryostat
can be found in Figs. 8–10.
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