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Abstract: The X-ray transition edge sensor (TES) modeled by calorimeter is extremely sensitive to temperature changes when 
operating at a voltage bias in the 𝑚𝐾 temperature region, and is widely used for the detection of particles and photons from 
submicron frequency to gamma rays. Superconducting quantum interference device (SQUID) is the key to TES current signal 
readout, we have designed a two-stage SQUID amplifier circuit. First-stage sensor SQUID uses first-grade gradiometer with 
high input mutual inductance about 176.2𝑝𝐻 , it increases the coupling sensitivity with the TES detector and has stronger 
resistance to external interference. Second-stage SQUID array(SSA) adopts 32 single SQUIDs in series, which has low magnetic 
flux noise and high magnification. We have verified the characteristics of this two-stage circuit and demonstrated that it has a 
lower magnetic flux noise. 
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1. Introduction 
In actual TES sensor signal readout, two-stage SQUID 

amplifiers composed of sensor SQUID and SSA in series have 
better readout performance and are widely used, the two-stage 
SQUID amplifier readout circuit designed by V.Foglietti was 
first proposed at CNR-IESS in Rome[1]. It consists of two 
cascaded SQUID parts, compared to single-stage SQUID 
direct readout, this cascade structure is more suitable for flux 
locking loop(FLL) operation, effectively improving the linear 
flux range in FLL mode[2]. The use of primary sensor SQUID 
increases the sensitivity of coupling to TES detectors, while 
providing stronger resistance to external interference, and 
requires lower performance requirements for room 
temperature circuits. The current signal coupled through the 
primary SQUID enters the current biased secondary SSA 
again, passing through the flux-voltage transfer coefficient 
𝑉Ф realize amplification[3]. 

Using a two-stage circuit not only improves the linear 
magnetic flux range and the ability to resist noise interference, 
but also greatly simplifies the readout circuit. Due to high 
stability and reducing the equivalent noise of the room 
temperature amplifier, there is no need for flux modulation 
technology or impedance matching between SQUID and the 
room temperature amplifier, greatly increasing the bandwidth 
of the circuit[4]. Similarly, the FLL feedback circuit is used 
to achieve the working point locking of the primary SQUID, 
and the secondary SQUID array is used to improve the large 
output voltage and voltage transfer coefficient 𝑉Ф，while 
maintaining the linear magnetic flux range of the primary 
sensor SQUID[5]. In terms of readout noise, due to the 
sufficiently high gain of SSA, the flux noise of primary 
SQUIDs will be much greater than the flux noise of SSA[6]. 
Therefore, the output noise of the entire system is determined 
by the primary sensor SQUID and exceeds the noise of the 
room temperature preamplifier[7]. Therefore, designing a low 
noise first-stage sensor SQUID is the key to the signal readout 

of a TES detector, and its current noise should be less than the 
current noise of the TES. Currently, the current noise of the 
TES is about 90pA/√𝐻𝑧, and a good sensor SQUID has a 
magnetic flux noise at 4.2K below 1.0𝜇Ф଴ /√𝐻𝑧  and with 
input coil mutual inductance 𝑀௜௡  should be as large as 
possible to achieve high coupling while ensuring its 
equivalent current noise level is lower than the TES 
detector[8]. 

In the parameter design of the first-stage sensor SQUID, its 
input coil inductance 𝐿௜௡  is typically at the 𝑛𝐻  level and 
the mutual inductance 𝑀௜௡  between the input coil and the 
SQUID loop inductance is typically above 150 pH to ensure 
good coupling with TES detectors. At the same time, a low 
inductance double-loop first-grade gradiometer design or 
second-grade gradiometer design can reduce the magnetic 
flux noise of the first-stage SQUID[9]. For the second-stage 
SSA, a sufficient number of single SQUIDs are connected in 
series to ensure a large flux-voltage transfer coefficient 𝑉Ф 
and lower magnetic flux noise.  

2. First-stage Sensor SQUID Design 
and Fabrication 

We have designed a first-grade gradiometer sensor SQUID，
figure 1(a) and (b) show a schematic and an optical 
microscope picture of the sensor SQUID. The two octagonal 
washers are sensor loop inductance, coil about 5 turns 
indicates the input coil, the mutual inductance 𝑀௜௡ between 
it and washers is 176.2𝑝𝐻. The one turn coil is feedback coil, 
and the mutual inductance 𝑀௙  is about 45.8𝑝𝐻 . The input 
coil is used to couple the TES current signal, while the 
feedback coil is used to provide a working bias current to the 
sensor SQUID. In this design, the diameter of the washer hole 
of the sensor SQUID is 22𝑢𝑚, and the width of the washer is 
28𝑢𝑚 , and the inductance of SQUID washer loop 𝐿ௌ  is 
about 136.9pH. Shunt resistor 𝑅௦ in parallel with Josephson 
junction is 8Ω, in practical fabrication, Ti/Pd thin films are 
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used as shunt resistor 𝑅௦. In order to cool the shunt resistor 
𝑅௦ , we have designed a cooling resistor called cooling fin, 
which can effectively reduce the thermal noise caused by the 
heating of the shunt resistor[10]. The Josephson junction area 
is approximately 2.8𝑢𝑚 ൈ 2.8𝑢𝑚 , and the critical current 
density 𝐽௖ = 100𝐴/𝑐𝑚ଶ in the fabrication, so the critical 

current 𝐼௖  is about 7.9 𝑢𝐴 . This result in a screening 
parameter 𝛽௅ ൌ 2𝐿ௌ𝐼௖/Ф଴ ൎ 1.04  and hysteresis parameter 
𝛽஼ ൌ 2𝜋𝑅ଶ𝐶𝐼௖/Ф଴ ൎ 0.5. 

 

 
Figure 1. (a) Schematic; (b) optical microscope picture of the sensor SQUID. Coil with large turns indicates an input coil, 

while a smaller number indicates a feedback coil. 
 

When the first-stage sensor SQUID operates, it typically 
uses voltage bias to detect the TES signal and output a varying 
current. In practice, a bias resistor about 0.5 Ω is used to form 
a voltage bias in parallel with SQUID. When a linearly 
varying magnetic flux current is applied, the SQUID output is 
I-Ф characteristic curve, the change of SQUID output current 
with magnetic flux[11]. I -Ф  curve is a periodic sinusoidal 
curve, whose period also depends on the mutual inductance 
of the input coil. The maximum current modulation depth of 
the sensor SQUID I -Ф  curve is about 6.3uA, and the 
corresponding maximum slope on the curve, that is, the 
current-flux transfer coefficient 𝐼Ф, is 20𝑢𝐴/Ф଴. 

In 1981, Rowell et al. discovered that depositing a very thin 
aluminum film (typically 2-4nm) on a clean Nb surface and 
adding an aluminum oxide layer can prepare high-quality 
Josephson junctions on the basis of Nb thin films, named 
Nb/Al െ AlO୶/Nb, three-layer thin film fabrication[12]. The 
fabrication used in this paper is the Nb06 fabrication of the 

Chinese Academy of Sciences Shanghai Institute of 
Microsystems. First, Ti/Pd thin film was sputtered on a 4-
inch wafer as a metal junction parallel resistance layer, 
followed by the addition of an insulation layer and wiring 
layer. Then sputtering growth of Nb/Al െ AlO୶/Nb  thin 
films on the insulation layer, and synchronous 
photolithography and RIE etching are performed on the top 
and bottom of the three-layer film. Finally, an insulating layer 
and wiring layer are added to form a complete SQUID 
fabricated process[13]. 

3. 32-SQUID series arrays 
Using the design method and processes similar to sensor 

SQUID, we designed and obtained 32-SQUID series 
arrays(32-SSA), unlike the primary sensor SQUID, SSA uses 
current bias. In this case, we can obtain the output 
characteristic curve and noise performance of SSA.

 

 
Figure 2. (a) SSA I-V curve; (b) SSA 𝑉-Ф curve 

 
The I-V curve of SSA is usually composed of three 

characteristic curves, as shown in figure 2(a), the green curve 
indicates that when the magnetic flux added to the loop by the 
input coil is 𝑛Ф଴, the relationship between the corresponding 
output voltage and the bias current. The bias current 
corresponding to the transition of the curve from the 
superconducting state to the normal state is the maximum 
critical current of SSA, which is about 17𝑢𝐴. The blue and 

black curves indicate the I-V curve of the SSA when the 
magnetic flux added to the loop by the input coil are Ф଴/2 
and Ф଴/4. Figure 2(b) shows the V-Ф curves corresponding 
to different 𝐼௕ under current bias, when 𝐼௕ ൌ18𝑢𝐴, the V-Ф 
curve has the maximum voltage modulation depth 𝑉௣௣ ൌ
1050𝑢𝑉 , and the corresponding flux-voltage transfer 
coefficient 𝑉Ф  at the maximum slope of the curve is 
3.5𝑚𝑉/Ф଴.  
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The working point of the SSA corresponding to the 
maximum slope of the V-Ф curve, at the working point, we 
measured the noise performance of the SSA. Figure 3(a) 
shows that the SSA does not pass through the FLL loop, but 
directly connects the output of the SSA to the audio analyzer. 
After obtaining the voltage signal and undergoing FFT 
processing, using the conversion coefficient 𝑉Ф ൌ 3.5𝑚𝑉/

Ф଴, the magnetic flux noise spectral density at the white noise 
section at 200𝐻𝑧  is approximately 0.51𝑢Ф଴/√𝐻𝑧 . Using 
input coil mutual inductance 𝑀௜௡ ൌ Ф଴/11.6𝑢𝐴 ൌ 176.2𝑝𝐻, 
we can obtain a corresponding current noise spectral density 
of 6.2𝑝𝐴/√𝐻𝑧 in open loop amplification model. 

 

 
Figure 3. (a) Noise performance in open loop amplification model; (b) Noise performance in FLL model 

 
Similarly, when using a FLL feedback loop for closed-loop 

measurement, the SSA's working point should be selected at 
the maximum slope to minimize the equivalent noise of the 
room temperature amplifier. Unlike open loop, when closed 
loop, the SSA's operating point will be locked by the FLL 
feedback loop. At this point, the flux-voltage transfer 
coefficient becomes 𝑉ி ൌ 𝑅௙/𝑀௙ , which 𝑅௙ ൌ 100𝐾𝛺  is 
the FLL feedback loop resistance. In FLL model, the magnetic 
flux noise spectral density at the white noise section at 200𝐻𝑧 
is approximately 0.42 𝑢Ф଴/√𝐻𝑧  and the current noise 
spectral density is 5.4𝑝𝐴/√𝐻𝑧.  

4. Two-stage SQUID circuit 
The basic components of a two-stage circuit are sensor 

SQUID and SQUID series array (SSA)[14], using the two 
devices mentioned above, we successfully built a two-stage 
circuit and measured its output characteristic curve and noise 
performance. Figure 4 shows the total output of the two-stage 
related to the selection of the secondary SSA working point, 
when the working point of the secondary SSA is in the linear 
range, the two-stage output has the maximum voltage 
modulation depth 𝑉௣௣,௧ , and the entire system has the 
maximum flux voltage conversion coefficient 𝑉Ф,௧.  

 

 
Figure 4. When the selection of the secondary SSA working point is different, the total output of the two-stage will change 
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Similarly, the noise performance of the two-stage circuit 

composed of the above devices is tested using the audio 
analyzer. In the open loop amplification mode, figure 5(a) 
shows the magnetic flux noise spectral density at the white 
noise section at 200𝐻𝑧  is 1.15𝑢Ф଴/√𝐻𝑧  and the current 
noise spectral density of 12.4𝑝𝐴/√𝐻𝑧. Next, the noise of the 

two-stage circuit in the FLL model is measured, as shown in 
figure 5(b), its working point remains consistent with that in 
the open loop model. We obtained the magnetic flux noise 
spectral density at the white noise section at 200𝐻𝑧  is 
approximately 0.98𝑢Ф଴/√𝐻𝑧 and the current noise spectral 
density is 11.3𝑝𝐴/√𝐻𝑧.  

 

 
Figure 5. (a) Noise performance in open loop amplification model of two-stage; (b) Noise performance in FLL model of 

two-stage 
 

5. Conclusion 
This manuscript focuses on the research of two-stage 

SQUID amplification circuit for TES detector readout. We 
have designed and fabricated first-stage sensor SQUID and 
second-stage SQUID series array devices, and characterized 
their performance. First-stage sensor SQUID has a large input 
mutual inductance 𝑀௜௡ ൌ Ф଴/11.6𝑢𝐴 ൌ 176.2𝑝𝐻 , and can 
achieve good coupling with TES device. Second-stage 
SQUID series array consists of 32 SQUIDs in series, so 
compared to single SQUID, the SSA has a higher output 
voltage 𝑉௣௣ ൌ 1050𝑢𝑉  and a larger flux-voltage transfer 
coefficient 𝑉Ф ൌ 3.5𝑚𝑉/Ф଴ . Therefore, the magnetic flux 
noise of the SSA is as low as 0.42𝑢Ф଴/√𝐻𝑧 . Finally, we 
measured the two-stage circuit and obtain its output 
characteristic curve, when the working point of the secondary 
SSA is in the linear range, the two-stage output has the 
maximum voltage modulation depth 𝑉௣௣,௧ ൌ 600𝑢𝑉 . 
According to the test results, the magnetic flux noise of the 
device in the open loop mode is slightly greater than that in 
the FLL mode. The magnetic flux noise of the two- stage in 
FLL mode is as low as 0.98𝑢Ф଴/√𝐻𝑧, and the current noise 
spectral density is as low as 11.3𝑝𝐴/√𝐻𝑧. The current noise 
spectral density of the two-stage is much lower than the 
current noise spectral density of the TES, which can be well 
applied to the readout of TES. 
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