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ABSTRACT

One of the most exciting targets for cosmic microwave background (CMB) polarization measurements is the faint
signal from the primordial gravity waves predicted by inflationary models. Currently existing experiments and
those under construction would constrain or detect such a signal at around r = 0.01, where r is the tensor to scalar
ratio. In order to further improve the measurement, experiments for the next generation have to combine the
following three: 1) excellent sensitivity, 2) multi-frequency measurement for the removal of galactic foregrounds,
and 3) well-controlled systematics. We propose the Multimoded Survey Experiment (MuSE), which uses highly
multimoded polarization-sensitive bolometers developed at NASA Goddard Space Flight Center (GSFC). MuSE,
consisting of 69 pixels, will achieve a sensitivity equivalent to several thousand single-moded bolometers. Each
pixel can be configured to be sensitive to a different frequency band, allowing very wide frequency coverage by
a single focal plane. This enables us to clean galactic synchrotron and dust components with our data alone.
MuSE achieves an effective array sensitivity to the CMB of 8µK

√
s even after accounting for the sensitivity

degradation from foreground removal and reaches a 2-σ error on r of 0.009 with two years of operation.
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1. INTRODUCTION

Primordial gravitational waves are a unique channel through which we can “see” the early universe, since the
universe was opaque to the other known particles when its temperature was above the standard-model energy
scale. The CMB polarization is the ultimate probe of primordial gravitational waves, via the B-mode (or odd
parity) signature. In particular, inflationary models predict gravitational waves that manifest as B-mode CMB
fluctuations on degree angular scales.1, 2 A detection of such a signal would be strong evidence of the inflation
scenario and constitute the best observational connection between quantum physics and gravity.

The amplitude of the B-mode fluctuations gives us a measurement of the scalar-to-tensor ratio r. For
many classes of inflationary models, r can be as large as 0.01 . r . 0.1.3, 4 Existing experiments and those
under construction aim to provide constraints or detection around r = 0.01. The objective of next generation
experiments must be an unambiguous measurement or an exclusion of the B-mode signal of r . 0.01. Besides
supreme instrumental sensitivity, such an experiment should possess well-controlled instrumental systematics
and a wide frequency coverage to clean the contamination due to galactic foregrounds, which can be as large as
r ≃ 0.02 even at the cleanest part of the sky.5

In this proceedings, we propose a novel design of an instrument, the Multimoded Survey Experiment (MuSE),
using highly multimoded bolometer architecture that meets the next generation requirements.
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2. OVERVIEW

The focal plane of MuSE consists of 69 highly multimoded pixels. Each pixel comprises a pair of polarization-
sensitive highly-multimoded bolometers developed at NASA GSFC originally for the PIXIE satellite mission
proposal.6 In our application, the detectors are photon-noise limited under atmospheric emission at a high dry
site like the Atacama plateau. Each pixel has a throughput (or so-called AΩ product) of 3.7 cm2sr, corresponding
to 87modes at 145GHz. The pixels are distributed among five frequency bands, whose central frequencies range
from 44GHz to 275GHz. In total, the 138 bolometers in our focal plane collect 5000 independent electromagnetic
modes per linear polarization, achieving sensitivity equivalent to that for 10000 single-moded bolometers. The
focal plane is coupled to an off-axis Gregorian telescope with an effective aperture diameter of 1.4m. It can
achieve a field of view of 10◦ across with an image quality sufficient for the large non–diffraction-limited focal
plane element.7–9 Coupled with the 1.4m telescope, each pixel produces a tophat beam of 1.1◦ diameter,
roughly equivalent to a Gaussian beam of 0.68◦ full width half maximum (FWHM) as described in Sec. 5. All
the frequency bands have approximately the same angular resolution, which is beneficial for foreground removal.
MuSE achieves an NEQ∗ of 8.1µK

√
s even after correcting for foreground contamination (see Sec. 6). Table 1

summarizes the basic parameters of the proposed instrument.

Table 1. Summary of experimental parameters of MuSE.

Parameter Value Unit
Multipole coverage 25 – 250
Frequency bands 44/95/145/225/275 GHz
Bandwidths 0.23/0.27/0.25/0.22/0.18 Fractional
Raw NEQa 4.5 µKCMB

√
s c

Foreground cleaned NEQb 8.1 µKCMB

√
s c

Number of pixels 69
Location Ground
a Noise weighted NEQ of 95GHz and 145GHz assuming no foreground
contribution.

b A benchmark number we discuss in Section 6.
c All the sensitivities are presented in thermodynamic temperature units
for a 2.725 K blackbody as signified by the unit of µKCMB

√
s.

3. HIGHLY MULTIMODED ARCHITECTURE

MuSE is unique in its use of highly multimoded polarimetors. Most of the existing and proposed experiments
targeting CMB polarization consist of the arrays of single-moded polarimetors. Our design has ample advantages
over the single-moded architecture:

• The instrument does not require multiplexing, leading to significant cost reduction. An array comprising
138 bolometers achieves sensitivity comparable to single-moded arrays of several thousand detectors.

• It achieves maximum focal-plane–packing efficiency. Many of the single-moded polarization-sensitive in-
struments fall into the category of “Feedhorn-Coupled Focal Plane Architecture” described in Ref. 10.
Even though some do not use feedhorns, they still aim to achieve similar electromagnetic field pattern on
the focal plane and thus have similar characteristics in this context. On the other hand, the multimoded
architecture in our design falls into the “Filled-Array Architecture” category.† It enables us to attain an
improvement of the mapping speed per focal plane area of a factor of ∼ 2.

∗We define NEQ as the sensitivity to Q polarization in the natural detector axes, where U polarization is not measured
at all.

†While stray light control is mentioned as a disadvantage of the “Filled-Array Architecture” (Ref. 10), our optics design
effectively accounts for this problem.
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• It eases the requirement on the aberration and produces larger focal plane area than an instrument based
on a single-moded architecture. For single-moded pixels, aberration reduces antenna gain and degrades
sensitivity. For a multimoded architecture, however, each pixel is not diffraction limited and thus the
aberration does not reduce the antenna gain unless its characteristic scale is as large as the multimoded
pixel size.

• The multimoded pixel achieves high illumination efficiency of the primary aperture and therefore attains
maximal sensitivity per primary aperture area. With single-moded pixels, optics are designed to have
an appropriate edge taper, typically resulting in an aperture illumination efficiency of . 0.5‡. Since our
pixels are highly multimoded and not diffraction limited, aperture taper is unnecessary. We achieve flat
illumination with low spillover with an appropriately defined Lyot stop.

• The significantly small number of pixels reduces the computational cost needed for data analysis. In recent
years, data analysis requires significant amount of resources for an experiment. The reduction of the cost
in this sector has been a challenge.

The only disadvantage in employing the highly multimoded architecture consists of the angular resolution
on the sky. In other words, the instrument requires larger aperture size in order to achieve the same beam
size as that of a single-moded architecture. For example, a 145GHz pixel of MuSE, which receives a total of
87modes, has a beam size effectively five times larger than a diffraction-limited single-moded pixel§. However, a
design of a next generation B-mode experiment requires a total throughput of several thousand modes, setting
the minimum effective aperture area to ∼ 1m2. Thus, a 1m class primary aperture diameter is mandatory even
though an angular resolution better than 30’ is not necessary to detect the gravitational-wave B modes. We
point out that the multimoded architecture provides the option of reducing the total cost of the experiment by
focusing on measuring the degree-scale fluctuation while maintaining the minimum aperture area. This makes
the multimoded architecture an attractive option for future space missions.

A challenge in adopting the multimoded architecture is the control of polarization beam systematics. A
multimoded detector does not distinguish different spatial modes of incoming electromagnetic fields. While
measuring polarization, however, one needs a clear separation of the two polarizations. It may appear non-
trivial to leave the spatial modes undistinguished while clearly distinguishing the polarization modes. In this
proceedings, however, we describe a technique that allows us to achieve this result by choosing a detector absorber
with optimum resistivity, and employing imaging optics, rather than non-imaging optics such as the Winston
cone, which is traditionally used for multimoded systems.11 The multimoded architecture allows us to achieve
beam systematics as low as those of single-moded instruments, but with a different origin. Considering the fact
that research on CMB polarization measurement strives to reduce systematic errors, it is critical to have such
an alternative design with different systematic sources that complements the single-moded architecture, which
currently monopolizes the field.

4. DETECTOR

MuSE will employ the detector developed for the proposed PIXIE satellite mission at NASA GSFC.6 Each
bolometer has a polarization-selective absorber of thin resistive “harp strings” with a surface area dimension
of 13 × 13mm2 square and a surface resistivity matched to vacuum. In our application, we utilize 161mm2

of the area and 0.73π sr of the solid angle, achieving a throughput of 3.7 cm2sr per pixel. As the detector was
originally developed for the application of a Fourier transform spectrometer (FTS), it is intrinsically sensitive
to a wide range of frequency, ranging from 30GHz to 6THz. This makes it easy to turn the detectors into
narrow-band (∼ 25%) pixels of various frequencies using quasi-optical filters. The focal plane of MuSE has five
frequency bands from 44GHz through 275GHz that have a common architecture. The detector is already at an

‡Here, the aperture illumination efficiency is defined as the ratio between the physical area of the aperture and the
effective aperture area with illumination taper taken into account.

§The factor is not exactly
√
87 since the multimoded architecture gains through the high aperture illumination efficiency

and the fact that tophat beam with a diameter d on the sky has larger a window function than a Gaussian beam with
the FWHM d.
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advanced stage of development. Because the optical loading on the bolometer in a ground-based narrow-band
application approximately coincides with that of the broad-band PIXIE satellite mission, we only need to modify
the detector slightly¶. Table 2 shows per-pixel detector parameters. For reference, we list the NEQ per mode as
well as the per-pixel NEQ. The per-mode NEQ is defined as NEQ ·

√
Nmodes, where NEQ and Nmodes represent

sensitivity and the number of modes per pixel, respectively. For the 145GHz channel of MuSE, the per-mode
NEQ is 270µK

√
s and resembles a single-moded pixel with a TES bolometer pair (see, e.g., Ref. 12). Here we

ignore the Hanbury Brown and Twiss effect13 in averaging noise from different spatial modes. However, the
effect leads to only minor sensitivity degradation in our application where we observe a spread source with a
tophat beam, leading to equal illumination of the modes.14 The sensitivities presented in this proceedings assume
absorptive backshorts. As mentioned below, we may instead adopt a reflective backshort, leading to a significant
improvement of per-pixel sensitivity while introducing minor polarization systematics. An optimization can be
performed to balance the two effects.

Table 2. Per-pixel detector parameters. We assume a bath temperature of 300mK, optical efficiency of 0.7 and absorption
efficiency of 0.5.

Frequency (GHz) 44 95 145 225 275
Bandwidth (GHz) 10 26 36 50 50
300K loadinga(KRJ) 13 10 15 23 32
Optical loading (pW) 6 51 230 1100 2400

NEP (fW/
√
Hz) 0.07 0.22 0.51 1.3 2.1

NEQ (µKCMB

√
s) 93 29 29 42 73

Number of modes per polarization 8 37 87 210 310
NEQ per mode (µKCMB

√
s) 260 180 270 610 1300

a The sum of the optics loading and the atmospheric emission. For the former,
we assume 3K. For the latter, we assume PWV ∼ 1mm and the line of sight
at an elevation of 45◦.

5. OPTICS

A challenge in effectively constructing a polarization-sensitive instrument with highly multimoded architecture
lies in achieving control of the beam and minimizing polarization systematics. In the following section, we
describe how the optics system of MuSE can achieve low systematics.

5.1 Bare Detector Beam

To first discuss the beam of a bare detector, we point out that the thin resistive absorber used for the multimoded
detector can realize the same ideal polarization properties as single-moded scalar feeds. One of the compelling
reasons why the single-moded architecture dominates the field is because of its low polarization beam systematics.
In a single mode polarimeter architecture, these properties are achieved by realizing an electromagnetic field
pattern which has equal E- and H-plane response.15–17 Practical polarimeter implementations have historically
employed feedhorn18–22 and planar single-moded antennas23, 24 in their architectures for this purpose.

We have pointed out that a thin resistive absorber can reproduce a field pattern that is symmetric in E- and
H-planes in the highly multimoded limit in Ref. 25. In contrast to the single-mode case, the “field pattern” here
represents a complex-valued response function for a spectrum of wave-vectors of the incident field. A collection of
the wave-vectors within the detector acceptance corresponds to the “multiple modes.” The equal E- and H-plane
response in both amplitude and phase leads to zero cross-polarization in the same manner as in the single mode
architecture. Adopting an absorbing backshort, such a property is attained when the surface resistivity is half
of the impedance of the free space, 188Ω/�. In this case, the angular response function, or the antenna power
pattern, of the bare absorber is

P (θ) =
4 cos2 θ

(1 + cos θ)2
, (1)

¶An exception may be the 44GHz channel, where the optical loading is significantly lower.
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Figure 1. Left: the angular response function of a large bare absorber, P (θ), as a function of the incident angle θ. Right:
the solid angle Ω(θM ) as a function of maximum acceptance angle θM .

for a large detector such that its area A satisfies A ≫ λ2 (the highly multimoded limit). The absorption efficiency
is at maximum and 50% on-axis (θ = 0). As shown in Fig. 1 (left), P (θ) is close to the geometric factor of cos θ‖.
The actual response function slightly deviates from the analytic formula of P (θ) due to the following three factors:
diffraction due to the finite size of the detector, non-zero bandwidth, and the deviation of the resistivity in the
fabrication process. In our configuration, however, these factors only lead to a minor modification of P (θ). We
may use a reflective backshort in place of the absorptive one, leading to significant improvement of the absorption
efficiency and thus the per-pixel sensitivity. Although the reflective backshort causes a small deviation from the
ideal beam pattern with equal E- and H-plane response, we can optimize the backshort configuration such that
the number of pixels is minimized while maintaining the systematic error budget within an acceptable level. We
define the solid angle Ω(θM ) as a function of the maximum acceptance angle θM :

Ω(θM ) ≡ 2π

∫ θM

0

P (θ) sin θdθ . (2)

Figure 1 (right) shows Ω(θM ). It is close to the geometric factor of π sin2 θM . As described below, we use lens
optics to couple the bare detector to the primary optics. The lens optics limit the acceptance angle to θM = 60◦,
leading to a solid angle of Ω(60◦) = 0.73π.

5.2 Focal Plane Optics

In order to maintain polarization purity, MuSE uses imaging optics. Figure 2 shows a schematic design of a
single pixel. Each pixel unit consists of a detector pair, lens, and two cold stops and a baffle controlling stray
light. The lens architecture is conceptually in between lenses used with bare planar-array detectors26–28 and
“lenslets”.23 Our design has the advantage of better stray light control over the bare planar-array detectors since
each pixel unit has its own cold stops and baffle.

We control the illumination and beam with a simple configuration of a lens and two cold stops that capitalizes
on a property of the highly multimoded detector. Unlike standard optical designs, our design places the detectors
at the image plane of the primary aperture, not at the image plane of the sky. This is only optimal for a
multimoded architecture. It enables us to place the Lyot stop (stop 1) on the plane of the detector surface.
A curved lens compensates for the angular response function of Eq. (1) and achieves an approximately flat
illumination on the plane of the stop 2. The stop 2 is at the image plane of the sky and thus the flat illumination
defines a tophat beam on the sky. The tophat beam is ideal not only in maximizing packing efficiency of the

‖This can be intuitively understood as follows. An angular response function becomes merely the geometric factor,
cos θ, at the limit of perfect absorption. Around θ ∼ 0, the resistivity and backshort position are matched to the perfect
absorption condition and thus P (θ) asymptotes to cos θ. For an incident wave at large incident angle θ, the effective
resistivity deviates from the physical resistivity of the absorber and thus P (θ) departs from cos θ.
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Stop 1 (Lyot)

Stop 2

Detector

10mm

Baffle

Figure 2. Schematic design of the focal plane element coupling each detector pair to the primary optics. The element
consists of the detectors, lens, and two cold stops and a cold baffle controlling stray light. The left and right parts of the
figure show the view seen from the line of sight and the view from the direction orthogonal to the optical axis, respectively.
Each set of rays corresponds to the light coming from a point in the sky. Stop 1 is the Lyot stop, which controls the
illumination on the primary aperture. Stop 2 is at the focus of the primary optics and so is on the image plane of the sky;
it defines the beam. The final stage of optical filters including those defining frequency bands is placed at stop 2. The
lens in the figure is a schematic showing the conceptual design; we are also considering a compound lens system instead
of a single lens. In this sample design, we assume the lens material has a refractive index of 3.4. Since the lens is small
and is for a narrow band (∼ 25%), we can use Kapton for anti-reflection coating.29

focal plane but also in optimizing the sensitivity as mentioned in Sec. 4. We place the final stage of optical
filters, including band-defining filters, on the surface of the stop 2. This makes the diameter of the filters small
and enables a focal plane with multiple frequencies.

5.3 Primary Optics

The telescope is an off-axis Gregorian system with an effective primary aperture diameter of 1.4m, which provides
a large field of view (5◦ in radius) with a small enough aberration. Each pixel of our instrument is as large as
a single-moded pixel of ∼ 30GHz, thereby significantly reducing requirements on the aberration. The off-axis
Gregorian system allows us to reduce the size of the vacuum window by placing it at the focus of the primary
mirror.30 The diameter of the window is 370mm while a typical side-fed Dragone optics would require a window
diameter of ∼ 700mm to attain the same throughput.31 This is significant since the window tends to be large
for the high-throughput future experiments, leading to a technical challenge in thermal design. With the 1.4m
primary mirror, the telescope achieves a tophat beam of 1.1◦ diameter. Figure 3 shows the beam window function
versus multipole ℓ. The beam is sufficiently small to measure the B-mode power from the primordial gravitational
waves at ℓ ∼ 100.

5.4 Optics Systematics

Intensity to polarization leakage is one of the most important systematics for the precise measurement of polar-
ization. While monopole and dipole leakages can be separated and suppressed by sky rotation and/or rotation
of the instrument along the boresight axis, quadrupole leakage cannot be distinguished from a real polarization
signal.32, 33

Here, we emphasize that the MuSE optics design suppresses the systematics from such leakage. First, the
bare detector beam provides an ideal response pattern that is symmetric in E- and H-planes. Second, the focal
plane lens is an on-axis optical system for each pixel. Although there can be quadrupole leakage, the symmetry
of on-axis optics suppresses a ∆T → B type leakage pattern and only creates ∆T → E type leakage pattern.
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Figure 3. The beam window functions of a tophat beam with a 1.1◦ diameter and a Gaussian beam of 0.68◦ FWHM,
which approximates the tophat beam. For reference, we also show the expected B-mode power-spectrum shape from
primordial gravitational waves with an arbitrary scale.

Finally, the primary optics system creates dipole and quadrupole leakages only at the angular scale of a single-
moded beam. The scale is ℓ ∼ 500 in the 145GHz band, for example, which is a much smaller scale than that
of the multimoded tophat beam. Thus, the MuSE design is comparatively immune to the leakage systematics
originating from the primary optics when compared to a single-moded small-aperture instrument with a similar
beam size.

6. ARRAY CONFIGURATION AND SENSITIVITY

Table 3 lists the distribution of the pixels into the five frequency bands, as well as the sensitivity in each
frequency band. As a benchmark statistic for the sensitivity of an experiment after foreground removal, we use
a “foreground cleaned sensitivity” SLC, which corresponds to the noise level of the minimal-foreground linear
combination assuming nominal synchrotron and thermal dust foreground spectra. Although it does not capture
the complications of sophisticated algorithms for component separation, it provides a figure of merit for an
experiment after foreground removal. This is calculated as

SLC =

√

∑

f

wf
2 Sf

2 , (3)

where wf and Sf represent the weight of the linear combination and the array sensitivity for each frequency band
f , respectively, and wf satisfies

∑

f wf = 1. Given the assumption that the foreground spectra are known, we

Table 3. The configuration of the array and the expected sensitivity. All the sensitivity are NEQ.

Frequency f (GHz) 44 95 145 225 275
Per-pixel sensitivity (µKCMB

√
s) 93 29 29 42 73

Number of pixels 16 21 21 7 4
Band sensitivity Sf (µKCMB

√
s) 23 6.4 6.3 16 37

Raw combined sensitivitya(µKCMB

√
s) 4.5

Foreground cleaned sensitivity SLC (µKCMB

√
s) 8.1

a Noise weighted sensitivity of the two foreground-minimum frequency bands, 95GHz
and 145GHz, assuming no foreground contribution.
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Figure 4. Expected sensitivity of MuSE after two years of operation. We assume 50% observing efficiency and a targeted
sky area of 1000 deg.2. Boxes correspond to the central values and errors for the foreground-reduced map and the curves
correspond to 1-σ errors for each frequency band. Both assume a bin size of ∆ℓ = 30 and a tensor-to-scalar ratio r = 0.
The solid lines show the expected B-mode spectrum for r = 0.02 and r = 0.0. They take account of the lensing B modes
and thus the spectrum is non-zero even for r = 0.0. The estimated errors include the contribution from the sample
variance of lensing B modes.

choose wf to cancel the galactic foregrounds and minimize the noise of the linear combination.34, 35 The MuSE
design achieves SLC = 8.1µK

√
s. Here, we assume

Ts(f) ∝ fβs with βs = −2.4 , (4)

and
Td(f) ∝ fβd · Tp(f, 20K) with βd = 1.7 (5)

as the nominal spectra for synchrotron∗∗ and thermal dust, respectively, where Ts and Td are in units of antenna
temperature and Tp(f, T ) is the spectrum of a blackbody with a temperature T ; Tp(f, T ) → T at the low frequency
Rayleigh-Jeans limit. Figure 4 shows the expected sensitivity to the CMB polarization power spectrum after
two years of observation. It includes the contribution of the sample variance from lensing B modes. MuSE will
achieve a 2-σ error on the tensor-to-scalar ratio r of 0.009 with the minimal-foreground linear combination map.

7. SUMMARY

We propose a novel instrument that measures CMB polarization using a highly multimoded architecture. The
instrument, MuSE, contains a variety of advantages over the use of a single-moded architecture, the technique
that currently dominates the field, and provides a complementary approach for the primordial B-mode search. We
describe a design of optics that maintains excellent polarization purity. Due to a wide range of frequency coverage
in addition to the low systematics, MuSE is capable of making a definitive measurement of the tensor-to-scalar
ratio of r = 0.01 after accounting for the galactic foregrounds.
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