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Outline of talk

• Current design status


• Challenges with NbN


• Alternative actuation scheme


• Alternative sensing schemes
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Sensor and actuators: current design status
• Persistent current inductive displacement 

sensor with DC SQUID offers sub-fm.Hz-1/2 
sensitivity, with a simple compact circuit. 


• Actuator circuit - nN forces, force noise 
minimised by using large noise-free 
persistent current, smaller control current.  


• Detailed FEM and analytic models of coils 
developed at Nikhef.


• NbN coils have been fabricated with 
thickness up to >500 um, demonstrated Tc > 
15 K and Ic > 300 mA
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Challenges with present design
• Can NbN can store persistent current indefinitely? or for long enough?


• Interconnections between circuit elements 


• yet to be developed


• can they carry persistent current?


• Small size -> small inductance of coils


• NbN or other high temperature SQUID must be developed.
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Potential design modifications to mitigate risks 
1. Modified actuator coil

• Actuator coil replaced by concentric rings.


• Spiral coil inductively couples to rings. Only 
the rings store persistent current.


• Smaller control current superposed on larger 
persistent current through inductive coupling.
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2. Alternative sensing circuits 
2.1. Superconducting resonant LC Bridge sensor

• Established technology, used in resonant bar GW detectors.


• Proposed for use in gravity gradiometers and decihertz GW 
detectors.


• Resonant LC circuit cancels imaginary impedance


• Bridge circuit nulls signal at equilibrium point, allowing large 
amplification of signal by SQUID


• Target Q of LC circuit = 106 . Large Q -> Large displacement 
signal


• Recently observed Q of 2*106 at 250 kHz (SQUID Readout of 
a High-Q Superconducting LC Resonator, Roman Kolevatov, 
Saptarshi Chaudhuri, and Lyman Page, arXiv:2607.20831)


• LC circuits at 1 - 5 MHz used for Athena SC pixels
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FIG. 6. Plot of the variation of the high-resolution variable
capacitance as a function of temperature.

of the thermal contraction is not relevant any more but
the efficiency of the piezoelectric stack decreases. As a
consequence, the value of a decreases by an order of
magnitude and the efficiency of the variable capacitance
varies accordingly. However, it can be seen that the
capacity has a variation of 2 pF with Vp 484 V at 4 5
K. This value is largely sufficient to finely balance the
bridge, complementing the coarser action of the wide
range variable capacitor.

3. The other elements of the bridge
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FIG. 7. Scheme of the complete transducing configuration.

The complete scheme of our transducing configuration
is shown in Fig. 7, including some auxiliary components
that are described below. The readout electrical circuit is
also equipped with other capacitors to complete the
bridge and to match, wherever necessary, the values of
the variable capacitors, approaching the bridge balance.
These capacitors have been constructed following the
same criteria of the variable ones. Stainless-steel plates
are closed on a vacuum gap, using small washers of
TeAon PTFE as spacers. Dimensions of all these ele-
ments are chosen to have mechanical resonances far from
the vibration frequency of the transducer.
In order to ensure an electrical Q as high as possible,

the readout coil at the central arm of the bridge is made
of a pure niobium wire 0.5 mm in diameter insulated with
a layer of TeAon PTFE 125 pm thick. The coil is wound

around a TeQon core, and is set inside a double layer lead
superconducting shield. Being the capacity of the trans-
ducer =1.5 nF, we have wound a 1 mH superconducting
coil to get the electric frequency in the region of 100 kHz.
This frequency was chosen for ease of operation and in-
strumentation, although an eventual move to higher
values will be made to improve sensitivity.
The em pumps are connected to the electrical circuit

through a transformer that increases the input voltage.
The superconducting transformer with ratio 1:5.5 is made
in the same way as the central arm coil.
All these various elements of the circuit are electrically

connected using NbTi superconducting wires and Nb su-
perconducting contacts. In parallel to the superconduct-
ing wires we set a normal copper wire, having the same
overall length for each arm of the bridge in order to be
able to check the bridge balance before cooling to 4.2 K.

V. MEASUREMENTS ON THE SYSTEM
AT LOW TEMPERATURE

A. Measurement of the characteristics
of the apparatus and of the static balance

The complete system has been assembled and several
runs have been performed at liquid helium temperature,
using our transducer test facility [26]. The main purpose
of the test runs is the noise measurement of the transduc-
ing system in order to verify the theoretical model, and
confirm the feasibility of the back-action-evasion tech-
nique. The balancing of the bridge is crucial to this pur-
pose.
The first step in the procedure of bridge balance is to

measure the mechanical frequencies and merit factor of
the transducer and the electric frequency and quality fac-
tor of the readout circuit. Then a monochromatic signal
is sent to the bridge at v„and the corresponding output
is measured. The resulting balance is given by the
knowledge of the transfer function of the circuit, as ex-
pressed for instance by (4.2). In the case of mono-
chromatic excitation the q, expression is well approxi-
mated as

V,„,
V;„GX,Q,

(5.1)

where X, is the turn ratio of the input transformer, G the
gain of the electronic amplifier at the output of the
readout circuit, and V;„ is the amplitude of the mono-
chromatic signal at the input. We checked the accuracy
of the g, measure done throughout the electrical band-
width and we verify that spurious couplings between in-
put and output are absent in the system.
As an example we report in Fig. 8 the electrical reso-

nance curve v, = 123 kHz that corresponds to a value of
g, =10 with an electric quality factor Q, =6300.
We notice that this Q, value is sufficient to fulfill the

condition (2.74) in the case of the cryogenic antennas
Nautilus and Explorer. In fact, in both cases the distance
between the two normal modes is v+ —v = 17 Hz
[25,27], which gives the inequality Q, )3500. The bal-
ance is optimized using the variable capacitors, as dis-Back-action-evading transducing scheme for cryogenic gravitational 

wave antennas, C. Cinquegrana, E. Majorana, P. Rapagnani and F. 
Ricci,  PHYSICAL REVIEW D VOLUME 48, NUMBER  2 (1993)

SOGRO (Superconducting Omni-directional Gravitational

Radiation Observatory); Ho Jung Paik; EPJ Web Conf. Volume 168, 2018

Joint International Conference of ICGAC-XIII and IK-15 on Gravitation,

Astrophysics and Cosmology6



2.2. Resonant SC LC circuit with Phase-Locked Loop

• Resonant frequency of superconducting LC circuit is tracked, and the drive frequency of 
digital lock-in adjusted to stay on resonance.


• Amplitude is then (almost) constant - displacement signal given by resonant frequency.


• Gradient of feedback signal for control system then proportional to electrical Q of circuit.


• Resonant frequency depends only on superconducting circuit - insensitive to input cables.
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Projected sensitivity
• Persistent current sensor: current per displacement, current sensitivity of DC SQUID 


• LC phase-locked loop sensor: phase per displacement, phase sensitivity of LIA


• Simulated data including current noise from LIA and input cables gives similar results
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Sx ≈
dx
dϕ

Sϕ ≈ 5 × 10−17m Hz−1/2 ×
gap

10−3m
106

Q
3 MHz
fdrive

Sx ≈ SI
dx
dIsq

≈
SI gap

Ipers
≈ 10−15 m Hz−1/2 gap

10−3 m
1 A
Ipers

SI

10−12 A Hz−1/2

represents a time window of 10→4
s, and contains 500 periods of the 5MHz

signal.

We add to this a current noise representing an ASD of around 10→11
AHz

→1/2
.

This translates into a noise in each 1 ns data point with an a distribution of

width √
→I2↑ = 10→11

AHz
→1/2 ↓

↔
109Hz ↗ 3.2↓ 10→7

A (15)

The time series for this current noise, and a smoothed ASD are shown below.

Below are plotted the Fourier Transform of the signal time series, and of the

Figure 4: Current noise time series (left) and ASD (right)

signal plus noise. By construction, there is only signal power in one bin, corre-

sponding to exactly 5MHz.
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Figure 5: FFT of 5 MHz signal (left) and signal plus noise (right)

We now look at how to extract the signal from this Fourier Transform.

Almost all of the signal will be in the single ’bin’ at 5 MHz. The amplitude of

the signal in this bin, subtracted from the signal at x = 0, is plotted below for test

mass displacements in the range comparable to the sensitivity, goal, ie. for steps

of 10→16
m. It is seen that the signal for a displacement of 10→16

m is 1.6↓10→8
A

after an integration time of 10→4
s, while the noise level in this bandwidth is

3.2 ↓ 10→7
A, so the SNR is about 0.2. After one second of integration, an

SNR of about 20 is reached. This can be translated into a contribution to the

displacement ASD equal to

√
Sx, current ↗ 4.5↓ 10→17

mHz
→1/2 1mA

I

↔
SI

10→11AHz→1/2
(16)
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In addition to adding noise to the measurement, current noise in the circuit will

lead to some force noise acting on the test-mass. We estimate this force noise,→
SF , for the case that a sensing inductor is coupled to the test mass; the result

for a sensing capacitor with the same impedance will be the same. The noise

force can be estimated by a virtual work argument,

√
SF =

dL

dx
↑IRMS↑

√
SI ↓ 10→5

H

10→3m
↑10→3

A↑10→11
AHz

→1/2 = 10→16
N Hz

→1/2

(17)

The force noise can be reduced by adding a further sensing coil or capacitance

plate which, in the case of perfect balancing, exerts an equal and opposite force

on the test mass. Balancing to an accuracy of
dF
F = 10→2

reduces the force

noise to √
SF ↓ 10→18

N Hz
→1/2

(18)

which is negligible for most applications.
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Comparison of sensing approaches
Type of superconducting 
displacement sensor

Persistent Current sensor LC Bridge sensor Proposed LC Phase-
Locked Loop sensor

Sensitivity ~10-16 m Hz-1/2 ~10-16 m Hz-1/2 ~10-16 m Hz-1/2

Requires RF Electronics No Yes Yes

Required current ~1 A ~1 A ~ 1 mA

Range that can be tracked ~ +/-0.2 mm ~ +/- 5 nm ~ +/-0.2 mm

1/f noise at low 
frequency

Yes No No

Requires superconducting 
interconnections

Yes No No

Sensitive to stray 
impedance of cables

No Yes No

Multiple sensors can be 
multiplexed to single 
SQUID

No Yes Yes

Required current 
sensitivity

~pA ~pA ~100 pA

Has been experimentally 
demonstrated and used

Yes Yes Underway!
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Current status of SC LC PLL sensor
• We have funding for components, currently ordering digital LIA (MokuPro), 

SQUIDs (Magnicon 2-stage DC SQUIDs), Nb shielding and wires, 
magnetometer, spot-welder, cryo-coax. Cables, etc. 


• Initial tests to use combination of Nb and NbN components (eg magnetic 
shielding, initial DC SQUIDs, would be Nb).


• NbN coils already exist, NbN capacitors to be manufactured


• First SC capacitors to use dielectric; can be replaced by vacuum if 
necessary to improve Q


• To be tested at low-vibration cryogenic facility at Nikhef, sub 10K in 30 
minutes, sub-fm.Hz-1/2 from 10 Hz+
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Development of room temperature analog of SC 
LC PLL sensor 

• Same principle should work at room temperature


• Likely limiting factor is the low Q of the LC circuit


• Large coil has large resistance at high frequency


• Can be mitigated by using a large C and small L


• Eddy current screening of B field mimics Meissner Effect 
at high frequency (skin depth ~ 80 um at 1 MHz)


• Rapid prototyping in progress with 3D printed components


• Could produce useful sub - pm.Hz-1/2 displacement sensor
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Conclusions
• Alternatives exist to persistent current actuation and sensing schemes.


• Actuation control current can be inductively coupled into circular coils.


• LC sensors can avoid need for persistent current interconnections.


• Tracking the resonant frequency of the circuit -> large displacement range, 
reduces sensitivity to stray impedance and amplitude noise.


• Manufacture and testing of prototype sensors underway at Nikhef
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