
WS 22/23

181
Planck Satellite CMB Map

Cosmic Microwave Background

Particle Detection



WS 22/23

182

Particle Detection

Map of Sky

Cosmic Microwave Background



WS 22/23

183

CMB Power Spectrum
(Δ
T/
T)
2 θ

Particle Detection



WS 22/23

184

Atacama 
Cosmology 
Telescope 

South Pole 
Telescope 

Application example: cosmology 

•  Search for gravity waves from the Big 
Bang 

•  Constrain dark energy and dark matter 
with galaxy cluster surveys 

•  Measure the # of neutrino species 

•  Measure the neutrino mass (to < .05 eV) 

•  Constrain cosmological parameters 

Large TES arrays (>1,000 
channels) are required 
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J Low Temp Phys

Fig. 1 (Color online) (a) An array of 84 gold-plated, silicon-platelet, corrugated feedhorns [11]. (b) A pro-
totype Truce polarimeter [6]. (c) One of the ten low-Tc Truce compatible bolometer designs that were
fabricated and tested. This is the type 1 design with the longest thermal isolation legs between the bath and
the island, and therefore the lowest saturation power. The TES and heater are surrounded by Au microstrip.
(d) Cross-sectional area, A, to length, l, ratio for the different bolometer leg designs versus measured G
(points) and a fit to the data (line) to enable G optimization in new designs. The measurements in Fig. 2
are for types 1 and 4 devices, which have the smallest and fourth smallest A/l ratio

1 Introduction

Upcoming measurements of the cosmic microwave background (CMB) aim to probe
the epoch of inflation, the sum of the neutrino masses, and dark energy [1, 2]. These
measurements have the potential to detect the signature of inflationary gravity waves
(IGW) in the CMB and thereby probe the energy scale of inflation (∼1016 GeV),
which is inaccessible by other means. A detection of IGW by upcoming ground-based
or balloon-borne observatories would provide strong motivation for a next-generation
CMB satellite, such as EPIC-IM [1, 3] or CoRE [4].

We are building corrugated feedhorn-coupled CMB polarimeter arrays with mem-
bers of the Truce Collaboration [5, 6] that will be used in upcoming ground-based
CMB polarization measurements by the Atacama B-mode Search [7] (ABS), the
South Pole Telescope Polarimeter [8] (SPTpol), and the Atacama Cosmology Tele-
scope Polarimeter [9] (ACTPol). An important difference between ground-based and
balloon or satellite observations (and the primary motivation for the latter) is the
reduced atmospheric loading and photon noise. Careful optimization of the detec-
tor design and performance is essential to take advantage of these improved observ-
ing conditions. We have fabricated and characterized the performance of prototype
bolometers that are fully compatible with the Truce feedhorn-coupled polarimeter-
array architecture and meet the performance requirements for balloon-borne (e.g.
DeLITE) and space-based (e.g. EPIC-IM) CMB observations. We compare the mea-
sured bolometer performance to the instrument requirements, then describe next steps
to continue the optimization.

2 Polarimeter Array Design

The Truce polarimeter array designs take advantage of the excellent polarization fi-
delity of corrugated feedhorns and the excellent noise performance of transition-edge
sensor (TES) bolometers. The feedhorns are coupled to the bolometers via a super-
conducting Nb ortho-mode transducer that transmits the radiation through coplanar

TES detector module
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Multiplexing Schemes

3.1. Time-division multiplexing

TDM consists of combining the signals from a series of
sensors into a single shared amplifier chain by separating
them in the time domain [43]. Each sensor in TDM has a
dedicated first stage SQUID. The measurement sequence for a
column of sensors consists of turning on one of the SQUIDs,
waiting for transients to settle, averaging over some mea-
surement period, and then repeating for the next SQUID in
the column. As shown in figure 4, a TDM multiplexer is

designed so that a single pair of control lines can turn on
SQUIDs in otherwise distinct columns. An M column by N
row TDM SQUID multiplexed readout needs on the order of
M N+ signal lines instead of M N× that would be neces-
sary if each detector had its own readout chain.

The bandwidth of each measurement is set by the boxcar
modulation function, see figure 3, such that the noise band-
width is t1 2 sδ , where tsδ is the time the multiplexer dwells on

Figure 3. Orthogonal modulation functions for four channels in each of the basis sets for multiplexing TES microcalorimeters. The output
gain for each basis is plotted as a function of time in arbitrary units.

Figure 4. A schematic representation of a 2 column by 8 row TDM
circuit. Each row is turned on sequentially, with the control bias to
turn on the SQUIDs corresponding to a given row in all the columns
connected in series. Reproduced from Doriese et al. Reprinted with
permission from [40]. Copyright 2007, AIP Publishing LLC.

Figure 5. A schematic representation of four-row Φ-CDM. The
current signal from a given TES is inductively coupled to all four
first-stage SQUID amplifiers with coupling polarity defined by the
appropriate column of the Walsh basis set. The rows are activated
sequential as in TDM. The signals from all the SQUID1ʼs (SQ1) are
summed into SQUID2 (SQ2) which is coupled to a SQUID series
amplifier (SA). The dynamic range is extended by implementing a
flux-lock loop using feedback applied to the SQ1s as in TDM.
Reprinted with permission from [56]. Copyright 2012, AIP
Publishing LLC.

6

Supercond. Sci. Technol. 28 (2015) 084003 J N Ullom and D A Bennett
Orthogonal modulation functions for four channels
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Decoding Walsh Matrix

Code-division multiplexing for x-ray microcalorimeters

G. M. Stiehl, W. B. Doriese, J. W. Fowler,a) G. C. Hilton, K. D. Irwin,
C. D. Reintsema, D. R. Schmidt, D. S. Swetz, J. N. Ullom, and L. R. Vale
National Institute of Standards and Technology, 325 Broadway MS 817.03, Boulder, Colorado 80305, USA

(Received 28 October 2011; accepted 25 January 2012; published online 13 February 2012)

We demonstrate the code-division multiplexing (CDM) readout of eight transition-edge sensor
microcalorimeters. The energy resolution is 3.0 eV (full width at half-maximum) or better at 5.9
keV, with a best resolution of 2.3 eV and a mean of 2.6 eV over the seven modulated detectors.
The flux-summing CDM system is described and compared with similar time-division multiplexing
(TDM) readout. We show that the

ffiffiffiffiffiffiffiffiffiffiffiffi
Npixels

p
multiplexing disadvantage associated with TDM is

not present in CDM. This demonstration establishes CDM as both a simple route to higher
performance in existing TDM microcalorimetric experiments and a long-term approach to reaching
higher multiplexing factors. [doi:10.1063/1.3684807]

The transition-edge sensor1 (TES) is an established calo-
rimetric detector whose applications include x-ray astron-
omy,2 gamma-ray spectroscopy for analysis of nuclear
materials,3 and probing molecular dynamics through x-ray
absorption spectroscopy.4,5 These applications demand ever-
larger arrays of detectors to increase photon throughput.
Because TES microcalorimeters are operated at sub-Kelvin
temperatures, the reduction of power dissipation and wire
count through multiplexing is crucial. Ammeters made from
superconducting quantum interference devices (SQUIDs) are
widely used to read out TESs due to their low noise, low im-
pedance, low power dissipation, and high bandwidth.

A typical multiplexed array consists of multiple inde-
pendent amplifier channels each reading out N detectors. The
two most mature multiplexing techniques now in use for
TESs are time-division multiplexing (TDM)2 and MHz-band
frequency-division multiplexing (FDM).6 Neither is ideal for
microcalorimetry. In a N-row TDM multiplexer, the SQUID
noise aliased into the signal band grows as

ffiffiffiffi
N
p

, a conse-
quence of inefficient use of the readout bandwidth.7 This
noise limits multiplexers for high-resolution x-ray or
gamma-ray microcalorimeters to tens of detectors per ampli-
fier channel. FDM avoids the

ffiffiffiffi
N
p

noise penalty but has its
own limitations when operated in the MHz range, including
physically large filter components,6 and the degradation of
sensor resolution by ac biasing.8

A third multiplexing technique, code-division multiplex-
ing (CDM),9 is being developed at NIST in two distinct con-
figurations: CDM through current summation10 (I-CDM) and
CDM through flux summation11 (U-CDM). In this letter, we
report on an eight-element array of TES microcalorimeters
read out through U-CDM. The energy resolution at 5.9 keV
averaged 2.6 eV full-width at half-maximum (FWHM) in the
seven modulated detectors. We summarize the U-CDM design
and compare its noise with that of a similar TDM system.

We have fabricated U-CDM multiplexers to read out
arrays of 4, 8, and 16 detectors. Figure 1 depicts a four-
detector array and explains its operation. The TES signals are
encoded through a Walsh basis set12 defined by the polarity of

lithographically patterned inductive traces. The four orthogo-
nal combinations of the signals are read out in sequence. The
encoding matrices used in the 4- and 8-detector designs are

W4 !

1 "1 "1 "1
1 1 "1 1
1 1 1 "1
1 "1 1 1

0

BB@

1

CCA; (1)

W8 !

1 "1 1 "1 "1 1 "1 "1
1 1 1 1 "1 "1 "1 1
1 1 1 "1 1 "1 1 "1
1 "1 1 1 1 1 1 1
1 "1 "1 1 1 "1 "1 "1
1 1 "1 "1 1 1 "1 1
1 1 "1 1 "1 1 1 "1
1 "1 "1 "1 "1 "1 1 1

0

BBBBBBBBBB@

1

CCCCCCCCCCA

; (2)

where matrix columns represent TES detectors, and the rows
represent readout rows. The encoding matrix W4 or W8 gives
the coupling polarity between the signal from each detector
and each readout row. (Viewed in this way, a TDM system
uses the identity matrix for encoding: WTDM: I.) The Walsh
code switches the polarity of each TES but the first, eliminat-
ing sensitivity in demodulated data to any amplifier drift or
pickup occurring after the modulation (e.g., the 60 Hz power-
line harmonics visible in Figure 3(b) but absent from 3(c)). In
the most demanding applications, the single unswitched input
could be used without a TES as a “dark SQUID” noise moni-
tor. Other than the multiplexer chips, all the hardware required
by U-CDM (SQUID series arrays, wire-bonded cryogenic cir-
cuit boards, and room temperature electronics13) is directly
interchangeable with TDM. Existing TDM systems thus need
no modifications to their firmware or to the data acquisition
software to be “drop-in compatible” with U-CDM. The analy-
sis software must be enhanced, however, to demodulate the N
channels of raw data into the detector timestreams.

An example of Walsh-encoded and -decoded data is
shown in Figure 2. Four photons arrive during a 20 ms win-
dow on a four-detector U-CDM array. The top panel shows
the encoded signal recorded by each first-stage SQUID as
the four detectors each absorb x-rays. The photons strikea)Electronic mail: joe.fowler@nist.gov.

0003-6951/2012/100(7)/072601/3/$30.00 100, 072601-1

APPLIED PHYSICS LETTERS 100, 072601 (2012)
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main difference to resistive calorimeters:
► no dissipation in the sensor
► no galvanic contact to the sensor

mass spectrometry

nuclear forensic

light dark matter
...

X-ray and g-ray spectroscopy

nuclear and atomic physics

neutrino physics

metrology

main applications:

Magnetic Calorimeters



WS 22/23

194

Detector Geometries170 A. Fleischmann, C. Enss and G.M. Seidel
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Fig. 9. Several examples of possible coupling schemes to measure the magneti-
zation of paramagnetic sensors with a dc-SQUID. (a)–(c) assume a homogeneous
external magnetic field B. In (d) and (e) a persistent current I0 in the meandering
superconducting wire of the pickup loop produces an inhomogeneous field in the
volume of the sensor. In (f) a persistent current I0 flowing in a closed supercon-
ducting loop (light grey) underneath the SQUID loop generates an inhomogeneous
magnetic field in the volume of the sensor

nal fields and a reduced sensitivity to fluctuations of the temperature of the
substrate, which may be caused by energetic particles being stopped in adja-
cent sensors of an array or by a fluctuating power dissipation in the SQUID
readout. Moreover, in an array of detectors, the number of wires can be re-
duced by a factor of two. One disadvantage of this configuration is that the
intrinsic noise of two detectors is summed in one electronic channel. Also, the
inductance of the pickup loop, which is the SQUID in this case, is increased
by a factor of two, leading to a

p
2 times larger flux noise. Both penalties

together result in the ultimate energy resolution of this detector being larger
by a factor of

p
2 compared to the energy resolution of a single pixel detector.

Fig. 9c is a schematic diagram of a cylindrical sensor with wire-wound
pickup coil, which is transformer coupled to a dc-SQUID. As discussed above,
in this configuration one pays the penalty of increased energy noise referred to
the pickup coil. On the other hand, the setup permits the spatial and thermal
separation of SQUID and sensor. This kind of setup can also be extended to
a pickup coil which is split into two counterwound coils connected in series

Topics of Applied Physics 99 
Cryogenic Detectors (C. Enss ed.),  
151-218 (Springer Heidelberg 2005)
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optical image of MMC detector chip

250 mm

► small stems are used to minimize contact area between sensor and absorber

► phonons can only flow through stems to sensor and substrate

► for large absorbers stems allow for more complete thermalization in absorber

Energy loss by phonons escaping into substrate before they thermalize in absorber

Particle Detection
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Detector Realizations
64-pixel array for x-ray and g-ray detection 4096-pixel array for mass spectrometry

64-pixel array for neutrino mass measurements
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Performance of MMCs

high resolving power

pileup identification energy scale and calibration

fast speed small non-linearity

reduction of overlapping lines

Particle Detection
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Electron Capture: The Case of 163Ho

163
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Measurement with 20 Pixel with energy resolution 6.5 eV

Individual spectra summed spectrum
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Frequency Division Multiplexing

non-linear element for mixing

different carrier frequencies

idea: detector signal is modulated on a GHz carrier
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Microwave SQUID Multiplexer (µMUX)

array readout using only one HEMT amplifier and two coaxes

Particle Detection
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► 16 multiplexer channels with roughly equidistant spacing of ~ 25 MHz and BW ~ 1 MHz

► non-hysteretic rf-SQUID optimized for multiplexer

► Josephson junctions with high qualitiy factor

► 16 superconducting l/4-transmission line resonator: fr = 4.0 … 8.0 GHz,   Qc = 5000

► superconducting feed line

Particle Detection
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new coupling design 

new rf SQUID design 
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Superconducting Resonators

16 multiplexer channels with equidistant

spacing of ~ 25 MHz and BW ~ 1 MHz

Particle Detection
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Software Defined Radio

analog digital

from crystat

to crystat
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Demonstration of Microwave SQUID Multiplexing 

No cross talk visible

► parallel readout of 8 Pixels
► no visible cross talk

Particle Detection


