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SQUID magnetometry for the cryoEDM experiment
— Tests at LSBB

S. Henry, 2 H. Kraus, 2 M. Malek,? V.B. Mikhailik 2 and G. Waysand

aUniversity of Oxford, Department of Physics, Denys WilkimBuilding,
Keble Road, Oxford, OX1 3RH, U.K.

bLaboratoire Souterrain & Bas Bruit de Rustrel-Pays d’AfBHB),
Université de Nice Sophia-Antipolis,
La Grande Combe, 84400 Rustrel, France
E-mail: [s. henr yl@hysi cs. ox. ac. ukl

ABSTRACT. High precision magnetometry is an essential requiremigihieocryoEDM experiment
at the Institut Laue-Langevin, Grenoble. We have develagp&DUID system for this purpose,
however tests done in Oxford have been limited by the noisgtelmagnetic environment inside
our laboratory, therefore we have tested a smaller verdiouoprototype system in the very low
noise environment at LSBB, Rustrel, France. We have stuttiedrosstalk between an array of
parallel pick-up loops — where the field generated by a curirerone loop is detected by the
others. We monitored the magnetic field in the LSBB for oveglt® hours; and after correcting
these data for SQUID resets, and crosstalk, we compare litetgublished values from nearby
geomagnetic observatories. We have also measured thespaiseum of our system and studied
the effect that heating one of the pick-up loops into its emtithg state has on the other, parallel
loops.

KeEywoRDS. Control and monitor systems online; Cryogenic detectarslysis and statistical
methods.
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1. Introduction

1.1 CryoEDM

The cryoEDM experiment is a search for the electric dipoleraot (EDM) of the neutron based
at the Institut Laue-Langevin (ILL) in Grenoblf [1]. The linon this parameter ofd,| < 2.9 x
10-2%e.cm set by the previous phase of the experiment (nEOM}][2,3prie of the most sig-
nificant results in determining the scale of T violation. GEYPM aims to improve this limit to
~10~28e.cm, which will cover the range predicted by the majority opstsymmetric theories.
The experiment works by storing a large number of ultra celdgtrons (UCN), and measuring any
change in their spin precession frequency when the exteleetric field is reversed. If the neutron
has a non-zero EDM, we will measure a change in the precessigmency.

As the neutron has a significant magnetic dipole moment, agehim the magnetic field during
a measurement cycle could give a false positive signal. d@ahis we need to monitor the mag-
netic field to a very high resolution. The nEDM phase of theegixpent did this very successfully
using atomic mercury spectroscopy [4]. However to signifilggimprove the sensitivity it will be
necessary to greatly increase the number of UCN. CryoEDMdeithis using a new UCN source
which exploits the properties of superfluid heliuph [5]; bstthis operates at cryogenic tempera-
tures, the mercury magnetometer cannot be used. Theretolawve developed a suitable SQUID



magnetometer system to replace it. This will be the first iseQ@UID magnetometry to directly
measure the magnetic field in a neutron EDM experiment.
The neutron spin precession frequencin an electric fielde and magnetic fiel® is given by

hv = 2dE+2uB (1.2)

whered is the electric dipole moment and the magnetic dipole moment. From this we can
show that the frequency shift caused by an electric dipolenemd of 1028 e.cm in an electric

field of =50 kV-cm? is the same as that caused by a change in the magnetic fielti7fT0 To
achieve this sensitivity will require-70,000 measurements (several months of data taking) and a
magnetometer resolution ef10~13 T for each measuremefit.

During a neutron measurement we will use the SQUIDs to tragldaift in the magnetic field
between measurements of the precession frequency foretiffapplied electric fields. Each pre-
cession frequency measurement is averaged-o%80 s — limited by the lifetime of the neutrons
in the storage volume.

Whereas the mercury magnetometer measured the volumegademgagnetic field; SQUIDs
are only sensitive to relative changes in the flux throughk-pig loops. We intend to record the
signals from multiple pick-up loops to extrapolate the netgnfield in the region of interest. This
is complicated by the presence of high voltage electroded ts generate the electric field. As
SQUIDs are easily damaged by static, the pick-up loops mrisbdated a safe distance from the
electrodes. To achieve the necessary extrapolation weusélla total of twelve SQUID readout
channels. It is important for magnetic field reconstructibat we understand the crosstalk be-
tween these.

SQUIDs can achieve noise levels ©fT-Hz /2 above 10 Hz. At low frequencies the noise
increases as/f. A typical performance reported ifi [7] is

(N#ngl) THZ Y2, (1.2)

Integrating this from 1/130 s (the time for which the neutr@re stored and the precession
frequency measured) to 10 Hz gives a resolution ok1® 13 T. From this we conclude it is fea-
sible to use SQUIDs as magnetometers in a neutron EDM expgtiat this sensitivity. However
we stress that this is only an order of magnitude estimate pracise bandwidth required for a
cryoEDM measurement cannot be defined at this stage. We nsémtovimonitor the magnetic field
over much longer periods, but we will take the average fieker alie duration of each measure-
ment (in effect operating with lower upper and lower frequyebounds than those given above),
although it will be necessary to monitor the SQUID output higgner frequency to ensure any drift
is within acceptable limits.

There is still a great deal of work to be done before we can aredbke neutron EDM to our
targeted precision. In this paper we report work done toldgeve SQUID magnetometer to monitor

1Reference|:[|6] describes a proposal to use SQUIDs to medseigrécession frequency fle atoms in a neutron
EDM experiment.

2This is one possibility. We may achieve the same sensitwitly fewer longer magnetic field measurements and a
higher resolution (by taking the average over several gsoe frequency measurements).



the magnetic field in the cryoEDM experiment. The next stagéde to run the magnetometry
system in a suitably shielded cryostat at ILL; to develop slgmal processing and data analysis
techniques; and to use it (with the rest of the cryoEDM appajao measure the neutron EDM.

1.2 Testsof our prototype system at L SBB

Our system uses SQUID sensors supplied by Supfaeith readout electronics from Star Cryo-
electronics’ Woven cables to read out the SQUIDs have been made to oumdegifiekDate
We have designed and made our own pick-up loops, and writieown software, to control the
system, and for data acquisition and analysis.

Our laboratory, located in central Oxford, is unfortungtabt a suitable site to test such a
system. Therefore we have tested a smaller version of treEQW system at the Laboratoire
Souterrain a Bas Bruit (LSBB) in Rustrel, 100 km north of Malfe, a former control centre for
the French ground-based nuclear missile arsdmal [8]. Ahgwmet of this laboratory, there is a
room (called the capsule) shielded by 1cm thick steel,ngstin shock absorbers, surrounded by
500 m of rock. In this environment we expect our system to inétdid only by fluctuations of the
magnetic field of the Earth. The environment at LSBB is maeiidoy a set of STS2 seismometers
(5 underground, one on the top), and the magnetic field is to@u using the 3 axgSQUID]2
system [B°

In the cryoEDM experiment, we need to use the signals fromriassef pick-up loops to
extrapolate the magnetic field in the volume where the naateve stored. In these tests, we have
measured the signals in several loops, mounted coaxiallythveir planes parallel, and used these
data to study the crosstalk between loops.

The data discussed in this paper were taken during two figlsl to LSBB, one in March and
the other in September 2006. In the March trip we monitoredrignetic field with three SQUIDs
connected to parallel pick-up loops; one loop was fitted w&itieater to allow us to heat the loop
above its superconducting transition. In September wéechout further tests using a five channel
system, where two of the SQUIDs were connected in series togiespick-up loop; and some
measurements were carried out with an additional leaddshielund the loops.

In the following section we describe the setup we installedd $BB; we then outline the
data analysis process to correct for SQUID resets and atksand calibrate the system; then we
compare this to measurements from nearby geomagneticvalisees and discuss the significance
of the difference between the signals measured with dritguiek-up loops. In the final sections we
give the noise spectra and describe the effect of heatingftie loops into its conducting state.

2. Setup at LSBB

In March 2006 we carried out some preliminary tests usinggl8QUIDs; two of these (labelled #3
and #4) were connected to two 24 mm diameter loops made frangke gurn of 0.127 mm diam-
eter NbTi wire, wound on the same former. The other SQUIDgllab #5) was connected to a

3Supracon AG, Wildenbruchstr. 15, D-07745 Jena, Germany

4Star Cryoelectronics, 25A Bisbee Court, Santa Fe, NM-876082, U.S.A.
5TekData, Westport House, Federation Road, Burslem, Stokerent, ST6 4HY, U.K.
6Shielding QUalified for lonosphere Detection with SQUID.



Table 1. Details of the pick-up loops attached to the SQUIDs. Chanhealnd 2 were not used during the
March measurements.

Setup | SQUID | Loop diameter| Distance from calibration Heater| Wire diameter
(mm) coil (mm) (mm)
#3 24 46 Yes 0.127
March #4 24 46 No 0.127
#5 34 56 No 0.25
#1 30 59 No 0.25
#2 30 73 Yes 0.25
Septemben  #3 30 59 No 0.25
#4 30 73 No 0.25
#5 Connected to the same loop as SQUID 4

34 mm diameter loop made from 0.25 mm NbTi wire, positioneani® below the other loops.
All loops were mounted parallel to the ground to measure #récal component of the magnetic
field. The wires between the loops and SQUID input terminatsentwisted together. A heater
was attached to the twisted wire pair connected to SQUID 3leavaus to heat the loop into its
conducting state, while the other loops remained supergziing).

In September 2006 we installed a five channel system at LSBB.Fad four pick-up loops
consisting of 30 mm diameter loops of 0.25 mm diameter NbTewilwo loops were wound on
each of two formers separated by 14 mm. One loop was connexthé inputs of two SQUIDs
(connected in series), giving five channels in total.

In both setups, a calibration coil was mounted away from thlke-pp loops. A photograph of
the September setup is shown in figllre 1. Thble 1 lists théslefahe loops and shows which one
is connected to each SQUID.

The SQUIDs and pick-up loops were lowered into a helium ddaeated inside the LSBB
capsule. The SQUID preamplifier and control electronicseweounted next to the cryostat, con-
nected to a data acquisition system and computer (locatesidewf the capsule) by 15m long
screened cables, and a fibre-optic link.

The capsule is not a true Faraday cage as the shielding wasjihete and the cables running
inside were unfiltered. All mains power was kept outsidehwitly DC power lines to control the
equipment by the cryostat. The output of the SQUID elect®ii 10 V) was recorded using a 12
bit Aurora 14 transient recorder.

The September setup was designed to allow a lead shield ifaleylopen at one end) to
fit over the pick-up loops, calibration coil and part of the JQ sensors. This shield reduced
the magnetic field by a factor of around 30, and was used t@aitse noise level (discussed in
section[p). The shield was not installed for the calibratiand magnetometry measurements as
the compact dimensions of the shield caused the field froradtileration coils to be distorted.

3. Data corrections

In section[l4 we will present our measurement of the magnaegid tiver two periods of around
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Figure 1. Photograph, drawing and schematic of the SQUIDs, pick-opdaand calibration coil used for
the measurements carried out in September. The dimendiomgzare in mm. The SQUIDs are connected
by twisted wire pairs to pick-up loops wound on plastic forsy@nade to accommodate two loop diameters
(in the September setup all loops were wound on the largeratier). A heater was installed on one twisted
wire pair, and a calibration coil was mounted away from thapk The setup here is pictured horizontally,
but it was mounted on a dipstick with the calibration coilta bottom and lowered vertically into a dewar
of liquid helium.

twelve hours (for March and September). But first, we explaiwv these data were acquired
and analysed.

The measurements were made by recording a frame of 8192 84 1%G8nples (referred to
as anevenj using a transient recorder every 2 or 4 seconds. The timresasnpling interval)
was 10Qus, giving a total sample of 0.82 or 1.63 s. A step function wadiad to the calibration
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Figure 2. Three consecutive events recorded in the March datasetheAS®UIDs are only sensitive to
relative changes in the magnetic flux the absolute scaldisaty. The step is due to the calibration signal,
which produces an average field of 0.13nT through the loomecied to SQUIDs 3 and 4, and 0.21nT
through the loop connected to SQUID 5.

coil 1/4 of the way through each sample to allow us to monitar ¢alibration throughout the
measurement. Figufé 2 shows three events from the Marchedaa an example. SQUIDs are
only sensitive to relative changes in the magnetic flux,dftee the absolute scale shown on plots
of our data is arbitrary and we frequently offset the plotiath to improve clarity.

The data plotted in the graphs in this section were calalilayeaking the average over 95% of
the pretrigger region (before the calibration step). Toastta value for the magnetic field strength
from this baselinevalue, we need to first correct the data for SQUID resets,statks between
channels, and then convert it to nT. These steps are nowiegglan turn.

3.1 SQUID resets

The SQUIDs are run in a flux-locked loop where the currentiagpb the feedback coil is adjusted
to keep the flux through the SQUID loop constant, and the awjnal is the voltage on the
feedback line. Whenever the output reaches the limit ofdtge & 10V), the SQUID resets,
jumping an integer number of flux quanta to a value close to[0QY.[These jumps can be seen on
the uncorrected data in figufe 3.

The SQUIDs can be run in different ranges by changing thetaesn the feedback line. In the
lowrange (0.1 deal) only one SQUID reset was recorded over a 14 hour measurefewever
in this range the drift over a short time was limited by theohetion of the data acquisition system.
Therefore it was preferable to operate the SQUIDs inntlegliumrange &1 deal), and correct
the SQUID resets using software. The SQUIDs wemmadiumrange for all the tests discussed in
this paper unless otherwise stated.

The software corrects the data by adding or subtracting d fiséue whenever the baseline
changes abruptly. For this method to work, the SQUID musttrbg the same number of flux
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Figure 3. The uncorrected SQUID output (ranging from -10 to +10V), theddata corrected for resets. The
absolute value is arbitrary and the corrected curve has tfésst for clarity.
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Figure4. A histogram showing the distribution of values for the magdé of abrupt changes in the baseline

between two events, attributed to SQUID resets, (from thedeber dataset). Each SQUID resets by an
integer number of flux quanta. The spread of values is duectdltft of the baseline over the measurement
period; as this is less than one flux quantum, we assume atbras the same magnitude and we correct for
this by adding or subtracting a fixed value at each reset.

quanta each time. Figuf¢ 4 shows a histogram of the magnitfittee resets for the September
data. As the spread of values for each SQUID is less than oxediantum (measured as 1.91,
1.66 and 24+ 0.06 V for SQUIDs 1, 2 and 3), this seems to be the case. The spfeadues is
due to the drift in the signal between adjacent events.

A study of events containing a reset (such as that shown imefi§)i gave a smaller range
of values. These events were cut out of the sample beforengiitime correction program as the
presence of a reset often meant the baseline was not caltudatrectly. The corrected data are
shown in figurd]3.
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Figure5. The output of all three SQUIDs. The jump at t=0 is due to a difpean the calibration coil. At
t=0.11s SQUID 3 resets from10 to~0V, and the change in the feedback current produces a diossta
signal in channels 4 and 5.

3.2 Crosstalk

When two or more pick-up loops are located close togethee thédl be a small crosstalk between
them [10]. In reference[J11] ter Brake et al. explain how ite® be eliminated by applying the
feedback to the input circuit (instead of directly to the SQW In this paper we explain how to
correct crosstalk effects using software. Crosstalk afmEause the current induced in a loop by
a change in the magnetic flux, will itself generate a field. Isimaple model, the change in the
magnetic fluxA® through a SQUID input circuit is given by

AD = ADgyi + liLT + 1§ My (3.1)

wherel; is the supercurrent circulating in the input lodp; is the total inductance of the input
circuit, I is the current applied to the feedback coil, afgis the mutual inductance between the
feedback and input coils. When the external applied A rises (or falls) |; will fall (or rise)
such thain® = 0.

The first two terms of equatiorf (B.1) give the flux through thekup loop. The last term
gives the extra flux through the SQUID input coil due to thedfesck current. This contributes
only a few percent and in a single channel magnetometer ibeagnored a$; [ I;, so it simply
increases the effective inductance of the input loop.

When we have two or more pick-up loops in close proximity,change in flux through pick-
up loopn s given by

Ach:Acbext‘|‘(|i)n|-T‘|‘Z(|i)mMnm (3-2)

where the sum is over all other pick-up loops#m), (l;) is the current flowing through loop,
andMnis the mutual inductance between loopsndm.” In this case the currettflowing around

"The feedback current term is not present as this expressifm just the flux through the pick-up loop instead of
the whole input circuit.



Table 2. The signal induced in each SQUID in the March setup due to iiy®@eeset (-10 to 0 V) in another
SQUID.

AV induced by the SQUID reset

Reset SQUID| SQUID 3| SQUID 4| SQUID 5
3 0.47 0.42
4 0.58 0.40
5 0.30 0.39

one loop affects thg (1;),,Mnmterm for the next loop. To keefyd=0 for this loop,|; for this loop
will change, so we have a crosstalk signal. This is besttithbsd by looking at the signal on all
channels when one SQUID resets, which is illustrated in tﬁﬁur

When SQUID 3 resets from-10V to 0V, the feedback current changes frony1Bs to O
(whereRs is the resistor on the feedback line). To keésp=0, |; will increase. This keeps the total
flux through the SQUID input circuit constant, but causes alsaihange in the flux through the
pick-up loop, which is picked up by the neighbouring loops k&ep the flux through pick-up loop
4 constant (being parallel to 3), the input current arounsl ltop must change, giving a crosstalk
signal. The voltage steps in each SQUID induced by resetgiother SQUIDs are listed in taifle 2
for the March setup.

A SQUID reset will cause a change in the current though thie-pjcloop of

(3.3)

In the medium rang®; =100 kQ giving a change in the feedback currentXt =100UA,;
we estimate the input circuit inductance las=435nH® The data sheet giveds; =7.4nH, but
this is reduced when a pick-up loop is attached to the inputiry the September tests we used
the setup with two SQUIDs connected to the same loop to medkis. By changing the current
applied to the feedback loop of one SQUID, and measuringi¢imakon the other, we determined
that Ms; =4.3nH It will be even lower for loops attached to a single SQUID, vehéhe total
inductance of the input circuit is less.

Substituting these numbers into equatipn](3.3) gi¥es520 nA. Given this and the crosstalk
currents, in theory we can calculate the mutual inductanicepractice this is complicated as we
must consider the crosstalk between each loop and every lothg and as we do not know the
inductances with any accuracy, we can only give a rough estinfrom the values in tabfg 2 we
estimate the mutual inductances between loops are typivhH, ~100 nH.

Using the data in tablf] 2 we can rescale the measured volfagach SQUID channel to
correct for this crosstalk by using equati¢n |3.4)

Vcorrected: Vnoresets_ X . Vresets (34)

where eachVV " parameter is a vector containing the voltages for all SQUHIEI X is a matrix
containing the data in tabl¢ 2 divided by the magnitude oheaset £10V). V"°reseShas had

8Taken from the Supracon data sheet, the SQUID input indoetan350 nH, and we calculate pick-up loop induc-
tance as 85 nI—m2] givingt =435nH.



the SQUID reset jumps removed (the “corrected” line in figdyevs®*Scontains the output with
resets (the “uncorrected” line in figufle 3). For the Marclupetve can write this as

Vé:orrected Vsporesets 0 O 065 0037 Véesets
Vforrected — VLPOI'ESEtS _ 0045 0 0041 . Vz{esets (35)
V5corrected V5noresets 0041 0045 O V5resets

We could in principle correct the crosstalk for the five chelann the September data using a
5x 5 matrix. In practice this is difficult because (as explaiabdve) two SQUIDs were connected
to the same pick-up loop. In this case a reset in one SQUIDiaig triggered a flux jump in the
second and the two effects could not be separated. Therefbem taking the magnetometry data
shown in sectiofi]4, we ran only three SQUIDs. In this case ihgstalk correction matrix was

0 0024 Q004
0009 O 0009 (3.6)
0.033 Q040 O

In order to assess the accuracy of this correction, we péotifierence between the signals from
two SQUIDs. As the pick-up loops were all mounted parallebach other, a negligible distance
apart, we would expect (to a first approximation) that the 8@UIDs will show the same signal,
and the difference would be zero. This is shown for SQUIDs @ %iin figure[p. As this curve
is roughly proportional to the magnetometry signal fromhb8QUIDs (shown in figurg] 7), the
main reason for the difference is due to the limited accuricthe calibration of one or both
magnetometers (discussed further in sectjoris 3.3 ahdHdlyever we can see by comparing the
plot before and after the crosstalk correction, that thigsemion gives a noticeable improvement.
The top plot (before the crosstalk correction) is charéxerby abrupt changes whenever one of
the other SQUIDs resets.

3.3 Calibration

The first jump shown on the event in figde 5 was produced byisgraicurrent step of 626A

to the calibration coil. The calibration coil was made fro@02Zurns of copper wire on a 1 mm
former. As the distance between the coil and the pick-updaegs larger than the size of the coil
we treat it as a magnetic dipole. This assumption was sugghost numerical modelling of the coil.
Thus, we calculate a magnetic field signal (foe=62.5uA) of 0.13 nT for SQUIDs 3 and 4, and
0.21 nT for SQUID 5 (in the March setup). As the constructiéhe coil and the measurements
of its dimensions are not perfect we expect an error©0%. By measuring the average voltage
jump on each SQUID due to this signal, we calculate the vahutable[B.

In the March setup, the loops attached to SQUIDs 3 and 4 wergi@l, but the twisted wire
pair connected to SQUID 3 was longer. This increased thectadige of the loop and explains why
SQUID 3 showed a lower signal than SQUID 4. A heater was alswlad to the input circuit
of SQUID 3, this consisted of a resistor, around which thested wire pair was coiled; this also
increased the inductance of the circlithe loop attached to SQUID 5 had approximately twice the
area of the loops attached to SQUIDs 3 and 4 (see fhble 1)esighal is correspondingly higher.

9A heater was also attached to SQUID 2 in the September sehiphwhows a larger signal than the other loops.
However in this case the twisted wire pair was not coiledgiatly around the heater, so we would not expect a significant
increase in the inductance. The heater is described in nedadl th sectim[ki.

—10 -
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Figure 7. The magnetic field measured by all three SQUIDs after theections and calibrations. The
traces have been offset for clarity.
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Table 3. The response of each SQUID to a signal from the calibratidn€be errors show the RMS spread
of values.

SQUID Signal response [VnT]
March setup| September setup
1 —-8.1+£0.3
2 129+0.9
3 75+04 —-111+0.2
4 9.8+04 —52+0.5
5 —210+05 —-52+0.6

In the September setup all the loops were wound on formetseo$@ame diameter, therefore
we would not expect the loop area to differ by more than a fergqre. The different magnitudes
of calibration signal are likely to be due to a combinatiorfaaitors including the loop size, length
of the twisted-wire-pairs and the mutual inductance betmeeps. As SQUIDs 4 and 5 were
connected to the same loop, the signals in these SQUIDgatiffenly by 1.1%, the magnitude
expected due to the variation of the input coupling betwet®s. As the loop had a total
inductance of 785 nH, instead of 435 nH, the magnitude isesspondingly lower compared to the
loops connected to only one SQUID.

4. Magnetometry measurements

After removing the SQUID resets, correcting the crosstalik @onverting the voltage to nanotesla,
the resulting magnetic field strength recorded during thedir March measurement is shown in
figure[J. To be sure this really is a measurement of the magfield in the laboratory, we com-
pared our results with published geomagnetic data. ThénBaragnetic field shows fluctuations
~10nT each day due to currents in the ionosphere. 1t is infegdy many factors and these
fluctuations can be quite different at different locatioftiere is no single geomagnetic observa-
tory close to Rustrel. Therefore we compare our data to thicaecomponent of the magnetic
field measured by three observatories at: Chambon la FarEtdince), Ebro (Spain), and Firsten-
feldbruck (Germany)[[d3]. This is shown in figufe 8, with theldi measured by SQUID 5. The
geomagnetic observatories monitor all three componentheoEarth’s magnetic field to 0.1 nT
precision using fluxgate magnetometers, recording datggpevery minute.

We carried out a simple linear extrapolation of these measants to Rustrel, assuming the
geomagnetic field is given by

B = a+ b x latitude+ ¢ x longitude (4.2)

and calculatinga, b andc to fit the geomagnetic data at each data point. The obseiest@cord
the absolute field strength, but the data shown in fijire 8 baee offset to show all lines at a
scale which shows the fluctuations.

The result, as figurf 8 shows, is an approximate match to dar és the geomagnetic field
shows significant regional variations, we would not expegtlaing better. The vertical component
of the magnetic field recorded by Ebro shows significantly engariation than that recorded by
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Figure 8. Fluctuations in the magnetic field measured at LSBB, with theasured by three geomagnetic
observatories (to 0.1 nT precision). These show differattepns as fluctuations in the geomagnetic field on
this scale vary between different locations. We plot a liree@rapolation of these data to Rustrel to compare
with our measurement. A fixed value has been subtracted famm@ataset to present the traces on the same
scale, and the lines have been offset for clarity.

other observatories as due to its coastal location it isithea$o currents induced in the Mediter-
ranean Sed [14]. These are not present in our measuremeRitstael, but they do share some
features with the Ebro data which were not recorded by Chandbé&orét and Furstenfeldbruck;
these are likely to be caused by ionospheric currents todbehd°

As the signal we measured is close to what we expect from tbenggnetic data we are
confident that it is due to the Earth’s magnetic field. The LS@Bmometers did not record any
significant activity over this period.

4.1 Thedifference between signalsin two pick-up loops

Figure[6 shows the difference between the magnetometrylsigaasured by SQUIDs 3 and 5.
As this curve is roughly proportional to the signal from eittsQUID, this appears to be due to
the imperfect calibration of the magnetometers. To make gerappropriate comparison we first

10We also note that on that day (29 March 2006) there was a paoliar eclipse, which produced a time and posi-
tion dependent magnetic field signal as the shadow of the muamed across the ionospheﬂa [9], although this effect
was small.
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rescale one of the SQUID signals to fit the other. The magfietitsignal from SQUID 4, rescaled
to fit SQUID 3,8513> is given by

B = aB,+B (4.2)

whereBy is the unscaled field (but corrected for SQUID resets andstaithd anda and are cal-
2
culated to give the minimury (Bf’) — Bg) (sum over all data points). The valuesmtalculated

for Bff), B?) and Bg') are 0.93, 1.16, 1.25. The difference between the scaledrencketerence
SQUID output is shown in figurfg 9 for all three SQUIDs.

Figure[9 shows the correlation is best between pick-up IGomsd 5, and is a similar magni-
tude between 4 and 5. As these loops are wound on the samerfevmeonclude the magnetic
field gradient between loops 3/4 and 5 is negligible, and iffierdnce between the signals on each
SQUID is mainly due to other factors.

The likely cause is pick-up of other (horizontal) composent the magnetic field in the
twisted wire pairs, or if the pick-up loops are not perfedligned. The twisted wire pair from
SQUID 3 passed through the heater, where it was wrapped @euesistor. It is likely the twist-
ing is less than perfect at this point, causing it to pick uppaernagnetic flux.

To test this hypothesis, figufe]10 compa@@ — Bz with the value of the geographic north
field component at Rustrel (extrapolated from the geomagobiservatory data). The two lines
match very well. We can make a rough estimate of the magnifitiee horizontal pick up from
figure[I1, which shows a side and end view of the pick up loojit, te calculated areas. From
this diagram we expect the ratio of the signal due to the ntaiggld parallel to the loop, to that
due to the field perpendicular to it to k&4.2%. The loop is unlikely to be folded such that the
horizontal area is the maximum size calculated here, bstestimate neglects any pick-up in the
twisted wire pair, and assumes the plane of the loop is pirfeorizontal, therefore we can only
treat this as a rough estimate.

From figure] 10 we can see that during our measurement, thé{Sorth component of the
geomagnetic field varied over a range~af0 nT, while the difference between our measurements
B(53) — Bavaried by~0.4 nT, the expected order of magnitude.

The data discussed so far in this section is from the Marchseat Doing the same analysis
for a long measurement in the September dataset gives tteesplown in figur¢ 312 and figufe]13.
This time, in addition to looking at the geomagnetic obsemyadata, we recorded the signals from
the [SQUID]2 magnetometer. This monitors the field in thréedalions (vertical, north-south,
and east-west) and gave a more accurate calibration thaxtiaolated geomagnetic data. This
analysis gives the same conclusion as that drawn from thelviata.

We conclude this section with a short summary of the systereators on our measurement
of the relative change in the vertical component of the magfield, and some rough estimates
of their magnitude. We estimate the accuracy of the calimais ~10% and our comparison
of the signals in two loops suggest this is about right. Ripkef the horizontal component of
the field due to misalignment is4%. The largest crosstalk in this setup wa80 pT, but this is
corrected te~5% accuracy reducing this effecttal pT. Correcting the SQUID resets will produce
a cumulative errdfl dVg,+/N wheredVa,is the error on our measurement of the voltage difference
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Figure 9. The difference between the rescaled and reference SQUitutin nT), top §5>— Bs, middle
B(34)— B4, bottom 35’)— Bs.

corresponding to®y andN is the number of resets. This gives an effective drift overiduhour
measurement o£20 pT.

In the following section we discuss in detail the resolutudrihe SQUID magnetometer. The
intrinsic 1/f noise of the SQUID will cause the SQUID outpatdrift over a long time period. If
this contribution is the same as that measured with a SQUID s¥iorted input, and if the noise
spectrum shown in figure JL4 for a bare SQUID continues to szal&/f, then we would expect
the drift over 12 hours to be 32 fT.
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Figure 10. Top trace: a linear extrapolation of the X (geographic nocttimponent of the magnetic field at
Rustrel from the data measured at Chambon la Forét, Flestbnfick, and Ebro geomagnetic observatories;
bottom trace: the difference between the rescaled andereferSQUID baselineé@— B3 (inverted to give
the same polarity). As the two traces follow the same paites@ems the dominant error is pick-up of the
horizontal field.

Tmm
—b‘_

Area=707mm? Area=30mm°

Figure 11. The pick-up loops are designed to measure the vertical coemp@f the magnetic field. In this
plane a 30 mm diameter loop has an area of 707 nihe maximum possible horizontal area for the pick-up
loop is 30 mm, (the actual area will depend on exactly how the wires lid)efEfore we predict a ratio of
horizontal pick-up to vertical pickup a£30/707 = 4.2%.

5. Noise spectra and resolution

Figure[1} shows the noise spectra recorded during the Skbpteum. These were produced from
~80 recorded baseline samples with 6 different timebases frps to 100 ms. An 8-pole But-
terworth filter was installed before the transient recoraled used to block any noise above the
Nyquist frequency in these measurements. Two spectra wetteg using data taken with and
without the lead shield in place.
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Figure 12. The magnetic field signal measured at LSBB in September, thvéih measured by the three
geomagnetic observatories and a linear extrapolationssitidata to Rustrel as was shown in figEIJre 8.
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Figure 13. 12 hour magnetic field measurement taken during Septemi®é. Zhe top two lines show the
field measured by one of our SQUIDs (after all the correc)icasd that measured by the permanent LSBB
SQUID magnetometer (measuring the vertical field). Thedthire shows the scaled difference between the
signals on two of our SQUIDs (multiplied by 5 to make the flattans visible), the bottom line shows the
LSBB magnetometer for the North-South direction.
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Figure 14. The noise spectra for our SQUID magnetometer (#1) recorde®BB with and without the
superconducting shield. The spectrum measured for a bakdB®ith the pick-up loop replaced by a®
short across the input terminals is also shown (convertéd tsing the same calibration factor). The data
points have been smoothed.

At high frequencies the intrinsic SQUID noise is greatemtlilae magnetic field noise and
the spectra are flat, until the noise drops off above the SQudbBdwidth. Below~100 Hz the
unshielded spectrum shows the spectrum of the magnetie imotbe laboratory (this is the same
level as that measured by the permanent SQUID magnetontet&B8 [[[§]). There is a smalll
peak at 50Hz due to the field generated by the power cables.owr|frequencies the noise
increases as/f.

The shielded spectrum shows a flat white noise level of 4.81#T1/2 above~1 Hz; below
this it increases as the frequency falls, approximately4e8y f) fT-Hz~%/2, although the lowest
frequency points are even higher. This is the magnetic fieigen reduced by a facter30 by the
shield. Figureg 14 also shows a noise spectrum measured rdDwith an identical sensor, but
with the pick-up loop replaced by a very short supercondgctvire, shorting the input terminals
on the SQUID chip (converted to fT using the same calibratamtor). This shows the intrinsic
noise of the SQUID, which is what we would measure with no rewtefield fluctuationg! This
gives a white noise of 2.6 fHz~%/2 above 1Hz and3.2//T) fT-Hz~Y/2 below this. Note that
while the geomagnetic field shows an approximately 4 power spectrum (or Af magnetic field
spectrum), the SQUID power only rises g&f1

We can calculate the FWHM resolution of the magnetomeiB, by integrating the noise
spectrum; as shown in equatidn [5.1),

‘fmax
58 = 2.35, //1 B2 df (5.1)
T

whereB,(f) is the noise level at frequency f (in units of tesla per roatd)efyaxis the bandwidth
andT is the measurement time (which sets the lower frequency)limi

There will be a small difference as the inductance of thetigjouit is different, but as the pick-up loop inductance
is only ~20% of the total inductance this effect is small. This exmgaihy the lines in figurBA do not overlap perfectly
at high frequency.
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Table 4. The resolution of the magnetometer calculated from theensiectra in figurBA for a cut-off
frequency of 10 Hz. The magnetometer resolutions (with aititbwt the shield) were limited by fluctuations
in the geomagnetic field, so these figures are an upper limiti@mperformance. The resolution calculated
from the bare SQUID noise is what we could achieve in a betteided environment (unless limited by
other factors).

Measurement time [s] 80 8
Resolution (no shield) 14pT | 2.7pT
Resolution (with shield) 570fT | 49fT
Resolution from bare SQUID noise 27fT | 26fT

Table[4 shows the resolutions calculated using equationohd the spectra in figufe]L4. With
the shield in place, we derive a resolution of 0.57 fT for aetup for a cut-off frequency of 10 Hz,
and a measurement time of 80 s (the longest time period abu®reéhese noise spectra).If the
geomagnetic spectrum continues to scale as 1/f at loweundreges, then we estimate we would
measure a resolution of 0.73 pT for a measurement time of.130 s

This is higher than our target &f0.1 pT for a 130 s measurement with 10 Hz cutoff. However
we stress that this is merely the best we can demonstratdsiretirironment. It is limited by
fluctuations in the Earth’s magnetic field. We can estimagerédsolution we could achieve with
perfect magnetic shielding from the noise spectrum for e (5QUID. This gives 27 fT for an
80 s measurement, which would increase to 28 fT for 130 séremaling as 1/f). In practice we
are unlikely to achieve such a low resolution even with invpobshielding, as there will always be
some thermal magnetic noise due to the shielding mateHiaiwever as our target of 100 T is 3-4
times this value, we believe it is achievable. This condnsissumes that the geomagnetic field
noise we measured is not masking another noise source. Wefuahalysis of the noise measured
by the two SQUIDs connected to the same loop supports this.

Figure[Ib shows the noise spectrum for SQUID 4, (the one aiedeo the same loop as
SQUID 5). This is significantly higher than SQUID 1 as it alszeives the noise produced by
SQUID 5; and the higher inductance of the two SQUID loop redite signal (so when converted
to fT the noise level is higher). Using the procedure desdrilm sectior{ 4]1 we calculated the
scaled difference between the two SQUIDs for all events,taok the frequency spectrum of the
result, which is also shown in figufe]15. This is illustratedigure[1p for two events.

In theory the magnetic field noise will give an identical sigm both SQUIDs, so the scaled
difference spectrum should show the intrinsic noise of the S8QUIDs. In practice, at some
frequencies, this difference was limited by the bit regolutof the transient recorder, so the line
in figure[Ip is only an upper limit. However it is encouragignbte that this spectrum does not
increase so dramatically at low frequency, confirming ouiebéhat this feature, which limits the
resolution we demonstrated, is due to the external magfieliitc

To conclude this section, the best resolution we have detmrated at Rustrel is 0.57 pT for
a measurement time of 80s and 10 Hz cutoff. This is less thartaoget of 0.1 pT, but this is
limited by the magnetic environment. Even in the low noiseiremment at LSBB we still detect
fluctuations in the Earth’s magnetic field below 10 Hz. We hslvewn that these low frequency
fluctuations are due to the magnetic field and not anotheersmarce, as the frequency spectrum
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Figure 15. The noise spectrum for SQUID 4 (which was connected in sarigsSQUID 5 to the pick-up
loop); together with the frequency spectrum of the scaléf@rdince between the two samples (calculated
using the procedure described in sec 4.1). In this pltiata points are not smoothed so the boundaries
between different datasets are visible. At the upper endeofdwest spectrum, the quantization noise of the
transient recorder dominated. This is not the case for thednifrequency datasets, which were recorded
with the filter preceding the transient recorder set to a éigjain. This gives rise to the apparent jump
at 12 Hz.

of the scaled difference between the signals in two SQUIDgeocted to the same pick-up loop did
not rise so rapidly at low frequencies. If we could achieve tibise level equal to that measured
with a SQUID with shorted input, then we could achieve a ngsmh of 27 fT (same measurement
time and cutoff).

These results were obtained with a small prototype systemaiWiil to achieve a resolution of
better than 0.1 pT in the final cryoEDM system. There is stithteof work to do to achieve this,
but the results we have obtained at LSBB mean we are confidenawachieve this.

6. Heating pick-up loopsto destroy superconductivity

The cryoEDM SQUID system has heaters installed to allow itlepp loops to be heated into their
conducting state so the circulating supercurrent can beayesl. In our March tests at LSBB we
installed a similar heater, consisting of a 390esistor, on the twisted wire pair between SQUID
3 and its pick-up loop. The twisted wire pair was coiled awbtime resistor, which was held in a
plastic guide of 5 mm diameter, filled with Stycast. This wasigned to work when submerged in
liquid or superfluid helium. When a current of 10 mA was applie the heater, the input circuit
of this SQUID was driven from its superconducting to its natroonducting state. This setup
allowed us to study the change in the signals on the other B®When one loop changed from
superconducting to conducting. The result of this expeminigeillustrated in figur¢ 17.

When the heater is turned on it creates a magnetic field kesttie calibration coil, which is
picked up by all three SQUIDs. Unfortunately we cannot meagioe magnitude of this signal as
it exceeds the slew rate of the SQUIDs (the voltage jump wifereint each time the heater current
was changed, so it appears the SQUIDs were losing flux quaB@YID 4 mirrors SQUID 3 to
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Figure 16. Two of the events used to plot the spectra in fiqgrle 15. Thénkaid column shows the signals
measured by SQUIDs 4 and 5. The right hand column shows thedstifference between these two signals.
The top row is for an event with ajls timebase, the bottom row for 10 ms timebase. The bit rasalér
the transient record was0.01V, so the Fourier spectrum of the bottom right hand pladdominated by
guantization noise at the higher frequencies.

an extent as the two pick-up loops are on the same formert f@rains superconducting. SQUID
5 also shows a small shift at the point at which SQUID 3 becomoeslucting due to the crosstalk
between channels.

One problem with the heater design is that the imperfecttitwgsof the wires around the
heater, leads to the unwanted pick-up of the magnetic fiehigpoint (discussed in sectin §.1).
In the September setup the twisted wire pair was not coilgtlyi, but only wrapped only once
around the resistor. However thermal coupling was not secti¥e, and a current of over 50 mA
was needed to heat the loop into its conducting state. Thisined a voltage of 50V, and as the
high voltage power supply generated additional noise, n@experiments with the heater were
done during the September run.

In the setup installed in the cryoEDM experiment, we did nabiithe magnetic field generated
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Figure 17. The output signal of three SQUIDs (offset for clarity), ahd status of the heater and calibration
currents as the heater on the loop connected to SQUID 3 wasdwm, and then off. The jump at t=0 is
due to the calibration coil. Att=1.9 s the heater was turngdaad 0.45 s later the input to SQUID 3 became

non-superconducting.

Heater current 4.4mA

Heater

Heater current 3.4mA

SQUIDs

0 0.02 0.04 0.06 0.08 0.1 012
Time [s]

Figure 18. The performance of the heater on the cryoEDM SQUID systenis 3tows the 50 Hz signal
measured by five SQUIDs. At 0.086 s the current supply to aeheatthe twisted wire pair for one SQUID
was increased. At 0.098s the input circuit of this SQUID lmees conducting. The other SQUIDs record
this change of state, but there is no signal on any SQUID befus point, showing that the lead shield
around the heater successfully shields the field genergtdtetheater current.

by the heater to interfere with measurements. Thereforédlater was fixed to the twisted wire
pair inside a small lead cylinder, and the wire pair to andnftbis ran through a superconducting
shield made from solder wire with the flux removed. This sastidly shielded the wires so we
did not pick up any signal when a current was applied to théghe@his is shown in figurg 18.
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Figure 19. The voltage step in SQUID 4 due to the 266 pT signal from thibtion coil, as the heater on
SQUID 3 was turned on, then off. The data points have beereldifor clarity.

Figure[1P shows the height of the voltage step due to therasilim signal for SQUID 4,
plotted against time, as the heater for SQUID 3 was turnedham off. When SQUID 3 is su-
perconducting, SQUID 4 shows an average jump of 2.5V. WhebI®@ becomes conducting,
this increases to 3.2'V. This can be explained by considehagrosstalk between the two loops.
Loops 3 and 4 are wound on the same former; from equation 4awevdte the change in the flux
through loop 4 as

ADy = 0= Ay + laL1 + 13Maa. (6.1)

When the supercurrent in loop B, disappears, the currehiin loop 4 must increase so the total
flux through the superconducting loop remains constant.

7. Conclusions

In this paper we have described a multi-loop SQUID magnetenvee have constructed and tested
during two field trips to LSBB in Provence, France. This setapsisted of several parallel pick-
loops connected to the SQUIDs by twisted wire pairs. A catibn coil was installed and one loop
had a heater installed on the wire pair to allow it to be heattlits normal conducting state. We
have monitored the SQUID output for up to twelve hours aneraibrrecting the effects of SQUID
resets and crosstalk between the loops, and calibratingighal, we compare our measured signal
with data from geomagnetic observatories to confirm we hameitored the geomagnetic field.
The primary purpose of these tests was to demonstrate thgiréttotype cryoEDM SQUID

system would function as intended in a suitable environméfethave achieved this objective; and
in addition, the project provided an opportunity to develeghniques to extract a useful magnetic
field signal from the SQUID output voltage; and to study theriaction between pick-up loops.
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We have shown how SQUID resets can be corrected using a ssofhleare algorithm. The
crosstalk between channels can be measured from the sigheled on other channels when one
SQUID resets, and these figures can be used to correct itdsefe suitably small calibration coil
can be modelled as a magnetic dipole allowing us to calimateignals to give a final value in nT.

We have examined the variation between channels by regaaim signhal to match another and
then taking the difference between these two signals. Tdaked difference correlates well with
the North-South component of the field measured by geomiagoletervatories, so we conclude
the difference is mainly due to pick-up of the horizontaldiebmponent.

We have measured a noise level equivalent to a resolution5@fI over an 80 s measure-
ment time and 10 Hz cut off frequency. Although this is higtiemn the 0.1 pT resolution we aim to
achieve in the cryoEDM apparatus, this is limited by the mxkgeomagnetic field. Our measure-
ments of the noise of a SQUID with no pick-up loop attachedyssgwe can achieve the desired
performance with improved magnetic shielding. We have shtivat the frequency spectrum of
the scaled difference between the signals measured by twhlEZonnected to the same pick-up
loop does not increase so much at low frequencies as the geetianoise.

Finally we have shown how a suitably designed heater on tisegwire-pair between the
SQUID and pick-up loop can be used to heat the wire into itenabconducting state (even when
used in liquid or superfluid helium). This allowed us to fentistudy the coupling between pick-up
loops and show that heating one superconducting loop isetethe signal in a parallel loop by
28%. The heater current itself generated a field which waseditp by other loops; and we have
shown how this can be avoided by shielding the heater andevizair in lead.

A SQUID magnetometer for cryoEDM has now been installed amtessfully tested at the
ILL in Grenoble, however as expected, all measurementstltave been limited by the electro-
magnetic environment. We are working on improving this viiétter shielding.
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