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Abstract
Metallic magnetic calorimeters (MMCs) combine the excellent energy resolution 
of cryogenic gamma ray detectors with a very small nonlinearity and a reproduc-
ible response, owing to their magnetization-based sensor and their metallic heat flow 
path. These attributes make MMCs well suited for photon and particle spectros-
copy applications requiring the highest accuracy. We are developing high-resolution 
MMC gamma ray detectors with the goal of improving the quality of key nuclear 
decay data for nuclear safeguards and fundamental science. Our exploratory “inte-
grated” (SQUIDs and sensors on the same chip) 14-pixel MMC designs recently 
demonstrated energy resolution of 37.5 eV at 60 keV. Here, we describe the design 
and optimization for a new generation of MMC detectors using both “integrated” 
and “split” designs (SQUIDs and sensors on separate chips). The new designs are 
expected to have an energy resolution < 25  eV (< 5  eV) for MMCs optimized for 
energies up to 100 keV (10 keV) and have up to 32 pixels.
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1  Introduction

Metallic magnetic calorimeters (MMCs) [1–3] detect particles via the temperature 
dependence of the sensor magnetization, an equilibrium thermodynamic property. 
Compared to transition-edge sensors (TES), this simplifies MMC detection phys-
ics and reduces sensitivity to microfabrication process conditions. In addition the 
magnetic sensor, in combination with an all-metallic heat flow path, gives MMC 
gamma detectors improved linearity and reproducibility compared to TES [4, 5]. 
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These are strong advantages for those spectroscopy applications requiring the high-
est accuracy.

Our collaboration’s exploratory first generation of partially optimized “inte-
grated” (SQUIDs and sensors on the same chip) MMC gamma detectors [5–8] 
recently demonstrated 37.5 eV FWHM at 60 keV [6, 9]. In this report, we describe 
the design and initial SQUID test results for a new generation of fully optimized 
MMC gamma detectors.

2 � Mitigating SQUID Power Dissipation in Integrated MMCs

Although our previous MMC detectors performed well [6], pulse heights were 
reduced due to heating of the paramagnet (PM) by the SQUID bias power (Fig. 1 
top left). We are pursuing two strategies to reduce this problem.

First, if the heating problem of the integrated MMC designs can be controlled, 
they will always achieve better energy resolution than split designs [6]. To obtain 

�me (s)

Pu
lse

 H
ei

gh
t (

V) 0.8

0.6

0.4

0.2

0.0
0 100008000600040002000

GSubstrate-Shunt

GSubstrate-Bath

GSubstrate-PM
TSubstrate

TShunt

PShunt

TBath

1.0

GPM-Bath

TPM

Fig. 1   Top left Impact of SQUID bias power heating in the previous generation of integrated MMC 
detectors: measured positive and negative polarity pulse heights on SQUID channel 3 versus time, 
increasing in steps as the bias power on SQUID channel 2 is reduced in 6 steps during this time. Top 
right Schematic of a simple thermal model of paramagnet (PM) heating for integrated MMC detectors, 
see text for explanation. Bottom left Model results for the previous generation device, estimating TPM 
increasingly above TBath for lower TBath. Bottom right Model results for the new integrated designs, show-
ing TPM closer to TBath after applying mitigation strategies (color online)
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guidance on the heating problem, we can create a simple thermal model (Fig. 1 top 
right). The temperatures in the model are those of the SQUID shunt resistors 
(TShunt), the chip (TSubstrate), the paramagnet (TPM) and the bath TBath. Thermal 
boundary conductances GSubstrate-Shunt, GSubstrate-PM, and GSubstrate-Bath are modeled 
using Q̇ = 𝜎AT4

hot

[

1 −
(

Tcold∕Thot
)4
]

∕4 , with areas A obtained from the layouts and 
� ≈ 300Wm−2 K−5 [10]. The normal-metal thermal conductance GPM-Bath that sets 
the pulse decay time is modeled with the Wiedemann–Franz (WF) law 
Q̇ = 𝛴LWFT
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]

∕2 , with Σ the electrical conductance and the WF 
constant LWF = 2.44 × 10−8 W ΩK−2. SQUID effective resistance of 1.0 Ω at normal 
operating point is assumed to approximate power dissipation, based on previous 
electrical measurements with similar SQUID designs. We see immediately that 
because of the difference in the power-law exponents, for TSubstrate sufficiently low 
GPM-Bath will always dominate GSubstrate-PM in determining TPM.

Results from the model corresponding to the previous generation device 
(Σ = 4.4  S, Josephson junction critical current Ic = 12 μA, ASubstrate-Bath = 7.6  mm2) 
are shown in Fig. 1 Bottom Left for 10 mK ≤ TBath ≤ 100 mK. With all 8 SQUIDs 
biased near 2·Ic, we find TShunt ≈ 443 mK, nearly independent of TBath. TSubstrate devi-
ates from TBath as TBath is reduced, settling to TSubstrate ≈ 50  mK at TBath = 10  mK. 
GPM-Bath increasingly dominates GSubstrate-PM at lower TBath, pulling TPM below 
TSubstrate, but only to TPM ≈ 35 mK at TBath = 10 mK.

There are three relatively simple steps we can take to reduce TPM in the new 
designs. First, ΣPM-Bath increases substantially for 100-μm-thick absorbers with a 
1  ms decay constant, to 61  S. Second, we can increase ASubstrate-Bath. This can be 
accomplished by increasing the area of the “front-side thermal bus” [6] on the chip 
and/or coating normal metal onto the back side of the chip and establishing metallic 
heat flow between that normal-metal coating and the copper mounting plate at TBath. 
Third, we can reduce the SQUID bias power by reducing the Ic below STARCryo’s 
standard Ic ≅ 12  µA. A recent UNM/STARCryo SQUID array amplifier [11] has 
demonstrated good performance with Ic as low as 6 µA. In the new MMC wafer, we 
have reduced Ic to 8 µA for a ~ 50% SQUID bias power reduction.

The estimated impact of these changes is shown in Fig.  1 Bottom Right. Here 
Σ = 61 S, Ic = 8 μA, ASubstrate-Bath = 12.5 mm2 (50% coverage). TShunt is reduced from 
~ 443 to ~ 362 mK, and TSubstrate now reaches ~ 37 mK at TBath = 10 mK. This reduc-
tion of TSubstrate increases the dominance of GPM-Bath over GSubstrate-PM, allowing TPM 
to fall to ~ 11.4 mK at TBath = 10 mK.

We are currently implementing this strategy with the integrated designs in the 
new generation of detectors. Effectiveness will be assessed via on-chip PM ther-
mometers included in all designs, with an estimated ~ 1  μK/√Hz near 1  Hz at 
20 mK. Note that this cooling strategy requires a fully metallic GPM-Bath. Increased 
GPM-Bath for faster pulse decay time or greater maximum energy would further 
reduce TPM. However, for MMC designs which use GPM-Bath to connect the PM only 
to a metallic on-chip thermal reservoir, TPM cannot go below TSubstrate and other miti-
gation strategies would be required.

Although this approach looks promising for integrated detectors, we have not yet 
tested it experimentally. For this reason, we are also including devices of the “split” 
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design in the new generation of detectors (Fig. 2). In split designs, the SQUIDs and 
sensors are on separate chips, with electrical and mechanical connections arranged 
to minimize heat transfer. This approach has been thoroughly tested by other groups 
as their baseline design, but the requirement for wire bonds in the input circuit 
reduces the performance of flux transformer designs and makes direct-coupled 
designs impossible.

3 � Design and Estimated Performance

The new MMC designs carry forward successful features from the previous genera-
tion. All designs make extensive use of the Nb:Ta alloy persistent current switches/
shunts with Tc = 5.3 K that we developed [8] and demonstrated with MMC [6] for 
trapping and control of on-chip persistent magnetizing currents. Additionally, a wide 
Nb:Ta shunt has been added between the bond pads of the magnetizing circuit to 
improve noise isolation.

All designs maintain the 475 µm × 475 µm size of electroplated gold absorbers. 
For gamma ray detectors, the absorber thickness is increased to 100 µm for ~ 50% 
efficiency at 100 keV. Absorbers continue to be fabricated with the dry-film resist 
process [7]. All designs use “two-layer sensing coils” [6], with a separate magnet-
izing coil under the sensing coil.

The new designs include sensor coil geometries with and without “superconduct-
ing caps” to confine the applied magnetic field to the PM [6]. Comparison between 
capped and uncapped performance will help quantify the impact of the extra oxide 
and niobium structures in the capped designs.

Fig. 2   Two views of the new “split” MMC detector design, in the first fabricated device. Initial tests are 
under way. 4 “outrigger” chips, each carrying 4 input SQUIDs, surround a central sensor chip with 32 
MMC sensors (16 gradiometric pairs). Each sensor except the on-board thermometer has an electroplated 
gold absorber 475 µm × 475 µm × 100 µm thick. Sensors are surrounded by an on-chip electroplated gold 
“thermal bus.” Input and magnetizing circuit wire bonds are aluminum. SQUID and thermal wire bonds 
are gold. The solder-tinned traces on the PC board at 7 o’clock connect the magnetizing circuit. The top 
and bottom connectors are absent due to temporary constraints of the testing setup, and not all of the 
SQUID input circuits are connected on this first device
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The baseline energy resolution [1, 2] ΔEFWHM was optimized for the new 
designs over 15 two-layer meander sensing coil geometries where trace width and 
spacing were varied. Natural abundance Ag:natEr PM with a 100 mA magnetiz-
ing current was baselined, with Er concentration optimized for each design. The 
absence of a nuclear electric quadrupole in Ag reduces parasitic heat capacity 
and yields signals with a single exponential decay constant [5]. Gamma detectors 
optimized for 100 keV were baselined for a 20 mK dilution refrigerator operating 
temperature and optimized over PM thicknesses 0.5, 1.0 and 1.5 μm. X-ray detec-
tors optimized for 10 keV were baselined for 30 mK to allow operation in a 3He-
backed ADR and optimized over PM thicknesses 250, 500 and 750 nm.

For the 100 keV integrated gamma detector designs with a transformer coupled 
series gradiometer topology and an erbium concentration of 300 at. ppm, we esti-
mate ΔEFWHM of 20 eV for a capped and 32 eV for an uncapped PM. With direct 
coupling, a parallel gradiometer topology with the same PM alloy is expected to 
improve ΔE to 10 eV capped and 12 eV uncapped.

We estimate that the 10  keV integrated X-ray detector designs with a 
1-µm-thick gold absorber, flux transformer coupling and series gradiometer will 
have ΔE of 3.9  eV capped and 7.6  eV uncapped with an Er concentration of 
200  at.  ppm. With the same absorber, PM alloy and topology, direct coupling 
should improve ΔEFWHM to 2.1 eV capped and 2.7 eV uncapped.

Optimization results for the 100 keV split devices (Table 1) show that the pres-
ence or absence of the superconducting cap plays a stronger role than the enrich-
ment of the Er. Interestingly, the cap also strongly suppresses the performance 
variation across the 15 different meander coil geometries.

The estimated baseline resolutions ΔEFWHM for all devices are very sensitive to 
assumed SQUID white flux noise. A conservative 2 μϕ0/√Hz was baselined, but 
1 μϕ0/√Hz has been demonstrated in the UNM cryostat and may be achievable 
in the dilution refrigerator. At 1 μϕ0/√Hz, mean ΔEFWHM for the capped Ag:natEr 
split design, for example, would drop from 26 to 17 eV.

Table 1   Summary of 
optimization results for “split” 
100 keV MMC gamma ray 
detectors

Numbers are the mean, standard deviation, best and worst values 
of the optimized baseline FWHM energy resolution ΔEFWHM in eV 
over the 15 different two-layer meander coil geometries, for each cat-
egory/column

Ag:natEr PM Ag:168Er PM

No cap Cap No cap Cap

Mean 35 26 32 24
Std 5.5 1.6 4.6 1.5
Best 28 24 26 22
Worst 46 29 41 27
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4 � SQUID Design and Test

Optimal MMC energy resolution requires matching the SQUID input induct-
ance to the sensing coils and flux transformer. This matching has the form 
Linput = 2Lsensor + Lparasitic for a series flux transformer or Linput = Lsensor∕2 + Lparasitic 
for a parallel flux transformer, where Lsensor is the inductance of one sensing coil 
and Lparasitic is the sum of all flux transformer inductance other than the sensing 
and input coils.

Although series and parallel flux transformers give equal performance for 
Lparasitic ≪ Lsensor , the series topology provides better flux transfer into the SQUID 
when Lparasitic cannot be neglected. Larger flux transfer is equivalent to reducing 
SQUID noise and thus improves energy resolution. With the two-layer sensing 
coil, it is equally easy to make the series or parallel topology. The parallel topol-
ogy was therefore only used for the direct-coupled integrated 100 keV design, in 
order to reduce the SQUID loop inductance.

To match the new split sensors, a new family of SQUIDs was developed, 
including our first designs compatible with Magnicon readout electronics [12]. 
Our previous MMC SQUIDs have been incompatible with Magnicon because 
they lacked an isolated flux feedback coil: STARCryo’s fully differential elec-
tronics [13] allows feedback to be applied through one or both SQUID washers, 
yielding simplified layouts. Magnicon-compatible readout will increase band-
width, reduce noise, and should also facilitate comparison of results and inter-
operability of our detectors with other MMC groups.

Dip testing both types of SQUID designs at 4.2  K shows smooth V-ϕ char-
acteristics, a white noise of ~ 3.5  μϕ0/√Hz (comparable to our previous MMC 
SQUIDs), and ≤ 5% agreement on calculated feedback coupling.
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