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We investigate the suitability of woven high-modulus polyethylene vacuum windows for ground-based CMB receivers such as BICEP/Keck Array. This includes characterizing their optical
transmission at 100GHz as well as their mechanical behavior under atmospheric pressure. We find that such ultra-thin materials are promising candidates to improve the performance of largeaperture instruments at millimeter wavelengths.

Introduction

Testing Mechanical Properties

Testing Optical Properties

All ground-based millimeter-wave cryogenic receivers have a cryostat vacuum
window that must meet the following specifications:
• withstand the force of atmospheric pressure
• provide a clear aperture for the optical system
• minimize optical loading (transmission loss, reflections, and scattering)
These specifications lead to conflicting material solutions:
• Strong materials are not transparent in-band (Mylar, Kevlar, Dacron, carbon
fiber)
• Transparent materials have comparatively low bulk modulus and tensile strength
(polyethylene, polypropylene)

The first step in assessing the suitability of woven Dyneema fabric for
vacuum windows is to understand its behavior when placed under
mechanical stress. We carried out tests with the aim of:
1. confirming the manufacturer-quoted tensile properties
2. measuring the deflection as a function of time and comparing it to
previously used materials (bulk HDPE/UHMWPE)
3. Assessing the long term stress and deflection of realistic science-grade
windows under operating conditions

Materials suitable for mm-wave vacuum windows must have minimal
bulk loss as well as low reflectivity and scattering. Reflected light can be
minimized through the application of an Anti-Reflective (AR) coating,
with ¼ wavelength thickness and an index of refraction equal to the
square root of that of the optical element’s. For example, layers of
expanded Teflon (n~1.2) on either side of an UHMWPE (n~1.5) window
can reduce the band-averaged reflections to less than 1%.

CMB experiments so far have found a compromise by using various forms of
Polyethylene:
• Zotefoam (HD30, PPA30): an N2-expanded polyethylene close-cell foam for
apertures smaller than 10”. (Tx> 99%, n~1, no AR-coating necessary) (e.g.
BICEP1, BICEP2, Keck Array, SPTPol…)
• bulk HD or UHMW polyethylene slabs for larger apertures (Tx~ thickness,
n=1.53, AR-coating necessary) (e.g. BICEP3, ABS, SPT3G, CLASS, ActPol…)

We therefore focus our optical testing of woven Dyneema fabrics on:
1. confirming high transmission consistent with that of bulk UHMWPE
2. investigating whether the woven mesh of the material introduces
additional scattering compared to bulk UHWMPE
3. demonstrating we can minimize reflectivity through the application of
an AR coat or through the tuning of the Dyneema fabric thickness
itself
4. confirming the Dyneema fabric is not birefringent on large scales
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As optical aperture size grows to accommodate larger focal plane arrays (BICEP
Array aperture: 28”), the thickness of these HDPE/UHMW slabs must increase to
withstand atmospheric pressure. Figure 1 shows the relationship between window
thickness, transmission loss, frequency and relative sensitivity on the sky. Above
100GHz, even a modest thickness of HDPE significantly degrades the sensitivity.
Figure 2: Measured stress vs. strain for various samples of woven Dyneema. These
materials are well within the elastic deformation regime, below 1GPa stress and 5%
strain (red area), which is the operation range we plan on testing them in vacuum
window application. The woven Dyneema samples are more elastic than the
specification for the Dyneema yarn (dashed lines) and significantly stronger and stiffer
than the bulk HDPE/UHMW (in gray near the bottom of the plot).

Figure 1: Left: Calculated transmission loss for 6 different thickness windows (0.01” to 1.25”)
vs. frequency (assuming HDPE loss tangent=2e-4). Right: Using the transmission loss from
the colored points on the left, plugging them in a NET calculator, and assuming all other
instrument parameters remain fixed to BICEP3 parameters, we plot the relative NET [uK√s] or
relative survey time [s] for windows of different thickness compared to an ideal no-window
case. A ½” thick window at 150GHz would increase the NET by 20%.

Figure 5: Reflected power (S11) measurement of various samples of woven
Dyneema fabric at 75-110GHz, taken with a Vector Network Analyzer. The fit
spectra (dashed lines) closely match the measured thickness (inset left) and the
expected index of refraction given Dyneema is made of UHMWPE (n~1.53). The
small discrepancy between the index of woven Dyneema fabric (n~1.35) and that
of bulk UHMWPE is still under investigation. The cyan line show the low reflected
power from an AR-coated 1-layer Dyneema sample. Altogether, this confirms that
the transmission and reflection characteristics of woven Dyneema fabric are
similar to those of the base UHMWPE material.

Woven High Modulus Fabrics for Vacuum Windows
We propose to use high-modulus polyethylene fibers
woven into fabrics for vacuum windows. These
UHMWPE fibers (known as Dyneema or Spectra)
are extruded through a spinneret at a carefully
controlled temperature. This process leads to a high
degree of molecular chain alignment (see right)
which yields a tensile strength 100 times higher than
that of normal UHMWPE. The tensile modulus of
HDPE is typically between 20 and 40 MPa, while that
of Dyneema is 1-4 GPa.

Figure 3: Measured deflection (top) and pressure (bottom) vs. time for a D=15” 1-layer
Dyneema window under vacuum for 3 months. After the initial elastic deflection, the
window remains under pressure and experiences a continuous “creep” deformation. In
this regime, we can extrapolate the deflection to 1 year and it remains well within the
safe operating zone shown in Figure 1. We have tested many such windows in this
manner and the results are summarized in Figure 4.

Thin, fabric-like sheets can be woven from individual
yarn. With a strength-to-weight ratio exceeding that
of steel by a factor of approximately 10, industrial
applications of Dyneema have included radomes,
ballistics protection, lightweight link chains, ropes
and technical fabrics.

Conclusion

Since Dyneema is fabricated from UHMWPE, we
expect it to have the same index and loss tangent at
millimeter wavelengths as the bulk material. It
therefore presents the potential of dramatically
thinner (and therefore more transparent) vacuum
windows.
We have obtained samples of different woven
Dyneema fabrics to test its suitability for vacuum
windows. The woven-like nature of the ‘raw’
Dyneema fabric requires further in-house lamination
with low-density polyethylene (LDPE) to make it
vacuum tight, to prevent straying, and to make the
woven mesh into an optically homogeneous material.

Ongoing Work
The following tests are still needed before
adopting this woven fabric as the baseline
vacuum window for BICEP3 and BICEP
Array receivers:
• VNA measurements of scattering
• Polarization-dependent index of refraction
• Failure modes during destructive testing
• Cold temperature creep and failure mode Figure 6: Cutaway model of
• Optimization of the window frame
the thin window frame planned
clamping mechanism (Figure 6)
for the Bicep Array receiver.

Figure 4: Measured deflection (dots) and analytical predictions (dashed lines) vs.
window thickness. The plot shows predictions for woven Dyneema (purple) and bulk
HDPE (blue) for D=15” and D=27” windows. The predictions are truncated at
deflections corresponding to a safety margin of 2 (stress = ½ yield stress). The bands
reflect the uncertainty in the materials’ Young’s moduli. Arrows above each point show
the extrapolated creep after 1 year based on the fits in Figure 3.

Ultra-thin windows made from woven high modulus fibers of UHMWPE
are promising candidates for future large-aperture receivers operating at
millimeter wavelengths. With an order of magnitude reduction in loss from
the window, they could provide a significant reduction in the photon
loading from the instrument and therefore a leap in sensitivity. Mechanical
and optical system-level tests are currently underway with plans to deploy
science-grade windows in the coming year.
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