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ABSTRACT

Future optical systems in the sub-min range require low loss, low reflectance and broadband optics. Presented here
is the development process for a hot press technique for making broadband multi-layer anti-reflection coatings for
plastic lenses and optical components. The clevated temperatures used in this method induce a change in index
and mechanical deformation in the substrate material due to polymer chain rearrangements. To avoid this, these
components arc anncaled before they are machined to their intended form and prior to the application of any
coating. Study of precise dimensional and refractive index changes between 115-130°C across repeated anncaling
cycles shows that ultra-high molecular weight polycthylene (UHMWPE) requires 3-4 anncaling cycles above
125°C before stabilisation. We then present 3 and 5 layer test coating recipes for 90-225GHz with comparison
between experimental measurements and theory. Preliminary results show good agrecment. In this study, the
mcthods presented are kept generie for any sub-mm band focusing broadly on 60-600GHz; however future work
will apply what is achicved for future CMB experiments.
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1. INTRODUCTION

High throughput, diffraction-limited optical components are critical for state-of-the-art astronomy. This paper
presents developments in the use of plastic optics and multi-layer anti-reflection (AR) coatings for this purpose.
UHMW-PE plastic is ideal because of its low loss and moderately high refractive index which is constant in the
microwave range.! Polyethylenc is a common choice for lens material in sub-mm astronomy, for cxample: CLASS,
EBEX and BICEP/Keck Array.?* Alternative materials for sub-mm optics include: silicon (¢.g. ACTpol)? or
alnmina (c.g. Simons Array/POLARBEAR-2).° Howcever, matcerial availability, simpler procurement, cost, and
end-of-life disposal are all concerns that are benefited by use of plastics optics.

The sub-mm reflectance for an untreated UHMW-PE test puck is ~ 10% highlighting the importance of
an cffective AR coating. Low reflectance is critical for reducing unwanted optical cffeets such as stray light
polarisation, and maximising the incident light upon the focal plane for detection. AR coatings typically have one
or more diclectric layers stacked over the optical component with the intention of causing destructive interference
between the outermost layer interface and subsequent layers. It follows that the thickness of the coating layer
must be equal to one quarter of the desired target wavelength for destructive interference to ocenr. For broadband
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low reflectance, multiple coating layers can be stacked. The refractive index of the coating layer ny is determined
by the geometrie mean of the refractive indices of the media: 7y = /ng - ng. Vacuum: ny; = 1 and UHMW-PE:
ny =~ 1.526. (Scction 3.2) Due to the small thickness and low loss of possible coating matcerials, loss due to
coating material is negligible. Meta-material sub-wavelength structures are a popular alternative to multi-layer
coatings.? They work by machining a large number of repeated structures onto the surface of a substrate. These
can be pyramids, stepped pyramids, repeating blocks cones, or drilled bevels.”»®  Diclectric propertics can be
manipulated in this way becanse these structures are smaller than the obscervation wavelength. Howcever the

fabrication of such structures requires a specialist multi-axis dicing saw system or CNC machines? 2 10

This paper presents a hot-pressing technique for multi-layer AR. coating which uses less specialist cquipment
and will build on a previous study that highlighted the importance of addressing thermal deformation.!! Secondly,
induced dimensional changes in the plastic substrate from this technigue are also investigated and minimised
with & proposed anncaling cycle. Thirdly, multi-layer coating solutions arc modelled and then experimentally
verified.

2. EXPERIMENTAL DETAIL AND DATA COLLECTION
2.1 Amnnealing Cycles

Thermal deformation during the coating process presents the biggest challenge to the hot press method because
the precise geometry of the optical component is critical to its ability to focus light. This study aimed to
determine the number of anncaling cycles required to stop heat-induced deformation in lens material duc to

rearrangements of polymer chains. To achicve this: test pucks with ~ 10rnm thickness and ~ 70mm diameter
were purchased from Ensinger Ltd. The pucks were prepared by precisely measuring diamecter, thickness, and
flatness (Scetion 2.3). Three pairs of pucks were then brought up to three set point temperatures respectively
between 120 — 135°C respectively. To ensure accurate temperature measurement, a scparate puck was prepared
with a PT100 temperature sensor inserted into the puck such that the temperature from the centre of the puck
could be recorded. It was assumed that this represents the temperature of the accompanying pucks in cach cycle
beeause the sensor was encased within the UHMW-PE. To cnsure isothermal conditions in the puck, the oven
was allowed to heat up to a stable temperature and left to sit for 7-8 hours. Since the efficiency of the oven
would not allow the entire interior to be heated evenly to the intended set point, a further set of PT100 sensors
were used to track temperature gradients within the oven.

A test range of 120 — 135°C was sclected as the component needs to be hot enough for the glue to activate
but not so hot that substrate melts. 120°C is above the melting point of the LDPE glue layers and 140°C' is the
melting point of UHMW-PE.'* % After the heating cycle is complete the oven is switched off and the pucks arce
allowed to cool unaided with an exponential drop off back to the ambient temperature of the lab. Note that in
practice the oven used here had a ~ 4°C' discrepancy between commanded set-point and actual temperature of
the sarmnple. In practice a 120°C' set point resulted in the puck achieving ~ 116°C for example.

A dimension change oceurs in the pucks because the extrusion process used to produce stock material tends
to force molecular chains into a common orientation aligned with direction of flow. The clevated temperatures
allow the bonds between molecular chains to loosen and relax back into an unaligned orientation. This issuc is
mitigated by letting the plastic reach its relaxed state before forming it into a lens and coating it, hence the need
for a refined anncaling process.™

2.2 Transmission Measurements

The measurements of transmission in the UHMW-PE test pucks were performed using continuous-wave terahertz
(ew-THz) spectroscopy. Optical heterodyning of two incident clectromagnetic (EM) waves of adjacent frequencics
within an InGaAs photomixer produces a new wave at the beat frequency of the two waves. This signal is output
as an EM wave by a log spiral antenna. In this case 2 NIR lasers interfere to produce EM waves up to 1.2 THz.

In practice this limit is sct at ~ 1THz as maintaining coherence of the distributed feedback (DFB) lasers at

higher frequencies is difficult as they are temperature controlled. The recciver is similarly configured with with
a log spiral antenna InGaAs photomixer coupled to a silicon lens. It is illuminated by the signal passing the test
sample and one of the initial laser signals is used as reference for lock-in detection. The resulting photocurrent



is proportional to the energy of the signal amplitude through the material. Transmission can then be recovered
by comparison of a noise background and signal in the material 1?1916

2.3 Metrology

Precise record of any changes in the dimensions of the pucks post-anncaling is essential. For this investigation
and due to size constraints, a digital micrometer and caliper were used for thickness and diameter measurements
respectively. Multiple diameter measurements were recorded at 3 positions along the puck; bottomm middle and
top. This was intended to capture any tapering or inhomogenous deformation. It was assumed that any tapering
would be small enongh for volume to be caleulated as a cylinder with the average of diameters across the 3
possible heights. Similarly the digital micrometer was used to record thickness along the circumference edge
and range of positions closer to the centre to observe any variable change in thickness. For analysis involving
thickness measurements, (Section 3.2), the average of the thickness within 20mm of the centre of the puck were
used as > 90% beam falls within that radius.

3. RESULTS AND ANALYSIS

3.1 Examining Shape Deformation

Tracking the diamcter and thickness changes for a group of sample pucks between 115 — 130°C shows that four
annealing cycles are required for shape change to fall to below 0.1% for all pucks. Figure 1 shows a decrease in
diameter and increase in thickness. This is caused by the relaxation of molecules in the opposite direction in which
the plastic was compressed during extrusion.’® Three anncaling cycles are required for stabilisation of diameter
and thickness. The condition for “stable” used here is a < 0.1% change in diameter and thickness between cycles.
In terms of temperature sclection, the hotter anncaling cycles are no quicker at achicving stabilisation than the
colder cyeles, diameter and thickness consistently require three cycles to reach a < 0.1% change. A stricter
stabilisation threshold lower than < 0.1% would shows that the ~ 116°C is less stable for the same number of
cycles than ~ 121°C or ~ 131°C. This fact coupled with the need to melt the LDPE glue layers and not the
UHMW-PE matcrial will inform further studies to focus on anncaling sct points 125°C > T > 135°C.
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Figurc 1: Metrology percentage change between cycles. TOIP: The % diameter change and BOTTOM %
thickness stabilises after 3 cycles within 115-130°C rangg.

3/10



3.2 Recovering Refractive Index

Photocurrent data (Section 2.2) can be used to extract refractive index: the Fourier transform of the photocurrent
signal cxpresses the signal as a function of the eavity length. Performing this operation for both sample and
background measurements, then finding the most prominent peak feature’s cavity position, and finally subtracting
them gives the path difference. This result is invariant of signal strength so long as you can identify the same
feature between the spectra. Uncertainty only propagates from frequency resolution of the scanning equipinent.
Path difference, 4, and sample thickness, T, relate to give refractive index, n:

28
n= 1 1
n T+ (1)

3.3 Evolution of Volume and Refractive Index

Recovering volume and refractive index as a function of anncaling cycle shows a lincar decrease and increasc
respectively. R-square tests indicate good fit with all fits shown on figure 2 having valucs 0.6 — 1. Given that
mass Temains constant,!” the density is increasing; this indicates a correlation between substrate density and
refractive index.

For similar temperatures, the linear fit gradicnts agree; this implics that for hotter temperatures, we observe
steeper gradients and vice versa. This can be seen for both volume and refractive index plots in figure 2. The
measurcment crrors (scction 2.3) for diameter were one order of magnitude worse than for thickness. So within
the volume caleulation, this diameter error propagates with twice the weighting due to squaring in the caleulation
hence the larger error margin. Plotting gradient as a function of anncaling temperature allows us to begin to
interpolate expected metrology change over the range used in this investigation. For a full fit to be performed,
more repeated measurements are required. The evolution of volume is observed on figure 2 because small changes
in thickness and diameter are amplified when multiplied. Recall that the threshold for stabilisation used here is
~ 0.1%- future studics may require stricter stabilisation conditions. For manufacture of optics components, this
threshold should be set by the tolerance required to maintain lens geometry and its focus.
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Figurc 2: LEFT: Volume & RIGHT: Refractive Index Change with Cycle at 115-130°C. A lincar decreasc
in volume & lincar increase in refractive index between cycle can be scen. The change in volume implies an
increasing density.
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Figure 3: LEIFT: Volume change and RIGHT: refractive index change per cycle vs anncaling temperature.
From this, the gradients at intermediate temperatures can be inferred, thus enabling a prediction of volume and
refractive index change to be made.

4. MANUFACTURING AND TESTING MULTI-LAYER ARCS

To produce test samples, layers of coating material and an anncaled UHMW-PE puck were mounted in a vacuum
rig, they were then heated to a set point of 135 °C for 8 hours. The coating scheme used here involved inter-
spersed layers of porous polytetrafluorocthylene (pIPTFE) and cast polypropylene (CPI?). Low-density polyethy-
lene (LDTE) was used as a bonding layer between layers. The recipes for 2 test samples are shown in tablesl
and 2.

Figures 4 and 5 show transmission results for the preliminary run of hot pressing for 3- and 5-layer AR
coatings. The 3-layer AR coating matches the transfer matrix model (TMM) prediction with good accuracy.
The low frequency noise and shorter peaks are likely due to the instrumentation and sampling constraints of the
Fouricr-transform spectrometer (FTS) used for measurement. The 5-layer transmission displays poorcer agreement
with the model, however the model likely requires refined thickness and refractive index measurements of the
intermediate layers. For example, during the coating process the layers are compressed and so their thickness
may change. These test pucks were also coated before anncaling so will show shape deformation cffects.

1.0 T
0-91 Layer Material Ref. Index  pm
1 pPTFE 1.15 415
€ 081 LDPE 1.5141 6
© 2 CPP 1.51 110
° 071 LDPE 1.5141 6
= 3 pPTFE 1.15 127
LDIE 1.5141 6
0.6 1 L UHMWPE 1.527 10020
Symmetric on the reverse side
0.5 v - v T x Table 1: Recipe for 3 layer AR coating on a
50 100 150 200 250 300

Frequency (GH2) UHMW-PE puck using the hot press method.

Figurc 4: 3 Layer AR Coating showing agreement between the
modclling and data collection. Red: FTS measurement. Bhue:
Prediction of transmission using TMM.



1.0
Layer Material | Ref. Index  pn
09 1 pPTFE 1.15 250
LDPE 1.5141 6
E 08 2 CPP 1.51 57
€ LDIP’E 1.5141 6
o o 3 pPTFE 1.15 127
g LDPE 1.5141 6
4 CPP 1.51 67
0.6 LDIPE 1.5141 6
5 pPTFE 1.15 55
0.5 i ' i i L UHMWDPE 1.527 10020
100 200 300 400 300 | Symmetric on the reverse side

Frequency (GHz, . .
quency (GHz) Table 2: Recipe for 5 layer AR. coating on a

Figure 5: 5 Laycer AR. Coating showing some agreement be- (yHM WoPE puck using the hot press method.
tween the modelling and data collection. Red: FTS measure-
ment. Bhue: Prediction of transmission using TMM.

5. MODELLING IDEAL MULTI-LAYER ARC RECIPES

The TMM code c¢an be adapted to ereate an optimisation program to maximisc transmission. The program
iterates through a desired range of possible thicknesses at a sct interval, calculates the average transmission for a
specific frequency band. The best average transmission and the associated recipe is then returned. The program
is run for 3 and 5 layers depending on time and computer processing power. The recipe conditions applied for
this paper arc as ontlined in table 3. For illustrative purposes, figure 6 presents a possible 3 layer AR coating
optimised for the LiteBIRD MEFT band (89-225GHz).'® Average in band transmission is 0.995. Note that this
is only a representative proposed recipe; for this to be practical, the model would have to be re-run to iterate
with layer thicknesses that arce able to be procured. Here, coating layers are chosen between 50-500 microns in
increments of 50 microns. Further study of refractive index and loss within the substrate material stock also
requires full characterisation.

Layer | Material Ref. Index i

1 pPTFE 1.15 Free variable
LDPE 1.5141 6

2 CPP 1.51 Free variablc
LDPE 1.5141 6

3 pPTFE 1.15 Frec variable
LDPE 1.5141 6

4 CPP 1.51 Free variable
LDPE 1.5141 6

5 pPTFE 1.15 ! Free variable

L UHMWDPE 1.524 10000

Symmetric on the reverse side
Table 3:  Recipe for which the code optimises. Shown here is the 5 layer permutation, the 3 layer verison
omits one layer of CPP and pI’TIFE with their LDPE bonding layers. CPP and pPPTFE have variable thickness:
50 — 500z iterating over 10 steps of 50um to find an optimised recipe with the most transmission.
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LDPE 1.5141 6
0.96 L UHMWIE 1.524 10000
Symimetric on the reverse side
0.9 Table 4:  Optimised recipe for 3 layer AR
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Figurc 6: Proposcd model for 3 layer AR coating optimiscd for
LiteBIRD ME'T 89-225GHz (red lines). Average transmission
in-band: 0.995.

6. CONCLUSION AND APPLICATION TO FUTURE MISSIONS

With regard to the development of low loss, low reflectance and broadband anti-reflection coatings: we reported
on the development of an anncaling cycle treatment for UHMW-PE to minimise thermal deformation. At least
three cycles with a puck temperature between 125°C > T > 135°C are reguired to achicve this. We also
presented the results from a first attempt at using a hot press method to coat sample test pucks. Results show
good agreement for transmission between the transfer matrix method and experimental data. Finally, the TMM
code has been used to present potential optimised coating recipes for further study and direct future sample AR
coatings before full lens production.

The next stage of the study involves understanding the coefficient of thermal expansion (CTE) for the lens
material. This will enable the lens to have correct shape during cold operation despite having been machined
while warm. Similarly, the evolution of refractive index down to cold temperatures will also need to be well
understood for telescope operation .

This report s broadly applicable to the entire ficld of sub-mm astronomy but will specifically benefit very
wide field, high throughput experiments with particular application to CMB studies.
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