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Optical microscope and tapered fiber coupling apparatus

for a dilution refrigerator

A. J. R. MacDonald,? G. G. Popowich, B. D. Hauer, P. H. Kim, A. Fredrick, X. Rojas,

P. Doolin, and J. P. Davis?)

Department of Physics, University of Alberta, Edmonton, Alberta T6G 2G7, Canada
(Received 26 November 2014; accepted 27 December 2014; published online 16 January 2015)

We have developed a system for tapered fiber measurements of optomechanical resonators inside a
dilution refrigerator, which is compatible with both on- and off-chip devices. Our apparatus features
full three-dimensional control of the taper-resonator coupling conditions enabling critical coupling,
with an overall fiber transmission efficiency of up to 70%. Notably, our design incorporates an optical
microscope system consisting of a coherent bundle of 37000 optical fibers for real-time imaging
of the experiment at a resolution of ~1 um. We present cryogenic optical and optomechanical
measurements of resonators coupled to tapered fibers at temperatures as low as 9 mK. © 2015 AIP

Publishing LLC. [http://dx.doi.org/10.1063/1.4905682]

. INTRODUCTION

Recently, the field of cavity optomechanics'? has at-
tracted a great deal of attention for its promise in areas ranging
from application-driven efforts to fundamental tests of quan-
tum mechanics at the mesoscale. Nano- and micro-mechanical
devices coupled to microwave and optical-frequency cavities
have been shown to be exquisite force,>= position,® accelera-
tion,” and torque®’ sensors on small scales. These properties
make such systems ideal for hybrid quantum information
processing and communications infrastructures where the
mechanical element can be adapted to act as a transducer
between photons and other physical systems such as supercon-
ducting qubits.'*!> The optomechanical interaction can also
be exploited to prepare exotic and non-classical states such
as squeezed states,'® entanglement,'* and mechanical Fock
states.!> Additionally, there is significant interest in observing
the quantum mechanical nature of a mesoscopic system—
something that optomechanical systems are well-suited to
accomplish by preparation of the mechanical element in its
motional ground state.

A prerequisite to many of these quantum optomechanical
experiments is to reduce the thermal phonon occupation of
the system, as thermomechanical noise will drown out the
signal of any quantum mechanical behaviour. With the advent
of laser-cooling, it is now much more feasible to reduce
the average phonon occupation to very close to the ground
state.'®!® However, laser cooling reduces the mechanical
quality factor and is limited by the temperature of the equi-
librium thermal bath,' making cryogenic passive pre-cooling
a necessity. Cryogenic optomechanics is equally interesting
for its projected use in sensitively probing phenomena such as
superconductivity and superfluidity,>*?! which emerge only at
low temperatures.

Several groups have successfully incorporated cooling
systems into their optomechanical experiments, but most of
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these have used either helium flow cryostats,'®?>23 which
are limited in base temperature to >1 K, or microwave
resonators' 418 in which the electromagnetic coupling can
be completely integrated on-chip. A photonic crystal optome-
chanical device has recently been thermalized to 270 mK
inside a dilution fridge,?* using a lensed fiber to couple light
to on-chip photonic crystal resonators. However, the method
used limits accessible devices to a small fraction of a two-
dimensional chip and has an efficiency limited to 35%. Here,
we present a system for tapered fiber coupling to both on- and
off-chip optomechanical devices, achieving an overall fiber
efficiency of up to 70% in the cryostat and featuring a simple
optical system to image the experiment in real-time at mK
temperatures with negligible heating.

The rest of the paper is outlined as follows: Sec. II
describes the optomechanical devices studied in our dilution
fridge, Sec. III outlines the tapered fiber coupling apparatus,
and Sec. IV describes the microscope design. We conclude by
presenting optical and optomechanical results obtained with
this system in Sec. V.

Il. OPTOMECHANICAL RESONATORS

In the optomechanical experiments described here, mo-
tion of a mechanical resonator is coupled to the field inside
an optical whispering gallery mode (WGM) resonator through
a position-dependent optical resonance frequency w(x) = wq
—Gux. Here, x is the position of the mechanical resonator, wy is
the unperturbed optical resonance frequency, and G = —dw/dx
is the optomechanical coupling strength. The time-varying
position of a mechanical resonator can then be transduced as
an oscillating amplitude or phase of the light emerging from
the cavity.

We study both lithographically fabricated on-chip and
laser-fabricated silica optomechanical resonators coupled to
dimpled and straight tapered fibers, respectively. The dimpled
fiber? allows us to selectively couple light into a single on-
chip silicon microdisk which is itself side-coupled via its
evanescent field to a mechanical element, such as a cantilever’

©2015 AIP Publishing LLC
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or torsional paddle.® Silica bottle resonators?®?’ are created by
simultaneous stretching and heating of an optical fiber with a
CO, laser. The exact shape of these resonators can be varied
from parabolic to spheroidal by varying the intensity of the
CO;, laser spot and the stretching time. By pulling the ends
of the fiber for a long period of time, a series of bottles with
very thin connecting stems is created. These bottles exhibit
high-quality optical WGMs and mechanical breathing modes,
which permit observation of mechanical motion at cryogenic
temperatures.

lll. COUPLING APPARATUS

Our coupling scheme, shown in Figure 1, consists of an
optomechanical resonator mounted on a set of three attocube
(LT-UHV) linear nanopositioning stages next to a platform
for mounting a tapered optical fiber. The entire apparatus
is mounted to a large Invar base, situated on the mixing
chamber plate of a commercial Oxford Instruments Kelvinox
400HA dilution fridge. The use of Invar, a nickel/iron alloy
which undergoes very small thermal contraction when cooled
from room to cryogenic temperatures, minimizes drifts in
the relative taper-sample position. We use tapered fibers to
inject light into our devices for their superior efficiency and
phase-matching properties®®=" over methods such as prism
coupling,®"3? grating couplers,?” and lensed-fiber coupling.?*

We fabricate our cryogenic tapers®>*® by heating and
stretching single mode optical fibers until they have a tapered
region with a very narrow core (~1 um).”> This method
produces efficient (>90% transmission at room temperature)
and adiabatic tapers in which a large fraction of the guided
mode propagates in the evanescent field outside the core.
Special attention is paid to the length of acrylic coating
stripped from the fiber before tapering, as the acrylic protects
the fiber while it is bent in the tight constraints of the fridge.

Once a suitable taper has been fabricated, it is glued to
an Invar fiber-holder (Figure 1) in a two-step process and then
mounted to an Invar block on the Invar base plate. The fiber
is first glued with a five-minute epoxy which increases the
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FIG. 1. Coupling Apparatus. (a) Rendering and (b) photograph of the appa-
ratus used to couple light from a straight or dimpled tapered optical fiber into
an optomechanical resonator. Shown are the attocube nanopositioning stages,
sample and fiber mounts, and thermal anchoring to the mixing chamber stage.
The brass translators shown on the fiber mount in (a) but not pictured in
(b) are for coarse alignment of the fiber with respect to the microscope as

described in Sec. IV and are removed before cooling the fridge. Inset: Copper
and Invar bottle mount prior to gold-plating.
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tension of the fiber as it sets. Since this epoxy will not remain
adhered to the fiber and mount at low temperatures, we cover
it with a low-temperature-compatible Tra-Bond epoxy which
is de-gassed and allowed to set for 24 h.

The taper is then fusion-spliced to two lengths of fiber
anchored around the still plate. The extra length of fiber
is secured with Kapton and aluminum tape to the mixing
chamber stage to minimize vibrations and accidental contact of
loose fibers with the radiation shield of the fridge, which could
cause a heat leak. Surface contaminants (primarily water)
which adsorb to the tapered region and scatter light out of the
guided mode can be removed by pumping on the inner vacuum
can (IVC). In addition, cleaning the surroundings inside the
fridge dramatically improves the final taper transmission. This
results in overall efficiencies as high as 70%, with most of the
loss originating from the taper and splices.

Finally, the optomechanical device is mounted on the
nanopositioning stages. On top of each stage is an oxygen-free
high-conductivity (OFHC) copper plate which is gold-plated
and thermally anchored to the mixing chamber via an OFHC
copper braid (see Figure 1). Bottle resonators are glued using
the procedure described above to the mount shown (prior to
gold-plating) in the inset of Figure 1. Two pieces of OFHC
copper are pushed through a long Invar piece, which is then
gold-plated. The copper and gold-plating maximize thermal
contact to the fridge while the Invar minimizes the effects of
thermal contraction which can detension the bottles and result
in low-frequency vibrations as the attocubes are moved at low
temperatures.

IV. IMAGING

To efficiently couple light between the taper and the
optical resonator, it is important that they are well-aligned
with respect to each other. At room temperature, this can
be accomplished with a relatively simple optical microscope
configuration,” but at low temperatures, an imaging system
can significantly heat the environment. Differential thermal
contraction of the various materials inside the fridge creates
further challenges as any alignment performed at room
temperature will likely shift well before the base temperature
of the fridge is reached. To counteract this, we introduce a
real-time imaging system which causes very little heating at
low temperatures and which has enough degrees of freedom
to compensate, either in real-time or before cooldown, for any
shifts in the alignment.

Imaging at cryogenic temperatures has conventionally
been performed in cryostats equipped with a series of windows
which block room temperature radiation but allow visible light
to pass. Such systems have been used successfully to image
and measure “He crystal surfaces® ¢ and orientations,”’ as
well as acoustic waves.*® These optical access cryostats are,
however, limited in their achievable base temperatures: helium
flow cryostats and closed cycle fridges have base temperatures
of ~1 K. Dilution refrigerators are also limited by the heat
load from the windows, although temperatures as low as 10
mK?>? can be reached with careful attention given to filtering
of radio frequency (RF) and infrared radiation.
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In the early 1990s, interest in directly imaging *He and
“He at mK and sub-mK temperatures led to the development
of methods to contain most of the imaging system inside the
cryostat. The first such effort, at Helsinki, used a helium-neon
(HeNe) laser housed at room temperature as a light source
and a bundle of 30000 optical fibers to transport an image
from inside the fridge to a camera at room temperature.*’ This
setup was used to interferometrically obtain the first images
of superfluid *He at temperatures down to 0.7 mK, albeit at
a limited resolution. Another approach, which has become
a popular technique, used a charge-coupled device (CCD)
cooled to 65 K inside a dilution fridge,*' enabling imaging
at temperatures below 1 mK.*> However, this method leads
to additional heating from thermal and RF radiation of the
CCD as well as time delays between the room temperature
control electronics and the CCD, requiring further shielding
and custom timing electronics.

We use an imaging system, similar to that of Ref. 40 and
pictured in Figure 2, to assist in aligning our optomechanical
devices in situ. It uses a 530 nm light-emitting diode (LED)
as an illumination source, a coherent bundle of 37000 op-
tical fibers to transport an image to room temperature and
the complimentary metal-oxide-semiconductor (CMOS) chip
from a commercial webcam to construct a real-time image.
Green light is brought into the fridge via a multimode fiber
and collimated with a combination of strong condenser (L1 in
Figure 2) and weak plano-convex (L2) lenses. A cube beam-
splitter reflects 10% of the light onto the sample and dumps the
remaining 90% to a black metal velvet sheet (Acktar Advanced
Coatings) affixed to the interior of the IVC, providing a heat
dump. This beamsplitter configuration ensures that most of
the light reflected from the sample is used for the image.
Achromatic doublets focus the light onto the sample (AD1),
into the bundle (AD2), and collimate the light exiting the
bundle (AD3). A final plano-convex lens (L3) focuses the
image onto the CMOS chip. All optics are housed in 1-inch
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diameter aluminum lens tubes, which are thermally anchored
to the still by a copper braid. Room-temperature alignment of
the illumination fiber and the fiber bundle is achieved through
a pair of home-built brass xy tilt manipulators.

The portion of the microscope residing inside the fridge is
suspended from above by a length of thin-walled stainless steel
tubing and can be moved vertically with a 50 um resolution
over arange of 50 mm by a thimble (Huntington VF-178-275)
on top of the fridge. Lens tubes are guided at each stage by
a Teflon ring. This mechanism allows the focal plane of the
microscope to be translated without tilting or vibrating, and
minimizes the heat leaks between stages.

As cooldown proceeds, thermal contractions cause the
taper and sample to drift relative to the microscope. Although
we have the ability to adjust the focal plane of the system
(via the thimble) as well as the sample’s position (via the
nanopositioning stages), it is not possible to adjust the in-
plane position of the taper relative to the imaging system
at low temperatures. From room to cryogenic temperatures,
the taper reproducibly drifts an estimated 200 ym from the
bottom right to the center of the image. Fortunately, we can
compensate for this drift using the pair of home-built brass
push-pull translators mounted on the Invar block, as shown in
Figure 1(a). We position the taper a set distance outside the
image at room temperature before tightening the fiber holder
down and removing the translators.

The fiber bundle and illumination fibers are brought
into the fridge via a line-of-sight port and sealed with Tra-
Bond epoxy at the top. To reduce thermal radiation from
above, we use a series of baffles between the thimble and
the stainless steel tubing, and offset the holes in each of the
baffles through which the fibers pass. This ensures that there
is no direct free-space line-of-sight from room temperature
into the IVC. Although the fiber bundle is well-connected to
room temperature, its low thermal conductivity prevents any
significant conduction of heat from the outside environment.

A L3
AD3

fiber bundle

FIG. 2. (a) Photograph of the imaging system above the fridge. Arrows denote the thimble used to translate the apparatus, the fiber bundle, and the CMOS
camera. (b) Schematic of the imaging system. The blue dashed box represents the limits of the IVC at 4.2 K, while dotted lines represent (from top to bottom)
1 K pot, still, cold plate, and mixing chamber stages. Lenses are condenser lens (L1), long-focal length plano-convex lenses (L2 and L3), and achromatic doublets
(AD1, AD2, and AD3). (c) Photograph of the microscope components inside the fridge.
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We observe a very slight increase in the base temperature
corresponding to room lights (~0.1 mK as measured by a
resistive thermometer), likely due to photons coupled into the
fridge via the optical fibers but this is easily remedied by
covering the fibers above the fridge.

Figure 3 shows images captured with our system at
room and cryogenic temperatures. We achieve an effective
magnification of the image by coupling only a fraction of the
light reflected from the sample into the fiber bundle. Using
ADI1 (focal length f =30 mm), the green light is focused
to an ~1 mm spot on the sample, while AD2 (f = 100 mm)
focuses the light to an ~4 mm spot at the fiber bundle—much
larger than the ~850 pum image circle of the bundle. Since
the image is limited to just 37 kilopixels, this magnification
factor of 3.3 between the sample and the fiber bundle is
a compromise between a sufficient resolution to accurately
position the tapered fiber and a large enough field of view to
identify a device.

The images have a resolution of just 1 um, whereas the
tapered fiber has a diameter of ~1 um, making it difficult to
resolve the taper in the image. This is especially pertinent in
the case of dimpled fibers where the dimple is usually found by
looking for the region which comes into focus at a lower point
than the rest of the fiber.?® To facilitate this, we inject red light
from a HeNe laser into the measurement fiber. The red light
preferentially scatters from the dimpled or tapered region, as
seen in Figure 3(d), allowing us to more easily locate it in the
image. With this adjustment, we find that we can reproducibly
locate the tapered fiber at low temperatures.

V. EXPERIMENTAL RESULTS

Our system reaches a base temperature of 9.02 + 0.18 mK
(measured by a nuclear orientation primary thermometer
and shown in the inset of Figure 4) which is only slightly

FIG. 3. (a) Image of a bottle resonator and tapered fiber taken at 295 K with
an optical microscope. (b) Image of an on-chip optomechanical resonator®
taken using our system at room temperature. The image has been rendered
in black and white for clarity. Bottle resonator at (c) the dilution fridge base
temperature of 9 mK with tapered fiber visible near the center of the bottle
and (d) at 295 K with red light used to illuminate the taper. Images in (b), (c),
and (d) captured with <1 mW of initial green LED power (see Table I). All
scale bars 100 pm.
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FIG. 4. (a) The cooling power of the fridge is measured by applying a
fixed heat load to the mixing chamber stage and measuring the resulting
temperature. Each data point is an average over at least ten measurements
of a nuclear orientation thermometer. The data are fit to a phenomenological
model*3 (black line) as discussed in the text. Inset: Base temperature of the
fridge as measured with the nuclear orientation thermometer. (b) The heat
load from laser light in the tapered fiber is inferred from the measured base
temperature and (a) as the laser power is increased. The line is a linear fit with
a slope of 0.36, indicating that 36% of the taper power contributes to heating
of the mixing chamber.

increased over the unloaded fridge base temperature of 7 mK.
Investigating potential sources of heating, we find that neither
the imaging light nor the motion of the nanopositioning stages
causes any perceivable heating under normal experimental
conditions. Table I tabulates the temperature of the mixing
chamber stage and the corresponding heat load for a number
of different total green LED powers. To determine this heat
load, we first measure the cooling power of the fridge by
applying a predetermined heat load Qyc to the mixing cham-
ber stage with a resistive heater and measuring the resulting

TABLE 1. The optical intensity of green LED light, measured in free space at
the output of the LED, and the two ports of the beamsplitter. The beamsplitter
reflects light onto the sample and transmits it onto the IVC. Also shown is the
measured base temperature T of the fridge from which the heat load Q due
to the LED light is inferred.

LED (mW) Sample (W) IVC (uW) T@mK) O uw
0.9 0.12 L5 9.01 0.17
2.0 0.31 4.6 9.53 0.30
4.0 0.50 6.7 10.21 0.47
9.0 1.10 152 11.56 0.86
15.0 2.00 28.0 13.51 1.51
17.5 2.50 345 14.45 1.85
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temperature 7 with the nuclear orientation thermometer (see
Figure 4). Fitting the measurements over a range of 9-35 mK
with Oy =aT?—Qpr,*> where a is a constant related to the
*He flow rate, we find a constant heat leak Qg ~ 900 nW.
We then infer the LED heat load from the measured base
temperature and find that since very little light is required to
image the sample, no significant heat load results (see Table I).
The most significant contribution to heating is caused by
laser light injected into the tapered measurement fiber. Again
inferring the heat load from the base temperature as a function
of input power, we find that most of the power lost in the taper
(~36% of the total power for the taper measured in Figure
4(b)) contributes to heating the mixing chamber. For very
low optical powers (<250 nW in the tapered region), there is
no observable increase in temperature, allowing us to probe
optical resonances using a 1550 nm tunable external cavity
diode laser. By scanning the laser frequency, we find optical
resonances with intrinsic quality factors of 10°-107, which
are consistent with measured room temperature values. An
example of an optical resonance at 9 mK is shown in Figure 5.
Further investigations of the loaded optical properties at
4.2 K are made by adjusting the continuous voltage offset on
the nanopositioning stages, enabling a slow approach of the
bottle to the tapered fiber over a total range of 800 nm at 4.2 K.
The external coupling rate «,, increases exponentially as the
bottle-taper separation is reduced, resulting in a transition
from under- (k. < kg) to over-coupling (k.. > ko) of the
resonator. An example of this for an optical resonance around
1598 nm is shown in Figure 6. Over-coupling occurs without
contacting the resonator (and thus damping mechanical
oscillations), an important capability for controlling the
mechanical state through the injected light field."* We also
achieve critical coupling, where the external coupling rate
equals the intrinsic decay rate (k.. = ko) with a normalized on-
resonance transmission minimum of —22 dB. This extinction
ratio is a measure of the quality of polarization-, mode-, and
phase-matching in the system since zero transmission can
only occur for perfectly efficient coupling.”” Although this
is not the first study of cryogenic taper-resonator coupling
conditions,** we believe that it is the first to show such
complete extinction upon critical coupling.

0.50

0.25

Normalized Transmission

0.00Q

Il Il
7-0.40 -0.20 0.00 0.20 0.40

Laser Detuning (GHz)

FIG. 5. A WGM bottle resonance around 1581 nm with a Q of 2.4 x 100,
measured at low optical powers (~250 nW in the tapered region) at the
fridge’s base temperature of 9 mK.
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FIG. 6. Demonstration of critical coupling at 4.2 K. (a) Transmission across
a bottle resonance as a function of displacement of the bottle from the taper.
Lines are Lorentzian fits to the data.! (b) Measured minima in the normalized
transmission, showing an extinction of -22 dB. (c) External (k,y), internal
(k0), and total (k) decay rates (linewidths) of the resonance, extracted from
the fits in (a). Note the critical coupling point near 375 nm where kg = Ky.

Finally, we measure the radial breathing modes of the
~50 pm bottle resonator by detuning the laser frequency
slightly from the optical resonance and recording the fluctua-
tions in the taper transmission that occur as a result of mechan-
ical motion. The high optical quality of the resonators gives
rise to a large thermo-optic nonlinearity,* leading to heating
of the resonator through optical absorption and preventing
thermalization of the mechanical modes to base temperature.
We instead use helium exchange gas to thermalize the bottles
to room, liquid nitrogen, and liquid helium temperatures (295,

10-30 F 1 1 T
f ﬁ)/ 295 K
I — 77K 3
- i — 42K
N 1032 F ]
T :
E |
\:; 1033 t _J\ " 3
« JURGTSUHIIN WSS \ WS ——
103 _ J
-35 I 1 1 1
10753 54 55 56 57

Frequency (MHz)

FIG. 7. Power spectral density of a 55 MHz breathing mode of a bottle
resonator at 295, 77, and 4.2 K, thermalized using exchange gas. The peak at
54 MHz is used to calibrate the temperature of the mechanical mode.>? The
inset shows the mode shape, simulated using COMSOL Multiphysics™.
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77, and 4.2 K, respectively). We detect the taper transmission
directly on a 1 GHz photodiode and use an analog-to-digital
converter to record a time trace of the high-pass filtered signal.
Fourier transforming this signal and squaring the result gives
direct access to the voltage power spectral density Syv(f)
of the detector. Using effective masses determined from finite
element modeling, we thermomechanically calibrate*® Sy v ( f)
to obtain the displacement power spectral density Sy,(f). The
calibrated displacement spectrum of a 55 MHz mechanical
breathing mode with a room temperature quality factor of 10*
is shown in Figure 7.

VI. CONCLUSION

We have developed a tapered fiber coupling apparatus on
the base plate of a commercial dilution fridge, allowing access
to temperatures as low as 9 mK at an overall transmission
efficiency of up to 70%. Our system incorporates three-
dimensional control of the resonator-fiber position allowing
for full control over the coupling conditions, enabling under-,
critical-, and over-coupling of the resonator. Furthermore, a
coherent bundle of 37000 optical fibers enables real-time in
situ imaging of the experiment at a resolution of ~1 um with
negligible heating. These two properties together facilitate
coupling to a large number of either on- or off-chip devices
during a single cooldown.
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