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Abstract
In this work, we propose a magnetic bolometer to be employed in the search of 
primordial B-modes in the CMB. These magnetic bolometers are an adaptation 
of the well-known metallic magnetic calorimeters used in particle physics. They 
rely on the magnetization dependence on temperature of alloys such as Au:Er and 
Ag:Er. In addition to the low intrinsic noise a magnetic bolometer of this nature 
offers, the broad and smooth temperature-dependent magnetization of metallic 
magnetic sensors ultimately translates to a high dynamic range and straightforward 
calibration. Their intrinsic noise equivalent power (NEP) is estimated to be in the 
range of 10–100 aW/

√

(Hz) . We outline here a workable design for such a detector 
utilizing an antenna-coupled approach and present the simulated power transfer ratio 
that was attained; the detector’s performance is discussed by combining this result 
with its responsivity.
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1  Introduction

Detection of B-modes in the polarization pattern of the cosmic microwave 
background (CMB) is considered a direct observation of primordial gravitational 
waves that took place 10−34 s after the Big Bang [1, 2].

Due to the sensitivity required to reliably detect primordial B-modes, low-
temperature detectors, e.g., cryogenic bolometers, are required to reduce 
detection noise to the lowest possible level. The limited space inside typical 
CMB telescopes demands compact detector arrays for which antenna-coupled 
multichroic schemes are an attractive approach [3]. State-of-the-art CMB 
detectors aimed for the detection of B-modes consist of antenna-coupled detectors 
that use either transition edge sensors (TESs) or microwave kinetic inductance 
detectors (MKIDs) as the sensing element [4].

In [5], we proposed a new type of sensing element that uses the temperature-
dependent magnetic nature of paramagnetic alloys, such as gold–erbium 
(Au:Er) and silver–erbium (Ag:Er), instead of superconducting films’ electric 
transport characteristics. Magnetic microcalorimeters (MMC) use these sensors 
to detect high-energy particles [6, 7]. We refer to the resulting detector, which 
is an adaptation of the well-known MMC, as the magnetic microbolometer 
(MMB). Simulations presented in [5] show that the proposed MMB can perform 
background limited photometry (BLIP) with typical restrictions observed on 
current CMB instruments.

Advantages that this technology offers are lower Johnson noise associated 
to detector readout due to its dissipationless nature, high dynamic range, 
straightforward calibration and the ability to achieve a high degree of rejection to 
external magnetic fields through the use of a gradiometric layout design [8].

In the following sections, a description of the detector architecture is given and 
the simulated performance is discussed. To extract the essential requirements and 
ascertain whether the MMB is applicable for CMB B-mode polarization surveys, 
we use the QUBIC instrument [9] as reference. An analogous examination can be 
employed to evaluate MMB’s suitability in other contexts.

2 � Detector Architecture

Figure  1 left displays the detector architecture. A planar polarimetric antenna 
couples incoming radiation onto a microstrip transmission line. Inline millime-
ter-wave band-pass filters separate the bands of interest. Each filtered signal is 
directed to a suspended island weakly coupled to a thermal bath that houses a 
termination resistor in tight thermal contact with a paramagnetic Au:Er sensor. 
The sensor is magnetically coupled to a superconducting pick-up coil that simul-
taneously provides biasing by means of a persistent supercurrent. Excess currents 
are generated in the pick-up coil as the magnetization of Au:Er sensor changes 
due to the dissipated power from the termination resistor. The observing bands 
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considered in the present work are the central 150 GHz plus a 220 GHz and 95 
GHz with 25% of fractional bandwidth.

The signal produced by the MMB can be understood with the thermal model also 
shown in Fig. 1. Incoming power (P) in this diagram represents the power dissipated 
by the termination resistor. This power is translated into a temperature variation 
of the absorber thermal mass that interacts via electron–spin interactions with the 
immersed spin system within the paramagnetic sensor. The sensor is penetrated by 
an applied weak magnetic field. The thermal exchange produces fluctuations in the 
spin system that translate to a measurable magnetization variation, coupled via a 
flux transformer to a Superconducting QUantum Interference Device (SQUID). For 
multiplexing of large detector arrays, a Microwave SQUID Multiplexer ( �MUX) 
[10–14] can be used.

3 � The Magnetic Microbolometer

In Fig. 2, the detector schematic is presented together with the design layout of the 
suspended MMB. The detector needs to be biased with a constant weak magnetic 
field that is produced by a persistent current ( Ifield ) circulating through the pick-
up coil ( Lm ). A heat switch [15] consisting of a thin-film resistor placed in close 
proximity to a section of the circuit is used to introduce Ifield by applying a short 
current pulse that momentarily suppresses superconductivity by Joule heating. In 
this design, a load inductor ( Lload ) is included to produce a higher coupling of the 
SQUID’s input inductance ( Lin ) to the signal produced by the sensor. This topology 
has also been proposed for MMC arrays used in projects such as Lynx [16].

A significant rejection to external magnetic fields can be achieved using a 
particular geometry for Lm [17] in which the leads are symmetrically enclosing 
a meander-like inductor and form a superconducting loop around it, as shown 
in Fig. 2. This was confirmed by simulations of the mutual inductance between 
Lm and an external loop. Concerning SQUIDs, gradiometric designs have 

Fig. 1   Left: Schematic representation of the pixel architecture. Right: Thermal model of the MMB. P 
represents the coupled and filtered incoming power, T

e
 and T

s
 are the temperatures of the electron and 

spin subsystems, C
e
 and C

s
 their corresponding heat capacities, Gbath is the heat conductance to the ther-

mal bath, and Gse is the heat conductance representing electron–spin interactions within the paramag-
netic temperature sensor. Thermal fluctuation noise sources are represented for each heat conductance as 
√

Sbath and 
√

Sse . The excess current generated at the pick-up coil can be readout and multiplexed using a 
Microwave SQUID Multiplexer ( �Mux)
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demonstrated external field rejection as well that can be complemented by active 
feedback techniques [18].

4 � Pixel Design

The radiation is coupled to the millimeter-wave circuit via a planar sinuous 
antenna that is capable of discriminating between orthogonal linear polarizations 
and presents a broadband response that encompasses the three observing bands. 
This type of antenna has been extensively employed for multichroic polarization 
sensitive pixels of several CMB experiments [19–22].

The gaussianity of the antenna’s beam is enhanced by the use of hemispherical 
lenslets made of silicon or materials with similar dielectric constant, also 
increasing the antenna’s gain on bore sight [23]. A Dolph–Chevyshev impedance 
transformer or taper [24] is implemented to obtain a maximally flat impedance 
matching of the antenna with the rest of the circuit which has a much lower 
impedance. The impedance taper is guided through the arms of the antenna.

Inline filters determine the pixel’s observation bands. Tubular band-pass 
filters [25] are implemented using stepped impedance microstrip and CPW lines. 
This approach was employed by other projects such as POLARBEAR-2 and the 
Simons Array [26]. Three band-pass filters were designed at frequencies of 95 
GHz, 150 GHz, and 220 GHz, having a fractional bandwidth of 25%.

Figure  3 shows the detector’s layout. The biasing loop’s load inductance is 
made up of three double-spiral coils positioned around the pixel. In this system, 
all six MMBs in a pixel can be biased using only two DC pairs: one for the heat 
switch pulse and one for the field current. This persistent current injection cir-
cuit, in principle, permits many pixels to be connected in series, lowering the 
total number of DC bias lines necessary for large arrays.

Fig. 2   Left: MMB schematic, the detector is part of two closed superconducting circuits, a biasing loop 
that helps create a noise-free biasing field and a readout loop that consists of a flux transformer coupled 
to a SQUID. Right: Suspended MMB layout. Four thin dielectric beams made of silicon nitride hold a 
rectangular suspended island housing a AuPd termination resistor and thermally coupled Au:Er sensor. 
Underneath the sensor lies a meander-shaped pick-up coil for bias and readout. This layout corresponds 
to the section of the schematic on the left labeled “Suspended Island", which is represented by a dashed 
rectangle
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5 � Results

The total pixel power transfer ratio between the antenna and the termination resis-
tors was obtained by combining 3D and 2.5D EM simulations from each micro-
wave component. Plots showing the ratio of incoming to dissipated power spectrum 
assuming a perfectly matched antenna and also accounting for the simulated antenna 
impedance can be observed in Fig. 4.

The results show that this multichroic antenna-coupled detector yields a high 
optical coupling efficiency for multiple observation bands in a single pixel. We see 
in Fig. 4 right that the coupling efficiency suffers a considerable reduction that can 
be attributed to the antenna’s varying impedance. Further reduction of the coupling 
efficiency is expected from microfabrication tolerances and artifacts affecting the in 
line band defining filters and cross-under structures as reported by other groups [27].

To assess the performance of the design, the background and detector noise 
equivalent power ( NEPph and NEPdet , respectively) were calculated. Considering 
the emissivity, transmittance and spillover losses of the optical components in the 
QUBIC instrument [28, 29] and in combination with the power transfer ratio shown 

Fig. 3   Conceptual design layout of an antenna-coupled multichroic detector pixel based on a sinuous 
antenna. A Dolph–Chevyshev taper guides the coupled signal to inline band-pass filters that define the 
observation bands. The filtered signals are then differentially fed to six suspended MMB detectors placed 
around the pixel

Fig. 4   Left: Pixel response assuming a perfectly matched antenna. Right: Pixel response including the 
simulated broadband sinuous antenna. Solid black line represents simulated atmospheric transmission, 
and solid color lines represent the spectral power density absorbed by each suspended bolometer
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in Fig. 4 right, a total optical incoming power of 4.91 pW reaches the MMB for the 
150 GHz band. Using the equations presented in [30] for diffraction limited single 
mode detectors, NEPph is calculated from the incoming power spectral density to be 
45.57 aW/

√

Hz.
Figure 5 left shows the NEPdet in black solid line assuming a bath temperature 

of 300 mK considering the base temperature of the QUBIC instrument. The MMB 
has five known noise contributions listed in the legend of this plot, a description 
of each of these contributions can be found in [5]. Detector noise contributions are 
represented in dashed traces. Finally, the estimated NEPph is shown in blue solid 
trace. In the right plot of Fig. 5, the NEPdet for multiple bath temperatures is shown. 
For the specific instrument under consideration, BLIP can be marginally achieved 
with the MMB; however, as the plot on the right illustrates, lower bath tempera-
tures result in a lower NEPdet at the expense of a slower response time ( � ). These 
results can be explained as follows: at lower temperatures, the suspending legs have 
less heat conductance (G), which increases the detector’s responsivity at the expense 
of a larger time constant, � ∝ C∕G , where C is the bolometer’s heat capacity and 
remains invariant or may increase as well due to the Schottky anomaly [31]. In addi-
tion, the magnetization (M) of the paramagnetic sensor presents a steeper tempera-
ture dependence following Curie law ( M ∝ 1∕T  ) also increasing sensitivity and 
reducing NEPdet.

6 � Conclusion

We presented the design of a new type of cryogenic detector based on an antenna-
coupled multichroic pixel in which a suspended bolometer is implemented using a 
paramagnetic temperature sensor made of Au:Er to be used in CMB polarization 
surveys. EM simulations of the pixel design combined with simulations of the MMB 
responsivity suggest that for a given set of parameters BLIP can be achieved. It is 

Fig. 5   Left: Total NEPdet compared to estimated NEPph , the plot also enumerates individual detector 
noise sources and shows their contribution. Right: NEPdet for multiple bath temperatures with the respec-
tive time constants for each case
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also shown how lowering the bath temperature improves the detector performance 
significantly.

Experimental proof of concept of the MMB is the goal of further development. 
Fabrication and measurements of sensitivity and timing characteristics are currently 
being pursued. In a further stage of development, an antenna coupling circuit such 
as the one described in this paper will be used to demonstrate its potential use as 
a highly sensitive bolometer for astronomic applications. In particular, a dual band 
variant that is envisioned for the upgrade of the ongoing QUBIC experiment [32].
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