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Abstract 5 

Precision magnetometry is an essential component of any neutron electric dipole moment 6 
experiment in order to correct shifts in the neutron precession frequency due to changes in the 7 
magnetic field. We have developed a magnetometry system using 12 SQUID sensors, designed to 8 
operate in 0.5K superfluid helium. The pick-up loops located near the neutron cell are connected to 9 
the SQUID sensors by ~2m twisted wire pairs. The SQUID readout cables are run via an intermediate 10 
stage at 4.2K. The system has been installed and tested in the cryoEDM apparatus at the ILL, 11 
Grenoble, and used to characterise the magnetic environment. Further tests in a suitable low noise 12 
environment confirm it meets our requirements. 13 

 14 
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1. Introduction 16 

There are a number of projects around the world aiming to measure the electric dipole moment of 17 
the neutron to an improved precision. A non-zero measurement of this quantity would demonstrate 18 
the violation of T-symmetry. Precision measurements offer a way to test for new physics beyond the 19 
standard model [1]. 20 

These experiments search for a shift in the neutron spin precession frequency, when the direction of 21 
an applied electric field is reversed. It is essential to monitor any change in the magnetic field in the 22 
neutron cell between these measurements in order to correct for the resulting frequency shifts. Past 23 
neutron EDM experiments have used a range of different magnetometers. The current experimental 24 
limit on the neutron EDM (|dn|<2.9×10−26e∙cm) [2] was set using an atomic mercury magnetometer 25 
[3,4]. The magnetometry is critical to the performance of the experiment.  26 

Operating at cryogenic temperatures restricts the choice of magnetic sensor. However this is 27 
required for experiments such as cryoEDM [5-7], and the SNS neutron EDM experiment [8,9], which 28 
operate at 0.5K in order to exploit the higher flux of ultra-cold neutrons which can be produced 29 
using a super thermal source [10]. This rules out the use of the mercury magnetometer. 30 

In this paper we describe a SQUID magnetometry system designed to measure the magnetic field in 31 
the cryoEDM experiment. The SQUID pick-up loops cannot be positioned very close to the neutron 32 
cell, due to the high electric field required for the EDM measurement, therefore we must 33 
extrapolate the field from measurements from multiple loops ~0.2m from the neutron cell. A 34 
uniform magnetic environment is essential to avoid the systematic error resulting from the 35 
geometric phase effect [11], and maintain the polarization of the neutrons (in the neutron guides as 36 
well as the storage cell). The design specification for the cryoEDM experiment is a maximum 37 
gradient of 0.1nT/m in the storage cell [12]. 38 

Therefore the magnetometry must not distort either the field it measures, or that around the 39 
neutron guides. As the system is run in superfluid helium at 0.5K, we require a readout system which 40 
does not introduce a significant heat load. 41 
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In the following sections, we give an overview of magnetometry for neutron EDM measurements; 42 
the cryoEDM experiment; the requirements for such a magnetometer; and SQUIDs. In Section 6 we 43 
give an overview of the magnetometer, with details of the key components including the pick-up 44 
loops, the superconducting capillary shields, the Stycast filled feedthroughs, and the readout cabling, 45 
electronics and software. We then report on tests conducted in the low noise Laboratoire Souterrain 46 
à Bas Bruit (LSBB) laboratory. 47 

2. Magnetometry for neutron EDM experiments 48 

The neutron Larmor spin precession frequency in a uniform electric field E and magnetic field B is 49 
given by 50 

EdBμ  22h         (1) 51 

Where μ is the magnetic dipole moment and d is the electric dipole moment, and the ± sign 52 
represents parallel or antiparallel fields. Neutron EDM experiments search for a non-zero d, by 53 

looking for a shift in this frequency correlated with a change in the electric field. However as the μ∙B 54 
term is eight orders of magnitude larger than d∙E, this must be measured to correct for shifts due to 55 
magnetic fluctuations. Therefore a neutron EDM experiment requires a precision measurement of 56 
shifts in two key quantities: the neutron precession frequency, and the magnetic field. 57 

In the first neutron EDM experiments [13], the magnetic field was monitored using proton 58 
magnetometers. A wide range of instruments have been used for different experiments since then, 59 
and neutron EDM measurements have provided a motivation for the development of precision 60 
magnetometry. 61 

An earlier experiment by the ILL/RAL/Sussex collaboration [14] monitored the magnetic field using 62 
three rubidium-vapour magnetometers. As this result was limited by the distance between the 63 
neutron cells and the magnetometers, and their internal drifts, the collaboration then developed a 64 
cohabiting mercury magnetometer [3] in which the field in the neutron cell is directly measured 65 
from the precession frequency of polarized 199Hg nuclei. The instrument made systematic 66 
uncertainties due to magnetic field fluctuations negligible. Unfortunately, it is not suitable for 67 
cryogenic temperatures.  68 

Our design is unique in the use of SQUIDs to directly monitor the magnetic field changes. The 69 
planned neutron EDM experiment at SNS [8,9] are developing a co-magnetometer suitable for 70 
cryogenic temperatures using SQUID sensors to measure the magnetic signal from precessing 3He 71 
nuclei [15,16]. A 3He magnetometer for neutron EDM measurements has also been developed with a 72 
gas sample stored in a separate cell [17]. All other neutron EDM experiments use some form of 73 
atomic magnetometry. The PNPI-ILL-PTI collaboration have reported a new neutron EDM limit using 74 
a double cell experiment surrounded by eight caesium magnetometers [18].The PSI experiment [19] 75 
will use a Hg co-magnetometer [20], supplemented by caesium vapour magnetometers [21,22]. The 76 
TUM experiment [23] plan to use 199Hg and other magnetometers. The KEK/TRIUMF experiment [24] 77 
are investigating 129Xe [25,26].  78 

3. The cryoEDM experiment 79 

The CryoEDM experiment is based on the same measurement principle as the previous RAL/Sussex 80 
experiment at ILL. This measurement used stored polarized ultra-cold neutrons (UCN). The 81 
frequency measurement was made using the Ramsey separated oscillatory field magnetic resonance 82 
technique [27], in which an oscillating field close to the Larmor frequency is applied to rotate the 83 
neutron spins by 90°. There then follows a period of free precession, typically ~130 seconds – limited 84 
by the lifetime of the stored neutrons, before a second oscillatory field, in phase with the first, is 85 
applied. The number of neutrons in each polarization state is then counted. Any difference between 86 
the frequency of the applied field and the spin precession frequency will cause a phase difference to 87 
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build up over the storage time. The precession frequency measurement was repeated many times 88 
over several months of data taking with periodic reversals of the electric and magnetic field. The 89 
EDM measurement was made by measuring the shift in the precession frequency when the electric 90 
field was reversed.  91 

With the systematic errors due to magnetic field fluctuations made insignificant by the mercury 92 
magnetometer, the experiment, using a UCN source consisting of a liquid-deuterium cold source and 93 
a total-reflection neutron turbine [28], was limited by the statistics. It was decided that the best 94 
strategy to improve the sensitivity was to move to a cryogenic experiment. 95 

The principle of a superthermal UCN source was first proposed in 1977 [29] and demonstrated 96 
shortly after [30]. This method exploits the properties of superfluid helium, specifically the fact that 97 
the dispersion curves for neutrons and superfluid helium cross at a momentum corresponding to 98 
8.9Å. This means that a neutron of this energy can transfer all its energy to a phonon in the helium. 99 
At temperatures below 0.8K, the reverse process – the up-scattering of UCN by phonons is 100 
negligible, so a large UCN population can be produced. The production rate was measured by the 101 
collaboration using neutron detectors within the superfluid helium [10] and is the basis of the 102 
cryoEDM experiment, proposed in 2003 [12]. 103 

As UCN cannot be efficiently extracted from the superfluid helium, the experiment is designed to 104 
carry out all neutron measurements in this environment. UCN can be lost by the absorption of 105 
phonons, therefore the temperature must be kept below 1K to minimise the phonon population. 106 
The UCN are produced, stored, moved between storage volumes, have their polarization 107 
manipulated, and are finally detected, all in superfluid helium, below 0.7K. This requirement 108 
introduces numerous technical challenges, necessitating significant changes compared to previous 109 
neutron EDM experiments. However it also brings additional benefits: liquid helium can support a 110 
larger electric field [31]; low temperatures allow the use of superconducting magnetic shields; and 111 
the cryogenic environment helps to remove some impurities which could absorb neutrons. 112 

 113 

 114 

Figure 1 An overview of the cryoEDM apparatus showing the main parts and the location of the main components of 115 
the SQUID system. The neutron beam from the ILL reactor enters from the right into the superthermal UCN source. The 116 
neutrons are stored for the Larmor frequency measurement in neutron cells at the centre of the superconducting 117 
magnetic shield. 118 
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 119 

Figure 2 A photograph of the cryoEDM apparatus at ILL. The horizontal cylinder in the foreground is the magnetic 120 
shield. Behind this is the UCN source and cryostats to cool the apparatus. The neutron beam enters from the right. 121 

The experiment is located at the Institut Laue-Langevin, Grenoble. An overview is shown in Figure 1 122 
and a photograph in Figure 2. The superfluid volume is cooled by a 3He circulation refrigerator driven 123 
by a set of roots pumps. This is surrounded by thermal shields cooled to liquid helium and liquid 124 
nitrogen temperatures. The superfluid is passed through a superleak to remove 3He [32], which 125 
would give significant neutron losses due to its large absorption cross section. 126 

The 9Å polarised neutron beam is delivered from the ILL reactor via a polariser and monochromator. 127 
The UCN are produced by down scattering in superfluid helium inside the source. They then move 128 
along neutron guides, made from beryllium coated copper, to the storage cells at the centre of the 129 
magnetic shield. A series of valves driven by actuator rods, connected to stepper motors outside the 130 
vacuum chamber, are used to control the flow of UCN between the source, the transfer tube, the 131 
two neutron cells, and the detectors.  132 

The resonance measurement will be done in two 2.2l cells. One cell is between two neutral 133 
electrodes, while the second is between a neutral and a high voltage electrode, producing the 134 
electric field. The UCN are detected by solid state detectors with a 6LiF conversion film, so the 135 
neutrons are detected by the n(6Li,3H)4He reaction. These detectors have been shown to work well 136 
even within superfluid helium [33,34]. 137 

The neutron cells are at the centre of a series of magnetic shields consisting of three layers of mu-138 
metal and a superconducting Pb cylinder. The holding field of 5μT is produced by a superconducting 139 
solenoid. The neutron cells are inside a superfluid containment vessel made from low magnetic 140 
stainless steel. A set of trim coils are used to adjust the magnetic field to optimise the uniformity. 141 

4. Requirements of the cryoEDM magnetometry system 142 

The location of the cryoEDM experiment in the ILL experimental hall experiences large fluctuations 143 
in the magnetic field, generated by other experiments such as the IN15 spin echo spectrometer [35], 144 
and activity such as the movement of the overhead crane. The magnitude of these disturbances is 145 
substantially attenuated by the mu-metal and superconducting Pb shielding around the apparatus. 146 
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The precision magnetometer is required to monitor the residual fluctuations in the magnitude of the 147 
magnetic field averaged over the neutron cell, in order to correct the resulting shift in the neutron 148 
precession frequency due to the μ∙B term in equation 1.  149 

The frequency shift corresponding to the current nEDM limit (2.9×10−26e∙cm) is equivalent to a 150 
magnetic field change of 4.3fT in that experiment. This represents the difference between the 151 
magnetic field averaged over all runs with parallel, and that over all runs with an antiparticle electric 152 
field. (A neutron EDM measurement is made by averaging the frequency shift over N~104 electric 153 
field reversals). The target resolution to which a magnetometer must track the change in magnetic 154 
field across a single electric field reversal is not as demanding as the statistics mean  155 
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To reach an EDM sensitivity of d=10−27e∙cm in an experiment with an electric field of ΔE=80kV/cm 159 
over N=10,000 runs, this gives a magnetometer resolution of 0.1pT. This was the resolution achieved 160 
by the nEDM mercury magnetometer [3] and the target for the cryoEDM system. We quote this as 161 
an example of how this sensitivity could be achieved. However it may also be achieved with a 162 
smaller number of runs, and a greater magnetometer resolution per run. 163 

We have measured the intrinsic noise of our SQUID sensors, and shown this is equivalent to a 164 
magnetometer noise of 2.6 fT∙Hz−1/2 above 1Hz, and (3.2/√(f/1Hz)) fT∙Hz−1/2 below this [36]. This is 165 
typical for low temperature SQUIDs [37,38]. In most SQUID applications the measured resolution is 166 
limited by the external magnetic noise. In the final cryoEDM setup, we aim to reduce this, with 167 
magnetic shielding, to a level where we are limited by the intrinsic SQUID noise. The FWHM 168 
resolution of a magnetometer over a measurement period T, with a noise level of Bn(f), at frequency 169 
f is given by: 170 

  
maxf

T

n dffB.B 1
2352  171 

For the noise level quoted above, with a T=1,000s measurement time and 1Hz cut-off (required for 172 
cryoEDM measurements) this gives a resolution of 20fT. Therefore in principle, SQUID sensors can 173 
exceed the required performance. The challenge is to build a system which is limited by the intrinsic 174 
SQUID noise and not by external magnetic noise or other effects.  175 

To correct neutron frequency shifts, we need to determine the magnetic field magnitude averaged 176 
over the neutron storage volume. In the previous experiment, this was measured directly using the 177 
199Hg co-magnetometer. However SQUIDs, like most magnetic field sensors cannot be placed in the 178 
neutron volume, as they would be damaged by the high electric field, and interfere with the neutron 179 
measurement. We therefore require a multi-channel system to allow the extrapolation of the field in 180 
a remote volume from measurements made with SQUIDs at multiple points away from this. 181 

The cryoEDM experiment will take a simultaneous measurement of the neutron precession 182 
frequency in two cells: a HV cell in an electric field, and a control neutral cell. The neutral cell 183 
neutron measurement will, in effect, be used as a magnetometer, and will be used to calibrate the 184 
SQUID system. The SQUIDs will then provide a faster, more direct way to monitor the magnetic field; 185 
and will be used to determine the gradient of the field fluctuations between the two cells, and 186 
provide an independent measurement. Thus we will control this significant systematic uncertainty. 187 
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5. SQUID magnetometry 188 

SQUIDs (Superconducting Quantum Interference Devices) are sensitive instruments which exploit 189 
the phenomena of flux quantization and Josephson tunnelling to achieve a sensitivity to changes in 190 
the magnetic field at the femtotesla level [37,38]. They have found application as precision 191 
magnetometers in fundamental particle physics research in experiments searching for magnetic 192 
monopoles [39-41], and also as detector readout for superconducting TES sensors in dark matter 193 
experiments [42,43], and microwave detectors in axion searches [44]. 194 

SQUIDs can monitor changes in the magnetic field at the fT/√Hz level. However their use in a 195 
neutron EDM experiment introduces specific challenges. Unlike atomic magnetometers, they are not 196 
sensitive to the absolute value of the magnetic field strength, but only to changes in the magnetic 197 
flux through pick-up loops. They have a periodic response to the magnetic flux (with a period of 198 
1Φ0). A feedback loop is used to linearize this response. But if the magnetic field changes faster than 199 
the slew rate of the feedback electronics, this can create data artefacts where the signal apparently 200 
jumps by a value equivalent to a multiple of 1Φ0. Such ‘flux jumps’ can also be triggered by 201 
electromagnetic interference. We therefore require electromagnetic compatibility measures and 202 
control software to deal with this issue.  203 

6. The cryoEDM SQUID magnetometer 204 

Figure 3 shows an overview of the SQUID magnetometry system we have developed and installed in 205 
the cryoEDM apparatus. The sensors and pick-up loops are located inside superfluid helium at 0.5K. 206 
The pick-up loops are to the side of the neutron cells, at the centre of the main magnetic shield. The 207 
SQUID sensors themselves cannot be located in this volume as they would distort the field; 208 
therefore the sensors are mounted in a transfer volume just outside the main shield, and are 209 
connected to the pick-up loops by long twisted-wire pairs which run through superconducting 210 
capillaries.  211 

 212 

 213 

Figure 3 Schematic overview of the cryoEDM SQUID magnetometer. The numbers in parentheses refer to the sub-214 
sections where each component is described. 215 

To minimise the heat load into the superfluid volume, the readout cables for the SQUIDs are split 216 
into two sections, joined by a heat sink and connector box at 4.2K. The connection from here into 217 
the superfluid is through superconducting NbTi twisted wire pairs. The cables which carry the signals 218 
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to the connector box on the top of the cryostat are flat Kapton ribbon cables with stainless steel 219 
tracks. 220 

6.1. Pick-up loops 221 

The pick-up loops are made from NbTi wire on a support structure built of G10 epoxy. The area of 222 
the pick-up loops must be chosen carefully. In a low noise environment, the largest possible loop will 223 
give the best signal to noise ratio. But if a too-large loop is used in an environment with large 224 
magnetic fluctuations (such that δΦNoise~1Φ0) this will produce a large number of flux jumps, 225 
increasing the risk of errors in the signal processing. In addition larger loops will act as a more 226 
efficient antenna to RF radiation, and are thus more susceptible to electromagnetic interference. 227 
This interference is above the frequency of interest, but it can be demodulated by the SQUID sensor 228 
producing drift, or preventing operation altogether [37]. 229 

The system is designed to allow the pick-up loop design to be changed easily to accommodate the 230 
needs of each cooldown. During commissioning runs, with a non-optimised magnetic shield, small 231 
pick-up loops have been used so the magnetic fluctuations due to laboratory activity do not overload 232 
the SQUIDs. Once the full shielding factor is achieved, we will use larger loops to achieve a better 233 
signal-to-noise ratio. And when the sources of magnetic disturbances have been fully characterised 234 
we may change the loop configuration to allow the most effective extrapolation of the magnetic 235 
field in the neutron cell from the SQUID data. 236 

 237 

Figure 4 Annular shape used to fit a pick-up loop around the neutron guide, which is symmetric about the axis. 238 

 239 

   240 

Figure 5 The arrangement of pick-up loops installed during a test run. This includes two 3-axis assemblies of small 241 
(20mm) loops; and three small loops, and three larger, annular shaped loops to measure the axial Z component. The 242 
outer diameter of the G10 former is 200mm. 243 
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The magnetic field generated by the solenoid is oriented along the Z-axis, therefore magnetic field 244 
fluctuations in this direction will have then largest impact on the magnitude of the field. Therefore 245 
the majority of loops are in this orientation. A small on-axis loop could not fit around the neutron 246 
guide, therefore we produced loops of an annular shape shown in Figure 4. This setup allows the 247 
measurement of the Z component of the field symmetrically around the axis. A single loop of this 248 
diameter would overload the SQUID.  The G10 former is designed to align the inner and outer 249 
circular loops precisely to minimise transverse pick-up.2 250 

Figure 5 shows a typical arrangement of loops used for recent tests with two 3-axis sets of 20mm 251 
diameter loops; three additional 20mm loops arranged off-axis in the Z direction; and three annular 252 
shaped loops consisting of two wire loops of diameter 190 and 194mm.  253 

6.2. Superconducting connector block 254 

The leads of 0.127mm diameter wire from the pick-up loops are twisted together and run ~1m from 255 
the loops, along the neutron guides, to a connector block located outside the main superfluid 256 
containment vessel (SCV). At this point they are connected to the shielded twisted wire pairs (TWPs) 257 
leading to the SQUID sensors. The connections must be superconducting as even a micro-ohm 258 
contact resistance will prevent the system from tracking magnetic fields. The connection block 259 
design is show in Figure 6. The wire ends are clamped together inside a short cylinder of solder-wire 260 
to form a reliable superconducting contact.  261 

 262 

 263 

Figure 6 Detail of the connector block used to join the twisted wire pairs from the SQUID sensors, with those from the 264 
pick-up loops. The contact must form a superconducting contact. This is done by clamping the two NbTi wires inside a 265 
short length of solder capillary. The two wires are drawn in different colours and separated for clarity. In reality they are 266 
tightly twisted and arranged so there is no significant loop area which would lead to magnetic pick-up.  267 

 268 

Once we had developed the technique for forming contacts, we ran a series of tests with the inputs 269 
of a series of SQUIDs connected to a connector block. The superconductivity of the contacts was 270 
tested by the method described in [45]. We tested a total of 18 contacts, of which only one was not 271 
superconducting on the first test. 272 

                                                           
2
 We investigated using tinned copper tracks on a fibre glass board as a way to manufacture loops, however it 

was decided the risk of a large loop of this design not becoming superconducting was too large, therefore 
conventional NbTi wire loops were used for the final design.  
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 273 

Figure 7 The small coils used to generate a calibration signal. The photo shows the former, wound coils, and support 274 
rod and connection lead. 275 

6.3. Calibration coils 276 

The absolute calibration of the SQUID magnetometer will be done from the precession frequency of 277 
the neutrons measured with zero applied electric field. However, as the precession frequency 278 
measurement takes time, and requires an approximate knowledge of the magnetic field in order to 279 
set the signal generator frequency, an independent calibration system is installed using small coils. 280 

Up to twelve calibration coils are mounted on the pick-up loop support shown in Figure 5. These 281 
each have ~200 turns wound on a 1mm diameter former as pictured in Figure 7. The connection is 282 
made using long copper twisted-wire-pairs, which run along the neutron guide and connect to the 283 
Stycast feedthroughs described in Section 6.6. The signal seen by each SQUID channel for each 284 
calibration coil is calculated by numerically integrating the field across the area of each pick-up loop. 285 
The coils can be accurately modelled as a magnetic dipole at distances of more than ~50mm from 286 
the coils.  287 

6.4. Superconducting capillaries 288 

The superconducting twisted wire pairs that join the pick-up loops to the SQUID sensors pass outside 289 
of the main magnetic shielding. Without additional magnetic shielding, they would pick-up magnetic 290 
field fluctuations within this region. Therefore the wires must be clad with an additional 291 
superconducting magnetic shield. These magnetic shields consist of Pb-Sn solder wire in which the 292 
flux core has been removed, creating a capillary, through which the TWPs are run. The production 293 
and characterisation of these capillaries is described in detail in [46]. Here we give a short summary 294 
of our design. 295 

The TWP shields are made in two sections. The wires from the SQUID sensors pass through thin 296 
capillaries made from single-core solder for ~0.3m; then three of these are joined to a 1.2m capillary 297 
made from triple-core solder, where each core provides a path for one TWP. The join between the 298 
two sections is shielded by a 5.2mm diameter cylindrical piece machined from Pb. The cylinder 299 
contains a heater, made from a 390Ω resistor. This is illustrated in Figure 8. The enclosure is filled 300 
with Stycast to ensure the heater is thermally isolated from the superfluid helium. The heater allows 301 
the input loop to be heated into its conducting state, to destroy any supercurrent in the loop, while 302 
the SQUID sensor remains superconducting so we can monitor this state, which would not be 303 
possible using the heater on the SQUID chip.  304 
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 305 

Figure 8 Schematic drawing of the superconducting shield assembly to shield the twisted wire pairs between the SQUID 306 
sensors and the pick-up loops 307 

To attenuate any unwanted signals due to magnetic pick-up in the TWPs to the target level of 0.1pT, 308 
a magnetic shielding factor of at least 80,000 is required. We have carried out a series of tests to 309 
confirm that this requirement is met. Further details are given in [46].  310 

6.5. SQUID sensors 311 

The twelve SQUID sensors were supplied by Supracon AG (model CS Blue). These each had an 312 
integrated input coil, feedback coil and heater. The TWP from the pick-up loop was connected to the 313 
input coil using small Nb screw terminals. A RC filter across the input reduced the susceptibility to 314 
high frequency interference. The input was connected to ground via a 10kΩ resistor to prevent a 315 
large voltage of the input damaging the sensors (a significant risk as the pick-up loops are close to 316 
high voltage electrodes). The voltage across the SQUID was measured via a cold transformer. Figure 317 
9 shows a photograph of the sensor. The same SQUID package was used for detector readout in the 318 
CRESST dark matter search [43]. Table 1 gives the SQUID parameters taken from the Supracon data 319 
sheets. The flux noise measured in Oxford with a shunted input was 2.8μΦ0/Hz-1/2. 320 

 321 

Parameter Value 

SQUID inductance ≈400pH 

Input inductance ≈350nH 

Feedback coupling 9.1μA/Φ0 

Input coupling 0.21μA/Φ0 

Equivalent flux noise 6.2μΦ0/Hz1/2 

Table 1 SQUID parameters (open input, 4.2K) 322 

 323 

 324 

Figure 9 The SQUID chip (left) supplied by Supracon AG, and cold transformer board (right) from STAR Cryoelectronics . 325 
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 326 

Figure 10 The twelve SQUID sensors with individual Cryoperm shields, mounted onto the neutron guide. 327 

The SQUID chip was shielded from magnetic fluctuations by a 22mm length Nb cylinder. This (and 328 
the cold transformer board) was mounted inside a high permeability Cryoperm cylinder. The 329 
Cryoperm shield significantly reduces the magnetic flux frozen in the superconducting Nb shield, the 330 
body of the SQUID and the superconducting input circuit, which could lead to higher 1/f noise due to 331 
the motion of trapped vortices [37]. This is a significant problem for high-Tc SQUIDs. It is unclear if it 332 
is so important at the 0.5K temperatures where we operate. However as excess 1/f noise could 333 
critically impair the performance of the system, it was decided it was too risky to operate without 334 
the cryoperm. 335 

The twelve SQUID sensors were mounted around the neutron guide as shown in Figure 10. The 336 
presence of the Cryoperm shields creates a local distortion in the static magnetic field. Simulations 337 
showed there was a risk this could cause a significant depolarisation of the neutrons in this volume. 338 
Therefore a customised solenoid was installed around the neutron guide at this point to compensate 339 
for this field distortion. Simulations of the magnetic field were done using the OPERA finite element 340 
analysis software. 341 

6.6. Stycast filled feedthroughs and connector box: 4.2 – 0.5K  342 

The readout connections from the SQUID sensors to the top of the cryostat were made in two 343 
stages. The SQUID sensors are connected to a set of NbTi twisted wire pairs, which run upwards 344 
through spiral stainless-steel tubes, filled with Stycast epoxy. These connect to heat sinks thermally 345 
anchored to 4.2K, inside a connector box, from where Kapton cables run to the top of the cryostat. 346 
This setup, illustrated in Figure 11, was designed to minimise the heat load onto the superfluid, 347 
while providing a low electrical impedance readout. 348 
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 349 

Figure 11 A schematic drawing showing the 4.2K connector box and Stycast filled tubes to join the Kapton cables from 350 
the top of the cryostat, to the SQUID sensors inside the superfluid volume, with photographs of the main components. 351 

 352 

 353 

Material Heat load [μW] 
4.2K – 0.5K 

NbTi wires 0.56 

Stycast 9.2 

Stainless steel tube walls 23 

Total heat load 0.5K 32.8 

Table 2 Heat load through the Stycast filled feedthroughs between the 4.2K connector box and the superfluid volume. 354 
The thermal conductivities used for these calculations were taken from [47-49]. 355 

 356 

The heat load through the Stycast filled tubes from the 4.2K level to the superfluid, given in Table 2 357 
is dominated by the stainless steel walls of the tubes and the Stycast. To minimise this, the 358 
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feedthroughs are bent into a spiral shape to increase the total length, while allowing it to fit in the 359 
restricted space inside the cryostat. The contribution due to the superconducting wire is not 360 
significant. 361 

The twelve SQUIDs each require four twisted wire pairs to carry the signals for the bias and 362 
modulation/feedback current, the voltage measurement and the heater connection. The design also 363 
includes sixteen wire pairs to carry signals to the loop heaters (see section 6.4), the calibration coils 364 
(6.3), and the compensation coil. Filters are installed on the heater and calibration coil lines in the 365 
4.2K and top connector boxes. 366 

The Stycast filled feedthroughs were manufactured as follows. First a set of 64 ~1m lengths of NbTi 367 
wires (0.125mm diameter) were twisted together into sets of four pairs, and pulled through lengths 368 
of PTFE sleeving. The sleeving was designed to protect both ends of the wires outside of the 369 
feedthrough from damage. The central section inside the feedthrough was left bare to allow the 370 
Stycast to flow around the wires. The eight sets of four TWPs were fed through the stainless tube. 371 
The tube was filled with degassed Stycast FT2850 under vacuum so no air pockets were introduced. 372 
Once the bulk of the tube was filled, the two ends were capped as shown in Figure 12. 373 

This feedthrough followed a standard design for low temperature vacuum feedthroughs [47], 374 
however as the width of the tube and the number of wires was much greater than usual it was not 375 
expected to be vacuum-tight at low temperatures. The tube from the 4.2K connector box to the top 376 
of the cryostat was designed to be filled with helium gas as it is isolated from the main vacuum. 377 
Nonetheless we found some of the tubes constructed were leak-tight at superfluid temperatures 378 
and we are now investigating the production process in more detail with the aim of learning how to 379 
reliably produce superfluid-tight feedthroughs for these larger numbers of wires. 380 

 381 

Figure 12 The end caps of the Stycast feedthroughs. The twisted wire pairs are protected by PTFE sleeving. The Stycast 382 
cap covered the edges of the stainless-steel tube protruding through a CF flange. 383 

Mechanical damage to the wires was a serious issue for early prototypes. To make the feedthrough 384 
as robust as possible and prevent damage to the wires during installation, it was important to 385 
prevent Stycast creeping up the inside of the PTFE sleeving. This was done by selecting the smallest 386 
possible diameter of sleeving and sealing the ends with a small amount of vacuum grease. To test 387 
the durability of these feedthroughs, weights were attached to the wires and allowed to swing back 388 
and forth for ten minutes. The feedthrough was then checked for broken wires, and the weight was 389 
then progressively increased until the first connections were broken. The final design did not suffer 390 
any damaged until a weight of 8N was applied – far greater than that anticipated during normal use. 391 

The 4.2K connector box is a stainless steel container divided in two halves, joined by an indium seal. 392 
The Stycast filled feedthroughs, and the stainless steel tube, which carries the Kapton cables to the 393 
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top of the cryostat connect to the box through copper gaskets seals. The cables are terminated with 394 
Samtec connectors which plug onto heat sink or filter boxes made from copper on Kapton circuits, 395 
stuck to a solid copper base with Stycast, as shown in Figure 11. This is a design used for the readout 396 
for the CRESST dark matter search [43]. 397 

6.7. Kapton cables, connectors and filters at top of cryostat: 300K – 4.2K 398 

The connections from 4.2K to the top of the cryostat are made by flat ribbon cables made from 399 
Kapton with stainless steel tracks. Single grounded ‘shielding tracks’ run between the pairs of tracks 400 
to reduce crosstalk. The stainless steel tracks have low thermal conductivity. 401 

The heat load estimate from room temperature to the 4.2K connector box is given in Table 3. The 402 
total heat load from the Kapton cables running from room temperature to 4.2K is 5.2mW. The 403 
stainless steel walls of the tube carrying the cables have a much greater area than the tracks, but 404 
they can be thermally anchored to the liquid nitrogen shield at an intermediate point reducing the 405 
heat load. This is still greater than that from the cables. This heat load is absorbed by the liquid 406 
helium bath to which the connector box is thermally coupled with a copper braid. 407 

Table 3 also gives the heat load which would have been introduced by 32 copper wires. This design 408 
option was used in an early prototype (using woven cables as designed for the CRESST SQUID 409 
readout [43]) as using low resistance copper wires to measure the voltage across the SQUID is 410 
known to reduce the noise and increase the slew rate. However this improvement was marginal, and 411 
was not a limiting factor in the cryoEDM system, therefore the final version used stainless steel 412 
tracks on Kapton cables. 413 

At the top of the cryostat, the Kapton cables plug onto circuit boards, connected to a flange-414 
mounted 64-way SCSI connector. Three such connectors are fixed onto three KF-50 flanges on a 415 
cross-piece as shown in Figure 13. Two each carry the readout for six SQUID channels, the third, 416 
used for the signals for the calibration coils and heaters, has a set of filters mounted behind the SCSI 417 
filter to block high frequency electromagnetic noise. 418 

 419 

Temperature drop  Material Heat load [mW] 

300K – 4.2K Stainless steel tracks 3.1 

Kapton cable 2.1 

(Copper wires) (37) 

77K – 4.2K Stainless steel tube 
walls 

8.2 

Total heat load on 4.2K 13.4 

Table 3 Heat load introduced into the cryoEDM apparatus due to the SQUID system readout. The heat load from the 420 
Kapton cables is much less than the stainless steel tube containing the cables (this can be thermally anchored at an 421 
intermediate 77K level, reducing the heat load on the 4.2K level). Also shown is the heat load from alternative cabling 422 
using copper wires for the SQUID voltage measurement. Due to the intermediate 4.2K level the heat load onto the 423 
superfluid is not significant. The thermal conductivities used for these calculations were taken from [47-50]. 424 

 425 
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  426 

Figure 13 Left: Filter boards mounted behind a SCSI connector on a flange on the top of the cryostat. Right: Three flanges 427 
are mounted on a T-piece. 428 

 429 

 430 

Figure 14  Clockwise from top right: The SQUID control and digitisation electronics; mounted on the cryostat; 431 
the USB modem; with power supply and control laptop.  432 

6.8. Readout electronics and software 433 

The control and digitisation electronics is mounted on top of the cryostat next to the connectors as 434 
shown in Figure 14. This consists of two STAR Cryoelectronics PFL800 preamplifier units, attached to 435 
custom-made units to control the system. These units handle the communication with the PFL800, 436 
generate a test signal to calibrate the SQUIDs, and digitise the output signal.  437 

These units are connected to a PC by an optical fibre link and a USB modem. This minimises 438 
electromagnetic compatibility issues. The system can be controlled using a laptop computer through 439 
the USB interface if necessary. A DAC unit, mounted with the SQUID electronics, generates the 440 
signals applied to the calibration coils and heaters. A separate ADC is used to measure current drawn 441 
by each channel. 442 

A similar data acquisition system was used to digitise the signals from a number of fluxgate 443 
magnetometer sensors located inside and outside the cryostat. Both systems are run from the same 444 
PC using integrated software. 445 

An extensive suite of data acquisition software has been developed in C++ and the ROOT framework. 446 
This allows continuous running of the system, and can be controlled remotely if necessary. During 447 
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routine running, the outputs of the twelve channels are recorded every 1ms. The raw data is written 448 
to file to allow subsequent analysis. The system is designed to operate independently, but to allow 449 
data streams to be passed to a separate data acquisition system to be recorded with neutron data. 450 
Figure 15 shows screenshots of the programs used to tune the SQUID sensors and monitor the data 451 
recording. 452 

 453 

 454 

Figure 15 Screenshots from the software used to tune the SQUIDs and monitor the data acquisition (left), and for later 455 
data analysis (right). 456 

7. Data processing 457 

The data files written by the data acquisition program store the output of each SQUID channel (as a 458 
16-bit number), typically sampled every 1ms. These files can be read using a specially written 459 
analysis program, written using the ROOT framework3, in which the user can develop and run 460 
macros to perform specific analysis tasks. In addition the data acquisition software has the option to 461 
run a real time analysis to give an output value (a preliminary estimate of the magnetic field) which 462 
can be passed to another system running on a separate PC. An extensive set of programs and macros 463 
have been developed to perform expected analysis tasks. We expect these will be developed further 464 
when the data from a neutron EDM measurement is available. 465 

The magnetometry data processing tasks include the following: 466 

 Remove reset/flux jump artefacts: The timestamp for resets – when the output voltage 467 
approaches the ±10V limit and the feedback loop is momentarily opened to induce a flux 468 
jump to return the signal to ~0V – is logged by the data acquisition server. This log can be 469 
used to offset the SQUID signal to give a corrected magnetometry signal. Macros can also 470 
find and correct signal jumps above a given magnitude to deal with spontaneous flux jumps. 471 
This method works well in a suitable magnetic environment, as long as the external field 472 
does not change faster than the SQUID slew rate [36,53]. 473 

 Remove crosstalk: Crosstalk between pick-up loops occurs as the feedback current applied 474 
to a SQUID will change the current through its input loop which can be detected by a nearby 475 
loop. This can be corrected using software as described in [36]. This will only be significant if 476 
there are closely spaced parallel pick-up loops. 477 

 Calibration: Given a calibration factor measured from tests using the calibration coils 478 
described in section 6.1, we can compute the signal for the average magnetic field through 479 
each loop. 480 

 Data quality monitoring: It is important to identify periods of data where external 481 
interference or rapidly changing fields mean the flux jump correction is not possible. This is 482 

                                                           
3
 http://root.cern.ch/ 
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assessed using parameters such as the number of resets over a given period; the maximum 483 
signal change (dV/dt); or the shortest time between two resets. 484 

 Extrapolation: The analysis steps described so far produce a series of data sets giving the 485 
magnetic field at the position of each pick-up loop, in that direction. The next step is to use 486 
these data to extrapolate the magnitude of the average magnetic field across the neutron 487 
cell volume. This value will be ‘calibrated’ using the neutron precession frequency measured 488 
in zero electric field (to exclude any effect of an electric dipole moment, which we will then 489 
search for). 490 

We propose to calculate our final magnetic field signal SNC for each neutron cell, using a 491 
linear scaling as follows: 492 

     



12

1i

iiNC tStS  493 

where Si (t) are the twelve SQUID signals. The scaling parameters αi will be calculated to 494 
minimise 495 

   
2

  NCNC BS  496 

where BNC is the field in the neutron cell determined from the precession frequency. The 497 
summation is over all data points within a set calibration period over which significant field 498 
fluctuations were seen. Once the scaling parameters are calculated, they can be used to 499 
extrapolate the field in the neutron cell at future times. 500 

The success or failure of this extrapolation will depend on the magnetic environment inside 501 
the apparatus. Numerical models of the magnetic field in which the field sources are 502 
magnetic dipole a long distant from experiment, show the technique works very well, as this 503 
gives a very uniform field in volume of the neutron cell and SQUID loops. The extrapolation 504 
does not work well for models with dipole sources close to the experiment (giving much 505 
larger gradients). Provided there are no significant time varying magnetic sources inside the 506 
main magnetic shield we are confident this method can reproduce the field inside the 507 
neutron cell as required for cryoEDM. 508 

The decision to use twelve SQUID channels was taken during the design phase as a 509 
compromise between the need to allow an accurate extrapolation of a non-ideal field, and 510 
the need to keep the number of channels manageable. 511 

Calculation of the scaling parameters can be done by matrix inversion, but if the SQUID data 512 
sets are highly correlated, it may be more effective to use a neural nets approach as 513 
described in [51,52]. A key benefit of this approach is that it does not require any model of 514 
the sources of magnetic field fluctuations. Once the coefficients are known, it can be 515 
calculated quickly, in real time if necessary. And it is flexible – if some SQUID channels are 516 
not available, then we can calculate coefficients for a system with a smaller number of 517 
parameters. The accuracy of this extrapolation will ultimately be limited by the field 518 
uniformity.  519 

While a full demonstration of this technique must wait until it can be used in a neutron 520 
resonance measurement, we have tested this approach with data taken with a 3-axis system 521 
at the LSBB laboratory, as outlined in Section 8. 522 

8. Magnetic field measurements at the low noise underground laboratory, 523 

Rustrel, France 524 

The SQUID system has been installed in the cryoEDM apparatus, cooled to superfluid temperatures 525 
and used to monitor the magnetic field fluctuations over several periods of many weeks. It has not 526 
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yet been used as part of a neutron EDM measurement. However, the system has been used to 527 
characterise the magnetic environment and investigate sources of magnetic fields, such as the 528 
movement of magnetic materials around the apparatus. Preliminary SQUID data taken in these 529 
commissioning runs are presented in [53,54]. 530 

To assess the performance of our system we have conducted a series of tests at the Laboratoire 531 
Souterrain à Bas Bruit (LSBB), Rustrel France, away from the magnetic field disturbances due to 532 
other experiments, traffic and building activities. In this underground location the magnetic 533 
environment is limited only by geomagnetic fluctuations [55]. These tests were conducted with a 534 
compact version built to fit into a portable liquid helium dewar.  535 

We tested an assembly of five SQUIDs with parallel pick-up loops. With this, we demonstrated a 536 
noise level (limited by geomagnetic fluctuations) of 4.0fTHz-1/2 above 1Hz and (4.9/(f/1Hz)) fT∙Hz−1/2.  537 

We believe that in a suitable environment our system will meet its design specification to track 538 
magnetic field changes in the neutron cell to 0.1pT. However the intrinsic resolution of the system 539 
cannot be directly measured as even in the low noise environment at LSBB we were limited by the 540 
external magnetic fluctuations. As explained in section 4, the intrinsic SQUID noise (measured with a 541 
SQUID with the pick-up loop replaced by a short across the input) would give a resolution of 20fT. 542 
However this could, in principle, be impaired, for example if the system itself generates significant 543 
magnetic noise. 544 

To test for this, we recorded data with two SQUIDs connected to the same pick-up loop. By taking 545 
the difference between the two signals we could subtract the magnetic signal and see the intrinsic 546 
SQUID noise spectrum. The resolution was then limited by the bit noise of the data acquisition, but 547 
there was no sign of low frequency magnetic noise which would impair performance. Full details of 548 
these tests are given in [36].  549 

A plausible, if unlikely, concern is that the drift measured by our instrument may not be solely due to 550 
the external magnetic field. For example, if the flux-jump correction process introduces an 551 
erroneous shift.  552 

 553 

Figure 16  Magnetic field signals recorded using the cryoEDM SQUID system at the LSBB laboratory over a 72-554 
hour period. These show the diurnal fluctuations due to ionospheric currents. 555 

As a test of such effects, we carried out long period simultaneous measurements with a 3-axis 556 
version of the cryoEDM system, and the [SQUID]2 magnetometer (SQUID in Shielding Qualified for 557 
Ionosphere Detection) [56] which is permanently installed at LSBB. These data, shown in Figure 16, 558 
allowed us to check the performance of our magnetometer against an independent SQUID system. 559 
This confirmed that both systems were tracking the same signal with an RMS difference over a 72-560 
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hour period as low as 56pT [57]. This was limited by the gradient of the magnetic field between the 561 
two systems. 562 

Thus we are confident that the system tracks the magnetic field as required. We have also used our 563 
system for a collaborative geophysics investigation into weak magnetic signals produced by 564 
groundwater flow. 565 

This investigation also allowed us to check the extrapolation technique described in Section 7. We 566 
calculated the scaling coefficients to do a linear combination of the three channels recorded by our 567 
system, to fit a reference provided by the [SQUID]2 magnetometer. In this case, the gradient of the 568 
magnetic field between the two systems was small, but the scaling allowed us to account for the 569 
misalignment of the two instruments and compare our signals accurately. The mathematics is the 570 
same but for a smaller number of channels. This analysis is outlined in [57]. 571 

9. Conclusions  572 

In this paper we describe the instrument we have developed to monitor magnetic field fluctuations 573 
as part of a cryogenic neutron electric dipole moment experiment. This uses twelve SQUID sensors 574 
connected to pick-up loops close to the neutron cells. This is a novel approach for a neutron EDM 575 
experiment, designed to meet the requirement for 0.1pT precision magnetometry in a 0.5K 576 
superfluid helium environment. 577 

We have outlined details of the components of this system and the results of tests carried out to 578 
ensure it meets these specifications without distorting the magnetic environment or introducing a 579 
significant heat load into the superfluid helium. We have installed the system in the cryoEDM 580 
apparatus at ILL, Grenoble, and demonstrated that it can be used to monitor magnetic fields. We 581 
have also run the system in the low noise environment at the Laboratoire Souterrain à Bas Bruit to 582 
demonstrate the performance which can be achieved in a suitable environment. 583 

We have shown that our system will achieve a sub 0.1pT resolution if it is limited by the intrinsic 584 
SQUID noise. In practice the performance of any magnetometer is tied to the environment in which 585 
it will operate. However our tests at LSBB do not show reason why it should not achieve this. 586 

This system meets the requirements for a cryogenic neutron EDM experiment. The performance in a 587 
neutron EDM measurement will be ultimately limited by the gradients of the magnetic signals across 588 
the neutron storage volume, which will limit the accuracy to which we can extrapolate the field in 589 
the neutron cell from measurements at points outside of this volume. To reach a sensitivity beyond 590 
that targeted by cryoEDM will most likely require a return to the co-magnetometer approach, 591 
necessitating the use of 3He [15]. A system such as ours is a natural first step towards this, as SQUID 592 
sensors are the best way to measure the low frequency magnetic signal from precessing 3He nuclei. 593 
An experiment could also use a hybrid approach using a combination of SQUID pick-up loops to track 594 
both the quasi-DC changes and the absolute magnitude (through the frequency of 3He nuclei). We 595 
therefore anticipate this magnetometer design will be a useful reference for future EDM 596 
experiments. 597 
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