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ABSTRACT
The Advanced Atacama Cosmology Telescope Polarimeter is an upgraded receiver for the Atacama Cosmology
Telescope, which has begun making measurements of the small angular scale polarization anisotropies in the
Cosmic Microwave Background using the first of four new multichroic superconducting detector arrays. Here, we
review all details of the optimization and characterization of this first array, which features 2012 AlMn transition-
edge sensor bolometers operating at 150 and 230 GHz. We present critical temperatures, thermal conductivities,
saturation powers, time constants, and sensitivities for the array. The results show high uniformity across the
150 mm wafer and good performance in the field.
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1. INTRODUCTION

Over the past two decades improvements in low-temperature detector arrays have significantly advanced our
knowledge of the cosmic microwave background (CMB) and sub-millimeter astronomy. To make further progress,
increasing array detector counts is key to increasing total array sensitivities, if the detectors composing the arrays
are background-limited. The largest detector arrays in development use transition-edge sensors (TES), presently
the most mature superconducting detector technology, and have demonstrated near photon-noise dominated
performance on current CMB instruments. Large TES arrays are achieving ever higher map sensitivities and
mapping speeds, improvements which are advancing our knowledge of the history and structure of our Universe.

Advanced ACTPol, an upgrade to the ACTPol receiver on the Atacama Cosmology Telescope, is deploying
some of the largest TES arrays yet produced in order to better characterize both the intensity and polarization
of the CMB sky. The Atacama Cosmology Telescope (ACT) is located at an altitude of 5190 m in the Atacama
Desert in northern Chile. ACT consists of a 6 m primary mirror and a 2 m secondary mirror in an off-axis
Gregorian configuration. Since 2008, the ACT telescope has observed the temperature anisotropies of the CMB
at millimeter wavelengths.1 A polarization sensitive camera, ACTPol,2 was deployed on ACT beginning in 2013,
and precision first and second season measurements of CMB polarization were presented in Naess et al. 20143

and Louis et al. 2016.4 The AdvACT upgrade will have four new feedhorn-coupled multichroic array packages
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sensitive in five frequency bands spanning from 28 GHz to 230 GHz, and plans to map approximately half of the
sky.5,6 AdvACT’s increased optical frequency coverage over ACTPol, which observed only in bands centered at
90 and 150 GHz, will aid in the removal of synchrotron and dust foregrounds which obscure the CMB signal.
In addition, AdvACT’s arrays will be more sensitive to CMB temperature and polarization than ACTPol’s by
approximately a factor of two, achieved primarily by doubling the number of the detectors in the mid- and
high-frequency arrays as detailed in Henderson et al. 2016.5 The first AdvACT high-frequency (HF) multichroic
detector array was built, characterized in the lab, and deployed on the ACT telescope in 2016, and is sensitive in
bands centered at 150 and 230 GHz. Going forward, AdvACT plans to deploy two mid-frequency (MF) arrays
sensitive in bands centered at 90 and 150 GHz in early 2017. In 2018 an additional low-frequency (LF) array,
with sensitivity centered at 28 and 40 GHz, will replace one of the two MF arrays.

This paper reports the measured performance of the AdvACT HF array in both the laboratory and in the
field. The HF array was fabricated on a single 150 mm-diameter silicon wafer7 and has 503 optical pixels and 3
dark pixels for a total of 2024 detectors. In contrast to the ACTPol arrays, each of which was composed from
as many as six individual 3′′ wafers, this new monolithic array design allows for more efficient pixel packing,
resulting in higher pixel densities in the ACT focal plane.2 In Section 2, we discuss the HF detector array
package. In Section 3.1 and 3.3, we present measurements of the HF array parameters, including detector
critical temperatures (Tc), saturation powers (Psat), thermal conductivities (G), and corner frequencies (f3dB),
as well as the total array sensitivity in both bands. In Section 3.2, we present multiple estimates of the on-site
loading from the atmosphere and instrument in the field. We conclude in Section 4 with a discussion of the
status and future plans for AdvACT.

2. HF ARRAY

The HF array package is shown in Figure 1. Signals from the sky pass through the receiver window, lenses
and filters, and are coupled to feedhorns in a gold-plated silicon platelet feedhorn array. A wide band spline-
profiled design was chosen for the feedhorns in order to optimize coupling efficiency, and each feedhorn defines
the beam of an array pixel on the sky. Each feedhorn focuses detected radiation onto the antenna probes of
an orthomode transducer on one of the array’s pixels which separates the light into two polarizations. On-chip
band defining filters then separate each polarization signal into the array’s two frequency bands and feed the
separated polarization and frequency signals onto one of the pixel’s four TES islands for detection. The 150 mm
detector wafer is in the center of the array package, and is attached to the feedhorn array by a clamping ring on
the back of the array package. Readout electronics are housed on a 12′′ PCB surrounding the array. The array
package is coupled to the mixing chamber of a dilution refrigerator, which maintains a continuous operating bath
temperature of ∼ 100 mK in the field. Due to the larger detector wafer size, the shape and size of the HF detector
array package is significantly different than the array packages deployed on ACTPol. Subsequently, substantial
adjustments to array mounting hardware, magnetic shielding, and heat sinking were required to accomodate
the HF array. This work afforded the opportunity for several improvements including the elimination of several
unnecessary thermal joints in order to improve the heat sinking of the array.8 In addition, we replaced all receiver
optical elements (filters, anti-reflection coated silicon lenses,9 and feedhorns) with wider bandwidth versions to
match the bandwidth of the optical chain required for the multichroic HF array.10

2.1 HF detector array

The HF array has 506 feedhorn-coupled multichroic pixels with 2024 AlMn-based TESs fabricated on a single
150 mm, 500 µm thick silicon detector wafer. Each multichroic pixel has four bolometers, two for each linear
polarization, for a total of 2024 detectors on the HF array.7 The TESs are made of a single layer of aluminum
manganese (AlMn) alloy, with a critical temperature of Tc ∼ 160 mK. This target critical temperature was
selected by optimizing the detector thermal sensitivity, which is related to the TES thermal properties and the
operating bath temperature. An image of an AdvACT HF TES island is shown on the bottom right of Figure 2,
with the AlMn alloy film located in the middle of the TES island. The use of a single layer of AlMn alloy
simplifies the fabrication process and consistently gives improved measured device parameter uniformity across
AdvACT’s large 150 mm diameter wafers.11 When operating the TES bolometers, the TESs are cooled below
their critical temperature and voltage-biased onto their transition. Measured changes in the TES current are
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then proportional to changes in the observed optical signal. It is necessary to maintain the cryostat at a 100 mK
bath temperature continuously. The HF TES bolometers were designed to optimize their performance and noise
properties under the expected bath and loading conditions in the field.

2.2 Readout

Each array TES has a pair of signalling lines connecting it into cryogenic readout circuitry which amplifies and
routes the detector signals to warm electronics for digitization at 300 K. Signals from the array connect to the
readout first through custom flexible superconducting cables (flex), consisting of aluminum traces on a flexible
polymide substrate.12 The flex cables connect signals from the array into large silicon wiring chips, which in turn
route the array signals into smaller chips which implement the first stage of the cryogenic readout at 100 mK.
The large silicon wiring chips have additional signal routing and bondpads to connect to readout control signals
fed to the wiring chips (SQUID biases, SQUID feedbacks, and TES biases) through a large annular PCB which
circumbscribes the array. The array is read out using a superconducting quantum interference device-based
(SQUID) time-division multiplexing (TDM) scheme.13,14 The multiplexed readout allows multiple SQUIDs to
share common bias and feedback lines, which reduces the number of wires required to connect the 300 K ambient
electronics to the coldest detector stage, thereby reducing the heat load on the cryogenics and allowing us to
maintain base temperatures of 100 mK. The detectors are biased using shunt resistors, housed on interface chips,
which also have inductors to band limit the TES response. The interface chips have three wirebond selectable
inductance options, giving flexibility to allow for the optimization of the TES readout bandwidth. Informed by
measurements of dark noise in test devices, for the HF array the bonding option was selected that added minimal
inductance to the TES circuit. Due to differences in expected loading, detectors observing at different optical
frequencies have different voltage bias lines, with multiple interface chips biased in series on each bias line. In
the HF array, the detectors are grouped into 24 bias lines, each with 66, 88, or 110 TESs, depending on the
location of the TESs in the array. The readout is described in more detail in Henderson et al. 2016.15

The SQUID multiplexing chips and interface chips are epoxied onto the wiring chips and grouped into readout
units in an optimal way based on the results of extensive screening. In total, the HF array contains 304 large
and small silicon chips and requires over 21,000 wire bonds for the readout of its 2024 TESs. Robust assembly
is critical – for example, successful readout of one detector requires 55 successful superconducting wire bonds on
average. We have successfully developed and demonstrated procedures for robust assembly on this HF array.16

The fully assembled HF array is shown in Figure 1.

3. DETECTOR PERFORMANCE

The TES island is approximately an isothermal unit, with heat capacity C and temperature TTES . Two sources
of power are optical power from incident radiation absorbed by the TES island and bias power from the TES
bias circuit. Heat leaves the island through a weak thermal link (the SiN legs) with thermal conductivity G to
the bath. Figure 2 shows the 150 mm detector wafer, a single pixel with four TES islands, and a zoom-in on a
TES island for the HF 150/230 GHz design. Shown in the bottom right of Figure 2, the TES island is linked to
the bath by four SiN legs. One of four legs carries signal from the feedhorn on a transmission line that terminates
in a lossy Au meander. Another leg carries the bias line which keeps the TES on its transition. The geometry
and material properties of the legs define the thermal conductivity to the bath. A region of PdAu is added to
the TES island to tune its heat capacity for electrothermal stability, and to tune the TES time response.17–19

The detector performance is mainly described by three characteristics. One is the detector saturation power,
Psat, which determines the functionality of a detector during observation. The second one is the time constant,
τ , which indicates how fast the detectors respond to a signal. The third one is the detector noise. Preliminary
measurements with HF TESs in the field indicate that the sensors are photon noise dominated, and the TES
phonon noise is sub-dominant to the noise associated with photon loading, which affects the sensitivity of the
final sky map. The HF array parameters are summarized in table 1, along with the on-sky performance. The
yield of the working TESs is over 70%. The 30% loss are majorly from the multiplexing and the voltage biasing
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Figure 1: The HF array package shown from the non-sky side. (1) Copper ring, the PCB support. (2) The 12′′

annular PCB. (3) The detector clamp ring, with 24 tripod springs attached, mechanically pressing the wafer in
place on the non-skyside of the feedhorn array. (4) The detector wafer. All the signals are read out from six
edges of the wafer through the flexes onto the PCB. (5) Readout chips; the large base chips are wiring chips;
smaller chips are multiplexing chips and interface chips. (6) The label shows the position of the thermometer,
which measures the HF temperature during laboratory measurements.

lines, ∼ 14% and 11% respectively. We have identified the problems, which is due to the wire bonds on the
readout chips and the repair work after laboratory testing. Improvements have been discussed in the future
assembly, and we believe that the array yield will be highly improved after the experience learned from the HF
array.

ν (GHz) Tc (mK) Psat (pW) G (pW/K) n f3dB (Hz) Array NET (µK
√
s)

150 165 ± 2 13 ± 1 371 ± 16 3.71 ± 0.01 78 ± 9 11

230 165 ± 3 26 ± 1 719 ± 21 3.83 ± 0.01 104 ± 12 21

Table 1: The measured median AdvACT HF detector parameter values. The first column indicates which
frequency band is described subsequently. The array noise-equivalent temperature (NET) of AdvACT’s detectors
is estimated based on the time-stream noise at 20 Hz. All parameters shown here are measured in the laboratory
without the optical loading from the optics tube used in the field camera; except for f3dB and array NET, which
are measured on the telescope with the planet method described in the text. The errors are the median absolute
deviation of the detector distributions.
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Figure 2: (Top left) The HF wafer, containing 506 pixels and 2024 TESs. The wiring on the wafer is routed
to the six sides of the hexagon where electrical connections are made with aluminum wire bonds. (Middle) A
single HF pixel. The incident radiation couples to the four TESs via the central antenna, whose four fins are
optimized for a broad band response. These probes split the radiation into two orthogonal components, shown
in purple and green lines. The light paths are drawn in blue and red lines. The signals are then split into the two
frequency bands with a set of diplexing stub filters, which are best seen in the photo on the upper right. The
specific frequency and polarization output is then absorbed by an ohmic Au meander on a TES island. (Bottom
right) The TES island for the HF 150 GHz design. The island is connected to the bath through 4 SiN legs on the
four corners. Signals come in through one SiN leg and terminate in the Au meander. A second leg carries the
TES bias line pair which maintains the AlMn film in the center of the island on its transition. PdAu is added
to the TES island to tune its heat capacity by changing its geometry and thickness.

3.1 Saturation Power

We define the detector saturation power Psat as the electrical bias power required to drive the TES resistance to
90% of its normal resistance Rn. The HF array target Psat at 100 mK bath is 12.5 pW for the 150 GHz band and
25 pW for the 230 GHz band. These Psat values were chosen for optimum detector operation on the telescope,
considering the operating bath temperature, atmospheric loading, and the expected detector efficiency. The
designed transition temperature is 160 mK. Prior to deployment, we characterized these thermal and electrical
properties on the HF array in the laboratory using a dilution refrigerator that is capable of providing a bath
temperature less than 40 mK with the HF array package installed.

Bolometers register any additional power on the TES island, whether it is incident radiation or electrical power.
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We use laboratory measurements to evaluate the saturation power of the detectors at various temperatures
and predict saturation powers expected on the telescope Using a standard parameterization to determine the
relationship between the bath temperature and the saturation power, we solve for the thermal conductivity, G,
between the island and the bath,20

Psat = κ(Tnc − Tnbath), (1)

G = dPsat/dT |Tc
= nκTn−1c , (2)

where the power law index n and thermal conductance κ are determined by the geometry and material properties
of the TES legs, which provide a weak thermal link to the bath.

We voltage bias the detectors through the superconducting transition to acquire current-voltage (I-V) curves
and measure Psat at various bath temperatures. We then use Eq.(1) to estimate Tc, κ, and n. There is typically
a large covariance between κ and n. A wide set of bath temperatures allows this degeneracy to be broken for
the AdvACT array validation. For example, for ACTPol we could only determine n within 3%,21,22 while for
AdvACT we can determine it within 0.3%. Measuring Psat over a wider range of bath temperatures allows for
a better handling of the degeneracy between κ and n in Eq.(1). To minimize array heating in IVs taken in
rapid succession, I-V curves were acquired on only a quarter of the array at a time. We measure Psat between
60 and 160 mK every 10 mK, and fit for Tc, κ, and n for each detector. We assume uniform uncertainty for
the Psat values and minimize the square of the residuals from Eq.(1) using Powell’s method with the SciPy23

minimization routine. The fitted κ and n values are sensitive to the initial input points, and hence we iteratively
solve for the initial points to yield fitted parameters with the smallest residuals.

At 100 mK, the typical operating bath temperature, we target Psat to be 12.5 pW for 150 GHz and 25 pW
for 230 GHz. The target parameters are optimized by considering the optical efficiency of the detectors and the
potential sources of optical loadings from both instrument and atmosphere. The estimated Psat, Tc, and G are
shown in histograms in Figure 3. For the saturation power, we get 12.5 pW is ± 1 pW for the 150 GHz band
and 26 ± 1pW for the 230 GHz band. Psat is 13 ± 1 pW for the 150 GHz band and 26 ± 1pW for the 230 GHz
band, within 4-8% of our original targets. After deployment, we checked the detectors are not saturated on the
telescope given typical loading levels. Figure 4 shows histogram of the bias power, Pbias = ITES ∗ VTES , on the
TESs under typical observing conditions, and the bias power decreases as the loading gets higher. Thus it is
important to understand the loading in the field well in order to set the target parameters of the detectors. The
details of various loading estimates are discussed in Section 3.2. The benefits of AlMn are seen in the excellent
uniformity of the parameter in Figure 3. Over a full 150 mm wafer, the parameters are 4% in precision and 8%
in accuracy; while in ACTPol, we fabricated the detectors on a 3′′ wafer and the accuracy ranged from 5-30%
in different fabrication runs. Figure 3 also shows the parameters as a function of radial distance from the wafer
center, showing a trend in all parameters and Tc in particular. Evidence suggests that this trend is related
to the thermal connections between the wafer and the 100 mK support ring. The detector clamp ring design
(3) in Figure 1 most likely exerts more uniform pressure within the 20 mm ring radius, and thus we think the
discontinuity at 20 mm is the result of the array having a better thermal link to the bath within that radius.
For MF arrays, we modify the clamp to have more even mechanical and thermal contact between the mixing
chamber stage and the detector array.

Figure 5 shows the bias point of the array where we bias the detectors on its transition during various load-
ing conditions. We target at bias point=0.5, which is 50% of a TES transition. While observation, since the
weather condition varies, it is critical to be able to bias the detectors at the targeted bias point, which affects
the functionality of detectors, i.e. time response (see Section 3.3) and stability.

3.2 Loading

Minimizing the loading on the detectors is critical to optimize the detector sensitivity, i.e. less total loading
means less photon noise, thus higher sensitivity. The loading on the detectors is dominated by the emission from
the atmosphere and the optics elements on the telescope. Excess loading can also cause detectors to saturate
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Figure 7: (Left) Histogram of fitted values for extra loading from the optics tube and the 300 K metallic cover used in

the field to confirm detector parameters. See Section 3.2 for more details. (Right) Histogram of temperature discrepancy

between the thermometer location and the array package, indicating . 15 mK.

Figure 8: Comparison of I-V curve data taken on the telescope with a metallic cover at 300 K outside the cryostat

window to dark laboratory data. Pbiass shown here are at 90% Rn. (Left) The 150 GHz data measured on the telescope

are shown in filled circles. The triangle points are the corrections to the data using the laboratory fit parameters. The

line is the fit to Eq.(1) applying the laboratory κ, n, Tc. Arrows show the shifts in loading and temperature. (Right)

Similar data for 230 GHz.

3.3 Time Constants and Array Sensitivity
Measuring the detector time constants is critical to account for its low-pass filter effects on the detector response
at high frequencies as the telescope scans. The scan strategy affects the suppression level of the time stream
data for a given time constant, hence, we require similar intrinsic time constants between the two frequencies,
despite differences in loading which would cause the effective time constants to be different. The time constant
is defined as the time, τ , that a detector response takes to reach 1/e of its original value after power is added. In
the frequency domain, the response is described by f3dB = 1

2πτ . The intrinsic thermal time constant is defined
as

f̂3dB =
G

2πC
, (7)
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Figure 3: TES parameters: histograms and trends versus distance to the center of the array, measured dark in
the laboratory before deployment. The wafer shows good uniformity within its 150 mm diameter. The dips in
the trend plots around 20 mm away from the center of the wafer are likely related to the wafer heat sinking to
the bath. Details are discussed in Section 3.1.
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Figure 5: The bias point of HF TESs in the field varying with the precipitable water vapor.

Figure 6: The normal resistance (Rn) of the 150 GHz and 230 GHZ detectors. < Rn >150 GHz= 7.6mΩ±0.7mΩ;
< Rn >230 GHz= 7.7± 0.7mΩ

.
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T (K)

Figure 7: (Left) Histogram of fitted values for extra loading from the optics tube and the 300 K metallic cover used in

the field to confirm detector parameters. See Section 3.2 for more details. (Right) Histogram of temperature discrepancy

between the thermometer location and the array package, indicating . 15 mK.

Figure 8: Comparison of I-V curve data taken on the telescope with a metallic cover at 300 K outside the cryostat

window to dark laboratory data. Pbiass shown here are at 90% Rn. (Left) The 150 GHz data measured on the telescope

are shown in filled circles. The triangle points are the corrections to the data using the laboratory fit parameters. The

line is the fit to Eq.(1) applying the laboratory κ, n, Tc. Arrows show the shifts in loading and temperature. (Right)

Similar data for 230 GHz.

3.3 Time Constants and Array Sensitivity
Measuring the detector time constants is critical to account for its low-pass filter effects on the detector response
at high frequencies as the telescope scans. The scan strategy affects the suppression level of the time stream
data for a given time constant, hence, we require similar intrinsic time constants between the two frequencies,
despite differences in loading which would cause the effective time constants to be different. The time constant
is defined as the time, τ , that a detector response takes to reach 1/e of its original value after power is added. In
the frequency domain, the response is described by f3dB = 1

2πτ . The intrinsic thermal time constant is defined
as

f̂3dB =
G

2πC
, (7)
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Figure 10: Histograms of f3dBs of 150 GHz (left) and 230 GHz (right) detectors measured by the planet method and the

bias step method. The planet scans are taken ≈ 20 seconds after bias steps. The planet f3dBs are faster.

optical loading. For Figure. 11, for example, we fit a line for each detector to the f3dB values from the planet
method to the bias step method. Then, we apply the fitted coefficient to all the bias step f3dBs as a calibration
to correct them to agree with the planet values.

The detector noise is typically defined as Noise Equivalent Power (NEP), which we convert to a thermal
value (NETCMB) to describe sensitivity and fluctuations in the CMB thermal blackbody. The detectors are
dominated by photon shot noise, and we obtain estimates for the detector noise by Fourier-transforming a time
stream to find the white noise floor value at 20 Hz, and converting to Kelvin units with the response to a planet,
whose temperature is known, and then correct the Rayleigh Jeans estimate NET to NETCMB. When the PWV
is around 0.5 mm, the total array sensitivity is 11 µK

√
s in the 150 GHz band and 21 µK

√
s in the 230 GHz

band, estimated from maps after data selection.

Figure 11: Scatter plot of mean f3dB measurements from the planet method and the bias step method. In the figure,

each data point is the average of the time ordered data collection from eight files of separate Uranus observations.
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Figure 11: Scatter plot of mean f3dB measurements from the planet method and the bias step method. In the figure,

each data point is the average of the time ordered data collection from eight files of separate Uranus observations.
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which is tuned by the added region of PdAu on the island. Different from ACTPol, we chose to adjust the
geometry of PdAu on the TES island as opposed to the thickness so that the PdAu could be put down in just
one layer without the need for additional masks.

Figure 9: The time constant histograms plotted in different loading conditions, which make the bias powers
different, thus make the f3dBs vary from time to time (in Equation 7).

During observation, the f3dB varies with the operating conditions (Pbias) of the TES:20

f3dB =
1

2π

(1

τ
+

α

(1 + β)

1

Tc C
Pbias

)
, (8)

where α and β are the logarithmic derivatives of the TES resistance with respect to temperature and current,
respectively (Figure 9).
Thus f3dB must be measured in the field at frequent intervals. We use two methods for measuring the temporal
response of the TES bolometers: the planet observation method and the bias step method. The former can be
found by scanning back and forth over a planet (we use Uranus because it doesn’t saturate), because a finite
response time causes the peak position to shift in opposite directions for backwards and forwards going scans.
The change in peak position can be used to derive the time constant associated with optical loading, which is
relevant for CMB observations. Planet measurement is a more direct probe of the optical response; however, this
scan cannot be performed very frequently. To track the different loadings from time to time (from atmosphere
and other effects), and update the time constants per scan, we perform the bias step method. We take bias step
measurements of the detectors every ∼10 minutes. Each takes about ∼ 10 seconds. The bias step method
consists of driving the detector bias with a small square wave on top of a DC level, which is the nominal TES
bias point, and measuring the time constant of the detector response.21 We fit the rising and falling slopes of
bias step response to an exponential plus a constant:

f(t) = A exp−t/τ +B (9)

The histograms of f3dB from the planet and bias step methods are shown in Figure 10. Both planet histograms
are plotted from an average of eight nighttime planet observations in weather conditions with PWV ≈ 0.5 mm.

The optical time constants from the planet method are measured to be faster than those from the bias step
method. This is because the TESs are coupled differently to the photon power loading than the electrical power
loading.25 The measurements of f3dB from the planet method are larger than from the bias step method, which
implies that the absorber is coupled to the silicon more strongly than the TES to the silicon. To account for this
difference between the two methods, we fit a line to planet and bias step measurements performed at the same
time, and use the slope and intercept to correct the more frequent bias step methods to the values relevant for
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