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Abstract

Feedhorn- and orthomode transducer- (OMT) coupled transition edge sensor (TES)
bolometers have been designed and micro-fabricated to meet the optical specifica-
tions of the LiteBIRD high frequency telescope (HFT) focal plane. We discuss the
design and optical characterization of two LiteBIRD HFT detector types: dual-polar-
ization, dual-frequency-band pixels with 195/280 GHz and 235/337 GHz band cent-
ers. Results show well-matched passbands between orthogonal polarization chan-
nels and frequency centers within 3% of the design values. The optical efficiency
of each frequency channel is conservatively reported to be within the range 0.64—
0.72, determined from the response to a cryogenic, temperature-controlled thermal
source. These values are in good agreement with expectations and either exceed or
are within 10% of the values used in the LiteBIRD sensitivity forecast. Lastly, we
report a measurement of loss in Nb/SiN /Nb microstrip at 100 mK and over the fre-
quency range 200-350 GHz, which is comparable to values previously reported in
the literature.
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1 Introduction

LiteBIRD is a satellite-based low angular resolution cosmic microwave background
(CMB) imager scheduled for launch in the late 2020s [1]. In the baseline configura-
tion, LiteBIRD will image in 15 frequency bands by use of three telescopes [2, 3].
The low- and mid-frequency telescopes will use arrays of sinuous/lenslet-coupled
transition edge sensor (TES) bolometers, and the development status of these arrays
is described separately [4]. The high frequency telescope (HFT) on LiteBIRD-span-
ning the frequency range 195-402 GHz-will contain arrays of feedhorn/orthomode
transducer (OMT)-coupled, polarization-sensitive TES bolometers. This detector
architecture has been developed by NIST and collaborations over the previous dec-
ade, has been deployed in several ground-based CMB experiments [5-8], has been
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Fig.1 Left: Optical micrograph of HF1 with labeled sub-components. A dark bolometer (not shown) is
also included in each device. Right top: Zoom-in of TES bolometer with labeled sub-components. Right
bottom: The HF2 design includes an additional length of Nb microstrip in one polarization channel to
determine the superconducting transmission line loss at mm-wavelengths. (Color figure online)

produced for several near-term ground-based imagers to be deployed [9, 10], and is
ready for use in the second balloon flight of SPIDER [11, 12]. An alternative OMT-
coupled technology has been developed by NASA-Goddard [13] and is currently
used in the CLASS experiment [14].

The application of OMT-coupled detectors to LiteBIRD is unique in several
ways. Prior to this work, the highest frequency demonstration was at 280 GHz [12,
15], whereas the highest HFT band center frequency is 402 GHz. LiteBIRD’s use of
100 mK cooling [16] in combination with MHz frequency division SQUID multi-
plexed (FDM) readout [17] explores a new regime within the TES superconducting
transition temperature and sensor impedance (7,—R,) phase space, which impacts
sensor dynamics. Additionally, it is widely known that in order to maximize the
instantaneous sensitivity afforded by the space environment, the bolometers must
have low thermal conductance and must be sufficiently insensitive to cosmic rays.
We discussed space-optimized bolometers for LiteBIRD in a previous publication
[18]. In this work, we characterize the key optical properties of two HFT detector
types: dual-polarization, dual-band feedhorn/OMT-coupled pixels with design band
centers of 195/280 GHz and 235/337 GHz. We refer to these pixel types as ‘HF1’
and ‘HF2,; respectively. ‘HF3’ is a 402 GHz monochromatic pixel, which is not fur-
ther discussed here.

2 Device Description and Fabrication

A wafer containing both HF1 and HF2 pixels was fabricated in the NIST Boulder
Microfabrication Facility. Figure 1 shows an optical micrograph of an HF1 pixel
with labeled sub-components used for polarization separation, transmission line
impedance transformation, frequency band diplexing, and relative power sensing
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over a 2:1 bandwidth ratio. Each chip contains five TES bolometers: two for each
polarization in each frequency band and one dark detector (not connected to the
OMT circuit) used for the dark power subtraction technique described in Sect. 3.2.
These devices are frequency scaled versions of the multichroic polarimeters
described in McMahon et al. [19]. However, in this implementation, we replace
the mode-cleaning 180° hybrids with symmetrically fed lumped-element termina-
tion resistors located on each bolometer island, annotated as ‘PdAu load resistor’ in
Fig. 1. This termination approach has been used in other CMB detectors [20]. And
its implementation decreases the size of the TES bolometer island by a factor of
5 relative to the Advanced ACTPol bolometers [21], which in turn decreases both
the bolometer time constant (enabling the use of LiteBIRD’s rapid half-wave plate
polarization modulator [22]) and the cross section to cosmic rays.

Fabrication largely follows the description in Duff et al. [21] but with modifi-
cations specific to LiteBIRD. We reduce the thermal SiN, thickness to 1 pm, nec-
essary for space-optimized low thermal conductance bolometers. MHz frequency
division multiplexing requires a normal TES resistance R, ~ 1 ©. As such we uti-
lize a 120 x 20 x 0.18um? 2200 ppma Al/Mn sensor. The superconducting transi-
tion temperature (7,) of Al/Mn films can be tuned both by Mn concentration and
heat treatment [23]. In this work, we bake the film at 230°C for 10 min, resulting
in T, = 208 mK and R, = 0.9 Q. Lastly, the aforementioned termination resistor
consists of a 50 nm thick sputter-deposited PdAu film patterned to 15.675 x Spm?.
These dimensions yield a resistance of 2Z . = 22Q, where Z_ is the impedance
of the superconducting microstrip carrying the mm-wave signal. The Nb/SiN,/Nb
microstrip transmission line geometry used to connect the sub-components remains
unchanged: 200 nm thick Nb ground plane; 350 nm thick SiN, dielectric; and a
400 nm thick S5pm wide straight-wall etched Nb top conductor.

As shown in the lower right of Fig. 1, we add 11 mm of additional microstrip
transmission line in the ‘B’ polarization arm of both frequency bands within the
HF?2 pixel. This feature enables a measurement of mm-wave loss within the super-
conducting transmission line as described in Sect. 3.3.

3 Experimental Results

Devices were packaged into Au-plated split-block waveguide modules machined
from brass, which place the planar OMTs within circular waveguides at roughly one-
quarter wave away from reflective backshorts. The waveguide cutoff frequency is
designed to be approximately 10% lower than the lowest passband frequency of the
diplexer and has negligible impact on the passband shape. Conical feedhorns mount
to the sky side of the brass modules for optical coupling to the thermal sources used
in this work. Four brass modules, two for each frequency type, were mounted on a
mK assembly board, which contained elements for TES bias and SQUID readout.
Due to the availability of room temperature electronics at NIST, we read out the
sensors by use of a time division SQUID multiplexer (TDM) [24], despite engineer-
ing the sensors for MHz FDM. The standard DC-bias TES circuit [25] is used in a
one column by 24 row configuration. A custom interface chip with 66.2 m€ shunt
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resistors and 65 pH Nyquist inductors was fabricated and mounted to the mK assem-
bly board, which enables the readout of ~ 1 Q sensors with our TDM electronics.

The assembly board was mounted to the 100-mK stage of a 2-stage ADR cry-
ostat testbed. We configured the dewar in two separate ways. For passband measure-
ments, a 150 mm zotefoam window, filter stacks at 70 K and 4 K, and a 420-GHz
low-pass quasi-optical filter allowed coupling the detectors to a Martin-Puplet-type
Fourier transform spectrometer (FTS), which has 0.8 GHz resolution. When meas-
uring optical efficiency, we installed a beam-filling cryogenic temperature controlled
blackbody mounted to the 4K stage and placed the 420-GHz low-pass filter between
the blackbody source and the mK assembly board. The pixels were exchanged in
the two configurations. For efficiency measurements, we used bolometers with ther-
mally isolating legs (see Fig. 1 upper right) to achieve high sensitivity. For passband
measurements that require higher dynamic range, we used continuous membrane
bolometers (no leg definition) to achieve high thermal conductance.

3.1 Passbands

Figure 2 shows the measured passbands of an HF1 and HF2 device. We subtract a
linear drift from the raw single-sided interferograms and follow the symmetrization-
convolution method [26] to produce the phase corrected spectra shown. A model
to account for the spectral response of components between the FTS and the horn/
detector system has not been applied here, and therefore, the data include the effects
of our cryogenic filter stack and the FTS spectral response itself. We find that the
passbands from orthogonal polarizations are well matched in all four bands. The
fractional difference in center frequency within a polarization pair is at most 0.7%.
Limited by the measurement signal-to-noise ratio, the out-of-band response is con-
strained to < 1% of the peak transmission value.

The dashed-black curve in Fig. 2 is the simulated diplexer response based on 2.5D
electro-magnetic simulations. We simulate each 5-pole stub filter individually and then
use the responses in a circuit model that connects the two stub filters together with opti-
mized electrical lengths of lossless transmission line. The model assumes that the SiN,
relative dielectric constant (g,) is 6.8 and the Nb London penetration depth is 85 nm.

Response (peak norm.)
Response (peak norm.)

150 200 250 300 350 150 200 250 300 350 400 450
Frequency (GHz) Frequency (GHz)

Fig. 2 Passband measurements of HF1 (Left) and HF2 (Right). (Color figure online)

@ Springer



400 Journal of Low Temperature Physics (2022) 209:396-408

The measured center frequencies are within 3% of the design value. We find good
agreement with the model on the lower edge of each band; however, this is not true for
the upper edge. The measured bandwidths are ~ 10% and ~ 20% less than the designed
bandwidths in the lower and upper band in each pixel type.

3.2 Optical Efficiency

To measure the device optical efficiency, the blackbody source was swept from 5K to
13K and the electrical power dissipated in each sensor determined from bolometer IV
curves acquired at each cold load temperature, 7. Since we do not measure the bolom-
eter power plateaus in the no loading condition (which would require a separate experi-
mental configuration and cooldown), we do not determine the absolute power absorbed
in the bolometers. Rather because the TES bolometer is a relative power meter, we
track the change in sensor electrical power (P) versus the change in blackbody tempera-
ture from 5 K, its lowest temperature. The optical efficiency is defined as

_ 4P _ PGK)-P(T) 1
APload Pload(T) - Pload(SI()7 M

n

where P, is the calculated power in a single electromagnetic mode from an ideal
blackbody source:

Pload = / hvhv F(V)d\/. (2)

e — 1

In this equation, & is the Planck constant, v is frequency, k is the Boltzmann con-
stant, T is the blackbody temperature, and F(v) is the measured, normalized pass-
band using the condition [27]

[ FX(v)dv 3

[ F(v)dv )

The electrical power determined from IV curves is evaluated at constant normal
resistance (R,) fraction in the range 0.5< R/R, < 0.7. As AP typically differs by
<2% over this range, the exact resistance cut has little impact on the final result.
The left side of Fig. 3 shows an example AP versus AT, ,, data set, including the
response of both 337-GHz polarization bolometer channels, the dark bolometer,
and the calculated AP, (labeled n = 1). As has been previously observed [15],
we find a small response in the dark bolometer channel to the changing cold load
temperature. When calculating #, we subtract this device-specific ‘dark power’ from
each optical channel AP. To isolate the efficiency of the horn-to-bolometer detec-
tor system, we also remove the expected loss in the 420-GHz low-pass filter. This
loss (< 0.09 for all bands) is estimated from the band-averaged room temperature
transmission spectra of the filter. We find # = 0.64, 0.68, 0.65, and 0.72 for the 195,
235, 280, and 337-GHz frequency channels, respectively. If we define # relative to
the designed passband, the values are 8-25% lower due to the reduced bandwidth
discussed in Sect. 3.1.
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Fig.3 Left: Change in TES electrical power versus change in blackbody temperature from 5K for the
337-GHz band. The 337A channel saturates above ' = 9K. The lower response in 337B is due to loss
within the additional microstrip transmission line. The nonzero response of the dark bolometer is sub-
tracted from the optical AP when determining the optical efficiency. Right: SiN, dielectric loss tangent
extracted from differential line-length loss measurements. The horizontal bars denote the edges of the
passband in the measurement. Here, ‘past results’ are previously unreported measurements extending to
lower frequencies. (Color figure online)

3.3 Millimeter-Wave Loss in Superconducting Transmission Line

The use of low-loss transmission lines is critical to the performance of many millim-
eter-wave detectors. Since the ‘B’ polarization arm of HF2 includes an added length
of transmission line, the ratio nz/n, (Where the subscript refers to the polarization
channel) is a direct measurement of loss in the Nb/SiN,/Nb microstrip. We find that
the loss in a band centered on 229 GHz (325 GHz) is 3.8%/mm (5.4%/mm).

If the loss is entirely due to the dielectric, the loss tangent may be calculated as

tané = Inna /ng, @

c
27x4/€.f,

where c is the speed of light in vacuum, the differential line length x = 11 mm,
€, = 6.8, and f, is the measured center frequency. The results show tan§ ~ 3 X 1073,
which is consistent with our previous measurements (see Fig. 3 right), and is com-
parable to other direct measurements of mm-wave loss in SiN, [28-30] and SiO,
[31, 32]. Recently, the use of amorphous silicon [33] and hydrogenated amorphous
silicon carbide [34] dielectrics has resulted in an order of magnitude lower loss at
mm-wavelengths.

4 Discussion and Conclusions

The measured optical efficiency in all four bands compares well with the # = 0.7
top-hat passband assumption used in the LiteBIRD sensitivity forecasting [35].
Based on a model that uses the simulated transmission of all on-chip sub-compo-
nents and assumes tan § = 3x1073, we expect 1 = 0.77, 0.76, 0.69, 0.68 for the 195,
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235, 280, and 337-GHz frequency channels, respectively. Measurement within 17%
of expectations for all four frequency bands is reasonable given uncertainties in both
the measurement and prediction.

A main contributor to the uncertainty of x stems from the dark bolometer
response treatment. The source may be thermal or optical. We have evidence to sug-
gest the latter. The technique implicitly assumes that the electrical power change of
the dark bolometer within a detector package is equal to the power that bypasses the
OMT circuitry and is directly absorbed in each optically coupled bolometer. The
observed level of dark power coupling is reasonable based on 3D electromagnetic
simulations of power leakage into the 100-pm OMT-probe waveguide gap. But given
the cavity-like geometry of the detector package, positional dependence is expected,
and therefore, the dark bolometer response may not be representative. Knowledge
of in- versus out-of-band pickup is also lacking and is required to properly extract
n in the presense of parasitic optical response. Given these considerations, the dark
power subtraction technique may lead to a maximum 13% negative bias on #, but
will not lead to a positive bias.

Note that, the 10% dark bolometer response seen in Fig. 3 is unique to the single-
pixel detector packaging used in this prototyping phase. The level of stray-light cou-
pling is a strong function of the waveguide gap size, which is limited here by stand-
ard machining techniques. The gap size will be reduced by more than a factor of six
in the flight arrays by use of precision silicon micro-machined coupling wafers, and
from this, we anticipate a substantial reduction in the dark response relative to what
is presented here.

Passband bandwidths lower than expectations have not been observed in similar
diplexer designs [15], yet a compelling explanation remains outstanding and is the
subject of ongoing work. Possible explanations may include decreased OMT band-
width resulting from an out-of-tolerance waveguide diameter in the detector/feed-
horn package, over-etching the diplexer main transmission line, or dispersion from
anomalous Nb properties.

In summary, we have designed and fabricated feedhorn/OMT-coupled devices as
part of the development of the LiteBIRD HFT focal plane. We characterize key opti-
cal properties for four out of the five LiteBIRD HFT frequency channels and find
passbands comparable to the design with no observable out-of-band response, opti-
cal efficiency in agreement with expectations, and tan § ~ 3 x 1073 at 100 mK over
the frequency range 200-350 GHz in Nb/SiN /Nb microstrip. These results repre-
sent an important step in technical maturity for LiteBIRD and are the highest fre-
quency demonstration of OMT-coupled TES bolometers to date.
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