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ABSTRACT

As millimeter-wave cosmology experiments refine their optical chains, precisely characterizing their optical
materials under cryogenic conditions becomes increasingly important. For instance, as the aperture sizes and
bandwidths of millimeter-wave receivers increase, the design of antireflection coatings becomes progressively more
constrained by an accurate measure of material optical properties in order to achieve forecasted performance.
Likewise, understanding dielectric and scattering losses is relevant to photon noise modeling in presently-deploying
receivers such as BICEP Array and especially to future experiments such as CMB-S4. Additionally, the design of
refractive elements such as lenses necessitates an accurate measure of the refractive index. High quality factor
Fabry—Pérot open resonant cavities provide an elegant means for measuring these optical properties. Employing
a hemispherical resonator that is compatible with a quick-turnaround 4 Kelvin cryostat, we can measure the
dielectric and scattering losses of low-loss materials at both ambient and cryogenic temperatures. We review the
design, characterization, and metrological applications of quasioptical cavities commissioned for measuring the
dielectric materials in the BICEP3 (95 GHz) and BICEP Array mid-frequency (150 GHz) optics. We also discuss
the efforts to improve the finesse of said cavities, for better resolution of degenerate higher order modes, which
can provide stronger constraints on cavity parameters and sample material thickness.

Keywords: Resonant cavity, Dielectric losses, Quasioptical, Fabry—Pérot, Optical materials, Sub-millimeter
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1. INTRODUCTION

The astrophysical observations carried out in the millimeter and sub-millimeter wavelength regime provide key
insights into many of the open questions in physics today. Experiments using millimeter light image black holes,
map high-redshift regions of the Universe, and observe the Cosmic Microwave Background, to name a few.!
These experiments aim to expand our understanding of the influence of black holes on cosmic evolution, explore
the growth of structure in the cosmos, and provide insights into the earliest epochs of the Universe. Optics used in
experiments within the mm/sub-mm regime often incorporate polymers like polyethylene, polytetrafluoroethylene,
and nylon; ceramics such as alumina; or monocrystalline silicon. Plastics are frequently used for filters, lenses,
vacuum windows, or laminate antireflection coatings, while alumina and silicon are common filter and lens
materials.* % An experimenter’s choice of a material for a given optic hinges on its complex permittivity (namely
index of refraction and dielectric losses) at the desired temperature, which is often cryogenic.”® As mm-wave
experiments often employ cryogenically cooled optics in order to reduce optical loading, we seek a robust method
of empirically measuring complex permittivity as a function of temperature, as its behavior can be nontrivial.'?
In the context of current and future CMB experiments, such as BICEP /Keck or CMB-S4, we are motivated to
seek high precision measurements of refractive index as we require an accuracy of +.005 in index measurements
for designing optics. Additionally, we desire to understand material loss in order to better model instrument
photon noise and systematics, such as forebaffle coupling and far-sidelobe response.

Numerous well-established techniques exist for measuring the the index and loss of materials in the mm-wave
regime. Many of those techniques utilize closed resonant cavities, typically waveguides.!! The accuracy of index
and loss measurements from waveguide cavity (so-called Nicholson-Ross-Weir) methods relies on the quality of
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sample machining; gaps between the material under test and waveguide walls result in significant errors, which are
exacerbated at high frequencies. When one wishes to measure complex permittivity at cryogenic temperatures, in
the case of a closed resonator, one has to take care to account for differential coefficients of thermal expansion
between the metallic waveguide and the dielectric sample.

Additionally, due to the frequency scaling of the quality factor with the resonant frequency, and since the
accuracy of loss measurements deteriorates for losses below the reciprocal of the quality factor, NRW methods
become impracticable at high frequencies, typically above 75 GHz. Furthermore, for low loss materials of
thicknesses that are integer multiples of wavelength, measurements using NRW methods become unstable.!?
Similarly, measurement techniques employing Fourier transform spectrometers suffer from increased systematic
uncertainty in the limit of low loss materials or samples thin compared to a wavelength.!3>14

The use of an open resonator comes with the advantage that the standing modes of optical resonators, in
particular simple two-mirror topologies such as Fabry—Pérot hemispherical open resonators, are well-studied
and have readily recordable observables that depend strongly on cavity electrical length and round-trip loss.'?
Compared to closed resonator techniques, the mode spectrum of cavities enables quasi-broadband measurements.
Due to the build-up of the electromagnetic field in the cavity, we can naturally integrate over many transits
through the inserted optical material of interest. High quality factor Fabry—Pérot open cavities provide a means
for measuring the optical properties of low-loss dielectric materials which only relies on one length dimension of
the material under test. By taking high signal-to-noise measurements of the resonant modes of an empty and
dielectric-loaded open resonator, we can infer the index and loss of an inserted dielectric sample. Measurement
apparatuses can be readily designed for operation down to cryogenic temperatures.

In this work, we first establish the basic working theory of quasioptical open resonant cavities, employing
the full vector theory as established in the literature.'® We discuss a quasioptical cavity fabricated for this work
and detail a measurement procedure for inferring index and loss from measurements of its fundamental modes,
before reporting the results for several polyethylene samples. Finally, we conclude with a brief discussion of
future improvements to open resonator techniques for measuring complex permittivity, including ongoing efforts
to extend these methods to cryogenic temperatures.

2. (QUASI)-OPTICAL CAVITIES

Given the challenges associated with traditional methods for measuring complex permittivity in the mm-wave
regime, open resonant cavities offer a promising alternative due to their high-quality factors and ability to
integrate over multiple transits of the optical material. To fully leverage these advantages, careful consideration
must be given to the design of the cavity, particularly in minimizing power losses and ensuring effective coupling.
In the end, we construct cavity quality factor such that we can measure low-loss materials while retaining enough
transmitted power to stay above the transmission background of the cavity. To construct a cavity with a given
quality factor, we must account for the sources of power loss intrinsic to the cavity: coupling losses from the
apertures, conductive losses on the mirror surfaces, and diffractive losses off the edges of the mirror and apertures.

The coupling constant S—the ratio of cavity incident power to intrinsic power lost—parametrizes the power
coupled into the cavity. For the cavity used in this work, we selected an aperture coupling of § = 0.3. Ansys
HFSS calculations were carried out to show apertures of 1 mm diameter and 1.05 mm depth provide the expected
aperture coupling. The aperture coupling dominates the quality factor of the cavity. Fig. 1 gives further details
on the cavity employed in this work. Practically, we are constrained to the current insertion loss due to leakage
between the input and transmit sides of the split-block waveguide used to inject power into and out of the cavity:
power transits directly between the input and output waveguides, bypassing the cavity entirely. This direct
leakage constitutes the primary component of the noise floor of our measurements. Thus, raising the quality
factor of the cavity, which necessitates transmitting less power through the cavity, also results in reducing the
signal to noise ratio of the experiment. To make further increases to the quality factor useful, we must decrease
direct leakage across the split-block waveguide. See Sec. 5 for a brief discussion on future work in this area.

Light is coupled into the cavity from the vector network analyzer (VINA) extension head via a TE;y mode
rectangular split-block waveguide butted against circular apertures, which magnetically couples as a magnetic
dipole radiator. The transverse component of the TE;y mode’s magnetic field excite the eigenmodes, TEM;,, of
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(c) A block diagram of the signal path.

Figure 1: Gold-plated planar and spherical mirrors, separated by Invar struts, form a hemispherical open resonator.
A low CTE material was chosen for the struts in order to minimize temperature-induced fluctuations in cavity
length, which directly lead to fluctuations in resonant frequency. A WR-10 VNA extension head couples radiation
into the cavity via a split-block waveguide butted into a recess in the top (spherical) mirror. Two circular coupling
apertures are sized to set the intrinsic cavity quality factor to 1 x 10°. The cavity depicted here has a length of
55 mm and a mirror radius of curvature of 100 mm, putting the spacing between fundamental modes at ~2.7 GHz.
Compared to a Gaussian spot size at the spherical mirror of 11.85 mm, the spherical mirror has a radius of 50 mm,
minimizing diffractive losses off that surface. Dielectric samples are pressed against the planar mirror with a
bracket fastened to the edges of the planar surface.

the cavity, where p, [, and ¢ are the radial, azimuthal, and axial (longitudinal), mode numbers, respectively. The
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resonance condition for the fundamental modes TEMgq, of the empty resonator is'6

1 D 1
14 2 arctan | ——— — — 1
Ja= 2D<“’+ AN R TD 2m¢J’ e

where D is the cavity length, R the spherical mirror radius of curvature, and k the freespace wavenumber. When
the cavity is loaded with a dielectric sample, we perturb the mode spectrum and cavity loss. As a result, the
resonance condition becomes!'®

%tan (nkt — ®7) = — tan (kd — ®p), 2)
with
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and

d=D—t. 9)

From the above, one can see that &1 and ®p encode information on cavity geometry and the dielectric electrical
length (through index n and sample thickness t).

The solutions of Equ. (2), fr;, give an initial estimate of the resonant frequencies of the fundamental modes
of the loaded cavity. This equation arises from matching the cavity field configurations at the free space-dielectric
interface and at the mirror boundary on the axis of the resonator. This estimate assumes the surface of the
dielectric matches the wavefront exactly, and that the wavefront has no tangential component at the spherical
mirror boundary. With a flat sample, there is some mismatch between the Gaussian wavefront and the medium
interface. Likewise, since the Gaussian wavefront does not quite match the spherical mirror surface, it has some
tangential component at the mirror boundary. Both of these effects result in a shift of the loaded resonant
frequencies. We can correct the initial estimate as

fL = fL,i(l + finterface + fmirror) (10)

o= fri (1 + n2k2w? (tA + d) + 4k2(tA + d)R) 7 "

where the beam radius at the dielectric interface is
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Finally, we compute the loss tangent as

1 2k (tA + d)

tand = Q. 2nktA — A[sin 2(nkt — ®7)]

(14)

where Qi = é — le(k:) A7 In principle, the intrinsic quality factor, Qo(k), can be computed by modeling and

simulating the cavity in electromagnetic simulation software. However, the intrinsic quality factor is dominated
by the evanescent coupling through the apertures in the hemispherical mirror, which is extremely sensitive to
fabrication tolerances. In practice, it is sufficient to interpolate the Qo (k) curve using measurements of adjacent
fundamental modes of the cavity.

3. MEASUREMENT PROCEDURE

We excite the cavity through the coupling block with a WR-10 VNA extension head, and measure the cavity
response using a custom-built receive-only VNA extension head, both attached to an HP 8510C millimeter-wave
VNA. There are two measurement procedures for sweeping the cavity response—keeping the cavity length fixed
while sweeping in frequency, or adjusting cavity length while injecting a single tone. The former procedure has
the advantage of avoiding the complications of precise length modulation, while the latter has the advantage
of maintaining the intrinsic quality factor, Qq(k), due to the identical aperture coupling for the loaded and
unloaded cavity resonances, as the frequencies of the resonances remain static. In this work, we adopt the
frequency-variation method, and interpolate the intrinsic quality factor measured to the shifted resonances.

Using a VNA for carrying out these measurements comes with several other advantages. For one, modern
systems carry out averaging, which can suppress readout noise. With high quality factor cavities, this is important
as only a small amount of power is leaked from the cavity. More importantly, we can capture, with a high precision
in frequency, the cavity response, which allows us to employ fitting techniques on the cavity mode spectrum in
order to infer cavity and mode parameters such as cavity length, mirror radius of curvature, and quality factor.

The resonance modes of quasioptical cavities can be well-modeled by a so-called Fano line,'8

S

St(f)zw

+ 8., (15)

where S; is the measurement scattering coefficient Si or S3;. We can fit to the amplitude and the phase. fy and
@ are the mode frequency and quality factor, respectively. The Fano lineshape is nearly a Lorentzian, but admits
a complex coupling factor, S, which accounts for nonidealities in coupling between the input and output ports.

As seen in Eqn. (14), computing loss tangent requires carefully measuring the fundamental modes of the
dielectric-loaded and empty cavity. In particular, we must measure their resonance frequencies (a measure of
cavity length, including sample electrical length) and their quality factors (a measure of the energy stored in a
given mode).16:19

We fix cavity length and sweep the band while recording the cavity response. Fig. 2a gives an example of the
typical cavity response. First, we must find the cavity length and mirror radius of curvature. Both parameters are
obtained by first measuring each fundamental mode of the empty cavity. Practically, we compute the fundamental
mode resonance frequencies by iteratively solving Eqn. (1) using priors on D and R from the cavity design.
Disambiguation of the axial mode numbers of the resonances requires moderate precision on the priors D and
R, which is easily exceeded by the manufacturing tolerances. For each measured fundamental mode, we fit a
Fano lineshape to the cavity response and infer the mode frequencies and quality factors. From these direct
measurements of mode frequencies, we can accurately deduce the cavity length and mirror radius of curvature.

With the cavity length dimensions in hand, we then load the cavity with a dielectric sample. After measuring
each fundamental mode in the band of interest and inferring their center frequencies, f,,, and quality factors, Qp,
using the Fano model, we must identify them with the estimated resonances, fr,;, as computed from the Eqn.
(2), using mechanical measurements of the thickness of the sample, and our priors on the refractive index of the
material from previously published measurements.??>2! As for the empty cavity, we only need sufficient precision
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Figure 2: (a) Example broadband sweep of empty and loaded cavity, demonstrating the shift in resonance modes
due to increasing cavity electrical length. (b) Example resonant mode measurement (solid lines) and fit (dashed
lines). The cavity was loaded with a low-loss, low index material such that the shift in frequency was small and
the decrease in @ nearly zero. The background is dominated by the leakage indicated in Fig. 1b.

in these measurements to disambiguate the axial mode number of each resonance. We then apply the interface
and mirror corrections,

,f — fm - fm(,finterface + ,fmirror); (16)
to arrive at the loaded cavity resonant frequencies.

Comparing the shift in resonance frequencies in the empty and loaded cavity, we infer the electrical length of
the sample. Fig. 2b is an example trace demonstrating the shift in resonance. Finally, the cavity parameters,

sample parameters, and cavity empty and loaded fundamental mode frequencies and quality factors are used to
compute material loss.

The measurement procedure is then repeated for samples of the same material, but of increasing thicknesses.
Additionally, the accuracy of the resonant frequency and interface conditions depends on the accuracy of a direct
measurement of the sample thickness. In this work, we machined 2" x 2" flat samples that were 2mm, 3 mm,
5mm, and 8 mm thick, which were then measured with a micrometer to obtain a sample thickness for inferring

sample index and loss. Fig. 3 summarizes the above process for measuring sample index and loss tangent in the
resonant cavity.

3.1 Measurement systematics

Given the reliance of this analysis on the flatness of the sample interface, thickness, and, to some extent, surface
roughness, we performed tests on the repeatability of the quality factors of the fundamental modes.

In order to assess quality factor measurement repeatability, we devised a set of measurements of a single
fundamental mode, wherein we perturbed the sample placement in some fashion. Repeatedly removing and
placing the sample gives a sense of the repeatability of the cavity quality factor (and thus loss) due to the sample
placement procedure. In this vein, we can change the sample placement procedure to asses the sensitivity of the
cavity to other perturbations, such as sample rotation. In principle, this could be sensitive to sample birefringence.
Further, by flipping the sample, we can see if the sample-cavity interface affects measurement repeatability. We
might expect this effect to be stronger than that caused by rotation, as one can imagine the surface texture or
curvature, which can vary due to machining artifacts, will impact the measurement. Finally, as a control, we took
a large number of measurements while keeping the sample undisturbed. The percent RMS of the repeated sample
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Figure 3: Flowchart illustrating the process to compute sample index and tané.

placement and rotated sample single-mode quality factor measurements were all consistent with that derived
from the series of unperturbed sample quality factor measurements. Nonflat samples had a detectable difference
in quality factor when changing which face interfaces with the cavity.

4. OPEN RESONATOR MEASUREMENTS OF REFRACTIVE INDEX AND
DIELECTRIC LOSS

After following the procedure described in the previous section, we obtain the index of refraction and loss tangent
of several plastics in the WR-10 band (75 GHz-110 GHz) at room temperature. We differentiate between annealed
and non-annealed HDPE to demonstrate the utility of this technique in exploring the effect of the thermal
history on the complex permittivity of bulk plastics. Annealing is common when fabricating precision-machined
optics like lenses from thermoplastics such as HDPE because the annealing process relieves internal stresses,
increasing the dimensional stability of the optic, and can also reduce birefringence due to asymmetry in the
material manufacturing processes. Due to the changes in density driven by internal stresses of the plastic, we
may expect a change in the complex permittivity.

Fig. 4 shows the per-mode index and loss measurements for the empty cavity and four samples of HDPE.
Results reported in Table 1 are the mean and standard deviation taken across all measurements (per mode and
thickness) for a given material. The spread in the loss tangent measurements is consistent with uncertainty in the
sample thickness. The results for the refractive index of HDPE and UHMWPE are consistent with those reported
in other works. Even after accounting for frequency scaling, the loss tangents reported here are somewhat lower
than those reported in previous works, but are overall consistent, considering the nontrivial dependence of loss on
the specifics of a polymer’s manufacturing and thermal history.?0>2%23

5. CONCLUSIONS & FUTURE RESEARCH

We have presented a case for the metrological application of mm-wave resonant cavities to the measurement
of dielectrics used to make mm-wave optics. We can robustly model the fundamental modes of a loaded and
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Figure 4: Measured cavity quality factor, sample index, and loss tangent for 4 samples of HDPE at room
temperature.

unloaded quasioptical resonant cavity, confirming that resonant cavities can be a useful tool in determining the
index and loss of dielectrics. We have presented initial results for the indices and loss tangents of HDPE, annealed
HDPE, and UHMWPE.

Aside from the dielectric parameters reported here, we want to understand room temperature losses of various
commonly used and potential candidate materials for CMB telescope components. We are acutely interested in
the behavior of dielectrics at cryogenic temperatures due to their use in mm-wave experiments such as CMB
polarimeters. Continuing work on this apparatus involves placing the cavity in a quick-turnaround cryostat in
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material n  tand (x107%) loss (dB)

HDPE 1.537 £ 0.003 1.66 £0.18 -28
annealed HDPE 1.541 £ 0.004 1.48 +0.24 -29
UHMWPE 1.526 £ 0.007 1.43+0.21 -29
LDPE -49

Table 1: Indices and losses of several plastics at room temperature. Loss is reported as power lost from the cavity
in a single round trip. A measurement of 25 um thick LDPE is included to illustrate the capability of the cavity
to measure thin, low-loss materials.

order to measure index and losses from 300 K down to 4 K.

Further work must be done to model the higher-order modes of the loaded cavity. Higher-order modes should
have a slightly different dependence on index and sample thickness. Due to this difference, higher-order modes
can potentially provide further constraints on sample thickness. As sample thickness is the dominant systematic
in the reported index and loss measurements, improvements in the understanding of the higher-order modes will
potentially decrease uncertainty.

While we can measure thin, low-loss materials down to single-trip losses of —49dB, to explore even lower
losses we must increase the cavity quality factor. As discussed, the natural path to increase cavity quality factor
is by decreasing aperture coupling. However, since our background is dominated by direct transmission, increases
in quality factor are commensurate to increases in the background. To complicate matters, this background also
depends on the seating pressure of the coupling block; the choke between the it and the spherical mirror relies on
pressure. As a result, the background levels are sensitive to temperature fluctuations. Future improvements on
cavity design will involve reducing this leakage, possibly by utilizing a photonic crystalline structure to introduce
a photonic bandgap that acts to suppress leakage through the waveguide-mirror interface and direct leakage
across the split-block waveguide.?*
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