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ABSTRACT

Near-concentric cavities are excellent tools for enhancing an atom-light interaction as they combine a small mode volume with a large optical
access for atom manipulation. However, they are sensitive to longitudinal and transverse misalignments. To address this sensitivity, we present
a compact near-concentric optical cavity system with a residual cavity length variation 6Lc,ms = 0.36(2) A. A key part of this system is a cage-
like tensegrity mirror support structure that allows us to correct for longitudinal and transverse misalignments. The system is stable enough
to allow the use of mirrors with a higher cavity finesse to enhance the atom-light coupling strength in cavity-QED applications.

Published under an exclusive license by AIP Publishing. https://doi.ofg/10.1063/5.0191123

INTRODUCTION

Establishing a strong atom-light interaction is essential for
the implementation of quantum networks in atomic systems.""
However, interfacing with atoms can be challenging due to their
small cross section. Commonly used approaches to enhance the
atom-light interaction involve highly focusing lenses” or optical res-
onators.” For the latter, cavity quantum electrodynamics (CQED)
has extensively been researched with optical resonators in vari-
ous configurations® and demonstrated with single atoms since the
1980s.”” To attain a strong atom-light coupling strength g, typically
short cavities with a small mode volume and high reflectivity, low
loss mirrors are used. This leads to atom-light interactions using
cavity mirror spacings ranging from micrometers”” to millimeters'’
with a high quality factor Q. Most of the cavities for CQED involve a
near-planar geometry, with a mirror separation much smaller than
their radius of curvature. This allows for stable mechanical designs
but requires a short distance between the mirror surfaces.

Optical cavities in the near-concentric (NC) regime, where the
length of the cavity is close to the sum of the spherical mirrors’
radii of curvature, have most of the cavity modes strongly focused
at the center, leading to a small effective mode volume' "' and thus
a strong atom-light coupling strength ¢ while providing easy optical
access through the relatively large mirror separation.

However, NC cavities are challenging to work with compared
to planar micro-cavities, as the transverse displacement of the mir-
rors affects the cavity resonance. As the optical cavity resonance
needs to have a well-defined relation to fixed atomic resonances in

CQED applications, the mechanical cavity stability is critical. In NC
cavities, there is an additional requirement for transverse adjustabil-
ity and stability, leading to the need for control of three degrees of
freedom for relative mirror positions.

Here, we present a NC configuration of an optical resonator
exhibiting low susceptibility to external mechanical noise and thus
stability, while maintaining adjustability in all necessary degrees of
freedom, allowing us to operate the cavity close to the concentric
point and hence explore a stronger atom-light coupling.

CAVITY DESIGN

To facilitate an atom-cavity interaction at a specific transition,
in our case, the D; line of ¥Rb at A = 780 nm with an atomic half-
linewidth y = 27 x 3.03 MHz, the cavity resonance frequency wc has
to match with the atomic resonance frequency. In addition, as *’Rb
atoms are to be trapped at the cavity center using a magneto-optical
trap'’ and a dipole trap'* in an ultra-high-vacuum (UHV) environ-
ment, optical access to the system is necessary. To minimize the size
of magnetic coils, a small glass cuvette with inside dimensions of
25 x 25 x 150 mm® is used.

Stability requirement

To quantify the impact of the shift in cavity resonance and the
cavity performance, we introduce a “noise limit factor” £, which nor-
malizes the ratio of the frequency fluctuation dwc due to mechanical
noise to the cavity linewidth 2«. This factor is equivalent to the ratio
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FIG. 1. Schematic of the cavity mirror: (a) with an example of ray propagation in red through the mirror (units in mm), (b) with the mirror mount, and (c) corresponding pictures.

of the mechanical noise (standard deviation L of the cavity length)
to the resonant wavelength, multiplied by the cavity finesse F,

_ dwe _dlc
&= 2k )L/ZF' W

A noise limit factor & = 1 indicates that the cavity resonance fluc-
tuation is equal to its linewidth. Here, we aim for a target of
& = 0.15, which means that the mechanical noise along the cavity axis
contributes to the cavity linewidth by at most 15%.

Both transverse and longitudinal misalignments will affect the
reflection and/or transmission of the NC cavity. Close to the con-
centric point, the cavity becomes increasingly sensitive to transverse
displacement. This heightened sensitivity leads to fluctuations in
cavity resonance and transmission and requires addressing trans-
verse stabilization in the cavity structure. For convenience, we
map all mechanical effects on the cavity resonance to the effective
fluctuation of the cavity length 6Lc.

Mirror characteristics

The cavity mirrors (see Fig. 1) have a concave spherical surface
to form the cavity and a convex ellipsoidal surface, which provides a
straightforward mode matching of a collimated input/output beam
to the highly focused cavity mode.'" The radius of curvature of the
concave side is 5.5 mm, resulting in a cavity length L¢ = 2R - d in
the NC regime, where R is the radius of curvature and d is the
(small) critical distance from the concentric point located at L¢ = 2R
=11 mm. The mirrors have a reflectivity of % =99.5% at
A =780 nm, corresponding to a cavity finesse of F = 627. The tar-
get noise limit factor £ = 0.15 then corresponds to a cavity length
fluctuation of 8Lcms ~ 0.9 A.

Cavity support structure

To accommodate the cavity mirrors, a structure that allows for
adjustment of three degrees of freedom of relative mirror positions
is required. Moreover, it needs to fit within the constraints of the
vacuum system. In addition, the structure has to have a low suscep-
tibility to external noise. To tackle these limiting factors, a tensegrity
structure is chosen.

First, the cavity mirrors are fixed with epoxy to metal mirror
mounts [see Fig. 1(b)], which protect the mirrors during handling
and shield them from the possible line-of-sight contamination from
the atomic source. Gaps at the tip of the shield provide optical
access for laser cooling beams to the center of the cavity where the

atoms are trapped. The mirrors in their mounts are fixed to alu-
minum frames. These are separated by piezoelectric actuators (PI
PICMA P-882.51) with a rectangular profile, forming the compres-
sion members of the tensegrity structure. Different orientations of
these actuators with respect to the frames were evaluated.

To implement the tension members, two alternatives are tested.
The first alternative used a 0.4 mm thick, laser-cut steel sheet, bent to
acclip to hold the two mirror frames together. The clamp is designed
such that only three points are in contact with the structure [see
Fig. 3(a)]. The second alternative used helical springs (MISUMI
AUT3-20), with contact points defined by the hooks of the springs
[see Figs. 2(¢) and 2(d)].

One of the mirror frames is glued (MasterBond EP21TCHT-1)
on a stainless steel plate to avoid applying pressure onto the structure
when handling it during installation in the vacuum chamber, while

(©) (d)

FIG. 2. (a) Rotation of the cavity axis due to transverse misalignment. In a NC
cavity of critical distance d, a small transverse misalignment dx of the second
mirror rotates the cavity axis by an angle 6. (b) Equivalence of transverse and
angular misalignments. A small transverse misalignment dx can be corrected by
rotating the mirror by a small angle da. (c) CAD drawing: A: mirror frames, B:
actuators, C: spring, D: metal rod, E: transportation plate, and (d) assembled NC
cavity.
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the other frame can move freely in order not to constrain the relative
tip-tilt movement of the mirrors.

The piezoelectric actuators have a maximal expansion of 15 ym
for an operating voltage of 100 V, sufficient to compensate for mis-
alignment after careful pre-alignment. The transverse misalignment
can be corrected via different expansion rates of the three actuators,
leading to a relative tip-tilt motion of the mirrors [see Figs. 2(a) and
2(b)]. To allow for independent correction mechanisms for different
degrees of freedom, the tip/tilt corrections T4y and Ty, as well as
an overall cavity length change AL¢ are combined to the respective
actuator voltages V az.c,

Va 1 1 1\[AL
Ve|=G|1 -1 1 || Ts | ()
Ve 1 1 1)\ Tu

where G is a constant representing the transducer gain. This allows
for both fast changes of the cavity length and a slower servo
mechanism to maintain the transverse cavity alignment.'”

Different support structure configurations

The small expansion range of the piezoelectric actuators lim-
its the correction range for the transverse misalignment. As large
transverse displacements can occur in the cavity structure dur-
ing the assembly process (epoxy curing and baking of the vacuum
chamber), the structure needs careful pre-alignment. A significant
aspect of this pre-alignment is the static deformation of the com-
pression structures due to the tension elements and a consequent
transverse misalignment. Thus, it is necessary to check and reduce
the transverse misalignment resulting from the operation of the
actuators.

To evaluate the transverse displacement in the different direc-
tions with regard to individual excitation of each actuator, one
mirror frame is fixed in place with a clamp, and the displacement
of the second mirror frame is measured with a microscope [with a
x10 magnifying objective imaged onto a.CCD camera (Point Grey
CM3-U3-1352M-CS)]. The displacements of each structure config-
uration are listed in Table I. The helical springs show a much smaller
transverse misalignment when added to the structure than the flat
clip. We believe that this is because the contact points and the static
forces of the clips are not as well defined as the ones from the springs,
with their spring constant tolerance of £10%.

Likely due to the actuator’s rectangular cross section
(2 x 3 mm?), an anisotropic bending behavior is observed, with
greater flexural deformation along one axis. Rotating the actuators

TABLE I. Transverse displacement for several structure configurations.

Maximum observed
transverse

Structure configuration displacement (um)

Clamp [Fig. 3(a)] 3.75
Spring [Fig. 3(b)] 1.25
Parallel base [Fig. 3(c)] 7

45° base [Fig. 3(d)] 3.75

ARTICLE pubs.aip.org/aip/rsi

©) (d

FIG. 3. (a) Structure using a three contact point clamp. (b) Structure using springs.
(c) Actuator base parallel to the mirror frame. (d) Actuator base rotated by 45°
from the mirror frame.

with respect to the frame orientation [see Figs. 3(c) and 3(d)]
significantly reduced the transverse displacement (see Table I).

Cavity alignment

To assemble the near-concentric cavity, a reference axis is
established by coupling light between two fiber couplers using four
mirrors (see Fig. 4). The cavity system, with the first mirror glued on
using a low-outgassing epoxy (MasterBond EP21TCHT-1), is then
fixed onto the right tip-tilt stage attached to a three-axis manual
translation stage. The combination of the two stages allows the cav-
ity mirror to be freely adjusted along the reference axis. The second
mirror is held with a tweezer. The tweezer is also fixed onto the same
type of tip-tilt stage as the first mirror, along with a three-axis piezo-
electric translation stage with 100 ym moving range (Piezosystem
Jena Tritor 101 CAP) for fine adjustment.

By maximizing the coupling of the retro-reflected light from
both cavity mirror convex surfaces back into the fiber couplers, each

MTS |
FC M —©®

MTS || M FC

<D\ [3As o f—l=
N — :A
M ol s M

FIG. 4. Alignment setup of the NC cavity. RA: reference axis, FC: fiber coupler, M:
mirror, MT: mechanical tweezer, MTS: manual translation stage, and 3AS three-
axis actuator stage.
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FIG. 5. Schematic of the experimental setup. ECDL: external cavity diode laser,
EOM: electro-optical modulator, PIC: proportional integral control, PBS: polarized
beam splitter, QWP: quarter waveplate, and PD: photodiode.

cavity mirror’s axis is aligned along the reference axis (see Fig. 4).
The second mirror is then slowly translated toward the first mirror
to form a cavity mode. The cavity mode and the transmission spec-
trum of the cavity are observed with a CCD camera and an amplified
photodiode (Thorlabs PDA36A2). Any transverse misalignment is
corrected using the three-axis piezoelectric translation stage (Fig. 5).

The critical distance d can be estimated from the frequency
spacing of the cavity transverse modes. The target critical distance
is around d ~ 7.8 ym. This value is chosen as it is around half of the
travel distance of the cavity’s piezoelectric actuators, which will allow
a greater tip-tilt tuning as the cavity approaches concentricity.

Once the target critical distance is reached, mirrors are fixed
to the frame with a small amount of epoxy such that additional mis-
alignment during the curing process is minimized. During the initial
curing of the epoxy (2 h), any misalignment is corrected using the
three-axis piezoelectric translation stage. When the epoxy is fully
cured after another 70 h, the tweezer is released and removed. The
NC cavity is subsequently moved to the glass cuvette using the ded-
icated transportation plate. This plate, affixed to the cavity stage,
directly rests onto the cuvette, which, in turn, is connected to the
main vacuum chamber. The vacuum chamber is placed on an optical
table stabilized from external vibrations by pneumatic isolators. Due
to space constraints in the glass cuvette, the cavity was not mounted
on a passive isolation stage, thus remaining susceptible to vibrations
transmitted by the vacuum chamber. Any potential noise sources on
the optical table, such as cooling fans or loose cables connected to
the vacuum chamber, are either powered off, removed, or securely
fastened during the measurement process.

CAVITY STABILITY

To characterize the susceptibility of the mounted cavity to
external noise, the cavity resonance shift dwc is measured with
respect to a laser, which is loosely locked to the cavity with a
Pound-Drever-Hall (PDH)"" scheme through an integral controller
with a small gain and a sub-Hz cutoff frequency. With this method,
fast cavity length changes at high frequencies can be measured, while
ensuring that the error signal remains in the linear regime with
respect to the length change dLc, i.e., the mapping to frequency
detuning stays injective.

The error signal from the PDH scheme is recorded with an
oscilloscope and converted to a length change 8Lc(t). The noise
spectral density of the recorded length change is shown in Fig. 6
for a critical distance of d = 1.06(5) pm, corresponding to three

ARTICLE pubs.aip.org/aip/rsi
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FIG. 6. Noise spectral density of the cavity length over an integration time of 0.5 s.
The measurement is conducted at a critical distance of d = 1.06(5) pm for the NC

cavity. The total displacement noise is 0.36(2) A rms. The shaded region highlights
the first resonance of the cavity, centered at 2750 Hz (see Fig. 7).

resonant cavity lengths before the concentric point. At this critical
distance, the finesse and linewidth of the cavity are measured to be
323(8) and 42(2) MHz, respectively. The root mean square (rms)
mechanical noise of the cavity system over the whole spectrum is
SLcyms = 0.36(2) A, or a corresponding frequency uncertainty of
dwc = 2m x 1.28(5) MHz. Considering one fixed mirror, this rms
cavity length change corresponds to a rms transverse displacement
of the second mirror of 12 nm.

The recorded error signal combines both laser noise and cavity
noise. To separate the two contributions, the laser noise is char-
acterized independently from the NC cavity setup, via modulation
transfer spectroscopy'® using a rubidium vapor cell. The corre-
sponding trace is shown in Fig. 6 as well, with an integral rms
frequency uncertainty of dwj,g, = 27 x 0.11(1) MHz.

More than 70% of the noise energy of the laser+cavity sys-
tem is contained in a spectral window between 200 and 2500 Hz,
dominated by cavity contributions. This noise contribution could
be caused by the susceptibility of transverse vibration modes of the
springs to external noise, ultimately coupling to the cavity length.

The analysis above assumes that mode-decoupling from the
desired cavity mode due to transverse mirror displacements is negli-
gible during the measurement window. To verify this, we scanned a
probe beam to observe the fundamental mode transmission spec-
trum of the NC cavity and a near-planar cavity with the same
support structure separately. We observed no significant difference
in the fluctuations of the transmission peak values; thus, we expect
cavity resonance shifts to be the main contribution to the noise
measurements.

To further enhance the system’s stability, one can consider a
stronger active stabilization scheme, in addition to the existing loose
I lock, for the cavity. This becomes feasible with access to a feed-
back signal for the cavity length, such as through the PDH scheme
mentioned earlier. To implement this, we assess the cavity reso-
nance response to an actuator length change stimulus at different
frequencies.

A network analyzer (Agilent E5061b) generates this stimulus,
which is added to the actuator’s voltage, and picks up the error sig-
nal from the PDH scheme in the same loose-lock configuration as
above. The resulting Bode diagram of the system response is shown
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FIG. 7. Cavity response to the stimulus sent to the piezoelectric actuators. The
shaded region highlights the first resonance of the cavity, centered at 2750 Hz.

in Fig. 7. A first resonance is observed around 2750 Hz, only con-
tributing 1% of the mechanical noise, with a fairly flat phase response
below this resonance. Establishing a phase margin of 60° as the limit
of the control for an active stabilization implementation, an active
length control of the NC cavity system up to a control bandwidth of
~2500Hz should be possible, removing the strong broad contribu-
tion up to 2000 Hz in the observed cavity noise spectrum. However,
in our application, the passive effective cavity length uncertainty of
SLcyms = 0.36(2) A is sufficient.

CONCLUSION

We implemented a passively stable compact structure for
a near-concentric cavity, with an effective length uncertainty of
0.36(2) A at a critical distance of d = 1.06(5) ym. This corresponds
to a noise limit factor [see Eq. (1)] of & ~#0.05. The passive stabil-
ity permits an increase in the resonator’s finesse while maintaining
the cavity’s stable relative to its linewidth such that the system can
operate effectively close to the concentric point. This increase in
finesse will give access to an even stronger atom-light interaction.
Implementing an active cavity length stabilization should suppress
the susceptibility to external noise even further.

By relying purely on the current susceptibility to the exter-
nal noise of the cavity system, we can already enter the strong
coupling regime with single rubidium atoms with a relatively low
finesse of 627. With the current cavity parameters, targeting the D,
cycling transition of ¥Rb, the coupling strength can reach up to
g =2mx17.3 MHz, for a cavity decay rate of x = 27 x 10.9 MHz,
leading to a maximum cooperativity of C = g*/2xy = 4.5. This strong
coupling will be used to explore an atom-light interaction at the last
near-concentric stable point.

In summary, we showed that the near-concentric cavity geom-
etry can provide a viable alternative to near-planar cavity geometries
for cavity-QED experiments, offering good optical access to the cen-
ter of the cavity mode for atomic state preparation in quantum
information processing schemes and a large separation of mirror
surfaces from the mode region with a strong field, reducing, for

ARTICLE pubs.aip.org/aip/rsi

example, the influence of charges on the mirror surfaces in ion trap
configurations.
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