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The fast digital integrator has been conceived to face most demanding magnet test requirements with
a resolution of 10 ppm, a signal-to-noise ratio of 105 dB at 20 kHz, a time resolution of 50 ns,
an offset of 10 ppm, and on-line processing. In this paper, the on-field achievements of the fast
digital integrator are assessed by a specific measurement campaign at the European Organization
for Nuclear Research (CERN). At first, the architecture and the metrological specifications of the
instrument are reported. Then, the recent on-field achievements of (i) ±10 ppm of uncertainty in the
measurement of the main field for superconducting magnets characterization, (ii) ±0.02 % of field
uncertainty in quality assessment of small-aperture permanent magnets, and (iii) ±0.15 % of drift, in
an excitation current measurement of 600 s under cryogenic conditions, are presented and discussed.
© 2012 American Institute of Physics. [doi:10.1063/1.3673000]

I. INTRODUCTION

The most relevant specifications of the magnetic field
produced by accelerator magnets are strength and direction,
errors with respect to the ideal profile, and location of the
magnetic axis (in the case of quadrupole magnets giving field
gradients).1 The above quantities are required as integral or
average over the magnet length. Ideally, the selection of the
measurement instrument should be based on the field range to
be measured, the required accuracy, the mapped volume, and
the frequency bandwidth.

The range of field to be measured across particle acceler-
ator magnets is large, spanning several orders of magnitude,
from fields as low as 0.1 mT (corrector magnets in warm con-
ditions) to peak fields of the order of 10 T (main bending su-
perconducting dipoles at ultimate field). For the accuracy, the
production follow-up and the accelerator operation requires
knowledge of the magnetic field better than 100 ppm or, as
often referred to in relative terms, 1 unit, i.e., 10−4 of the
main field.1 Traditionally, at this accuracy level, these quan-
tities are measured by means of rotating coils.2–4 For spe-
cific tasks, such as quadrupole gradient and axis measure-
ments, or for fast sextupole component measurements, other
techniques, such as single stretched wire,5 or Hall probe ar-
rangements, are applied.6 In practice, only fluxmeter methods
(stationary or rotating coils read by voltage integrators) and
magnetic resonance devices (NMR/EPR) can satisfy the re-
quirements of 100 ppm accuracy over a range of 10 T, while
Hall probes are only marginally applicable.7–9

An advantage of fluxmeters is that the sensing device,
the coil itself, can be made perfectly linear, by using only
non-conducting and non-magnetic components (ceramics and
plastics) and by decreasing the calibration burden signifi-
cantly. Magnetic resonance probes, as well as Hall probes,
have local nature and are not suited to the effective mea-
surement of integral field over length of several meters. This
is possible by using assemblies of coils used as probes in
a rotating-coil or fixed-coil fluxmeter. This is why many

magnetic measurement techniques, from magnetic diagnostic
in tokamak10–13 to high-current superconducting-cable test,14

rely on the use of an integrator. In field measurements for
accelerator magnets, the integrator requirements are imposed
mainly by the most-demanding measurement objectives of ro-
tating coils.

Altogether, a maximum rotation speed of 10 turns/s and a
maximum angular resolution of 8192 points per turn give rise
to a flux sampling rate of about 150 kS/s as a target. Typical
requirements15 (for a full-scale input signal of ±10 V) are a
SNR higher than 80 dB, at a sampling rate of 150 kS/s, a ±10
ppm target for the non-linearity, and ±10 ppm target for 1-h
stability of gain and offset (Table I).

These requirements are not met by the Portable Digital
Integrator (PDI),16 in use for over 20 years. In fact, the PDI,
based on a voltage-to-frequency converter (VFC) with a max-
imum frequency of 500 kHz and a full scale of 10 V, has a res-
olution of 2 × 10−5 Vs for a gain of 1. This value is associated
with the uncertainty on the increment flux due to the round-
ing of the counter. The relative uncertainty on the flux incre-
ment depends not only on the amplitude of the input signal
but also on the measurement time interval. In fact, for a VFC,
a larger measurement time gives higher accuracy. Therefore,
the accuracy of a VFC gets worse on increasing the sampling
rate, not satisfying the above requirements of fast magnetic
transducers.17, 18

At this aim, several new integrators were conceived
(at “Commisariat à l’Energie Atomique” of CEA Saclay,19

TABLE I. Fast rotating coil requirements.

Rotation speed (turns/s) 10
Angular resolution (rad) 10−3

Flux sampling rate (kS/s) 150
SNR (dB) 80
Linearity error (ppm) ±10
1-hour stability (ppm) ±10
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at the Japan Atomic Energy Research Institute,20 and at the
Fermi National Accelerator Laboratory21), but without mak-
ing available an instrument for a direct on-field exploita-
tion. A new fully on-board instrument, the Fast Digital In-
tegrator (FDI), was developed at the European Organization
for Nuclear Research (CERN), in cooperation with the Uni-
versity of Sannio.22 A metrological characterization, both
in simulation23, 24 and in laboratory,15, 25 was carried out, by
highlighting frequency bandwidth and accuracy significantly
higher than the de-facto standard PDI.

In this paper, the on-field performance evaluation of the
fast digital integrator, promising new performance to mag-
netic measurements for particle accelerators, is reported. The
performance achievement of the instrument, such as magnetic
field precision and integration drift, in three high-demanding
applications, such as superconducting magnet analysis, small-
aperture permanent magnets characterization, and super-
conducting cables testing, are illustrated and discussed. In
particular, in Sec. II, the architecture and the metrological
specifications of the fast digital integrator are highlighted. In
Sec. III, the on-field achievements of the instrument in the
analysis of dynamic errors of superconducting magnets are
presented. In Sec. IV, the results in characterizing small-
aperture permanent magnets are illustrated. Finally in Sec. V,
the drift performance in the measurement of currents at cryo-
genic temperature is analyzed.

II. FAST DIGITAL INTEGRATOR

In the following, (A) the architecture and (B) the metro-
logical specifications of the fast digital integrator are recalled.

A. Architecture

The input signal is conditioned by a differential gain am-
plifier (PGA in Fig. 1), with self-calibration capabilities, and
sampled in the time domain by a high-speed, high-resolution
successive approximation register (SAR) ADC (Table II). A
DSP is the numerical core of the board, processing measure-
ment data and supervising the board as a whole, in association
with a field programmable gate array (FPGA). In particular,
the FPGA provides the DSP with a powerful I/O capability,

FIG. 1. FDI conceptual architecture (PGA: programmable gain amplifier,
CLK: clock, ADC: analog-to-digital converter, DIV: divider, DSP: digital sig-
nal processor, FPGA: field programmable gate array).

TABLE II. SAR ADC specifications.

Resolution (bit) 18
Max sampling rate (kS/s) 670
Integral linearity error (LSB) ±1.5
Bipolar zero error (%FS) ±0.03
Zero error temperature drift (ppm/◦C) ±0.5
Bipolar full-scale error (%FS) ±0.09
Full-scale error temperature drift (ppm/◦C) ±0.5

by acting as interface for the DSP with the local bus and with
the memory (Fig. 1).

With respect to a last-generation digital signal
controllers,26 this simultaneous presence of DSP and FPGA
allows both state-of-the-art maximum processing power and
large I/O capabilities. The DSP carries out the numerical in-
tegration, by releasing a magnetic flux sample at each trigger
pulse. Trapezoidal rule was selected as integration algorithm
by means of a suitable uncertainty computational overhead
analysis.24 Thus, the trigger frequency represents the flux
sampling rate, with a theoretical maximum value limited by
the ADC Nyquist frequency. The maximum sampling rate of
the ADC of FDI is 500 kS/s in order to have an integer ratio
with the main clock frequency. Therefore, the instrument
can accept a maximum trigger rate of the half ADC rate
(at least two ADC samples for each defined integral), and
thus is capable of analyzing the flux over a bandwidth of
125 kHz.

The main advantages of on-board processing are: (i)
to deal with the asynchronous trigger signal from angular
encoders coupled with rotating shafts without losing per-
formance, and (ii) to reduce the data flow and memory
demand to the controlling PC. In particular, the DSP pro-
cesses generic algorithms like on-line integration.25 On-line
integration means that each flux sample is processed inside
one sampling period by allowing dynamic performance and
throughput to be maintained, so as to attain the desired speed
in the fast digital integrator.

A further uncertainty reduction of the measured inte-
gral values is achieved by exploiting a universal time counter
(UTC), with resolution of 50 ns, used to measure the abso-
lute time of the external trigger signal, asynchronous with
respect to the ADC conversion signal (ADC clock). At this
aim, a 20-MHz oven-controlled crystal oscillator, with phase
noise of –140 dBc/Hz at 1 kHz and ±0.3 ppm of long-term
stability (1 year), is used as time base for the UTC. The os-
cillator loads a 40-bit counter implemented on the FPGA,
by providing an accurate time measurement on a time up
to 15 h.

The integration algorithm is based on the trapezoidal rule.
The first trigger pulse enables the UTC. Then, at each ADC
sample, the area of a trapezoidal element (Fig. 2) is computed,
by knowing the last ADC sample and the period τ c, and accu-
mulated. The step is repeated until a second trigger pulse ar-
rives. The assessment of the time intervals τ a (time between
a trigger pulse and the next ADC sample) and τ b (time be-
tween the last ADC sample and the trigger pulse), depicted in
Fig. 2, is crucial in order to reduce the numerical integration
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FIG. 2. Integration algorithm: Vk (�) are computed by means of a linear
interpolation between the previous Si-1 and the next Si ADC sample (�).τ a
and τ ba are known by the on board UTC.

error. They are measured by means of the UTC and the volt-
age Vk is obtained by a linear interpolation of the previous
(Si-1) and the next (Si) ADC sample with respect to arrival
time tk of the trigger pulse.24

B. Metrological specifications

Typical static non-linearity, relative to a full scale of ±10
Vs and with temperature ranging between 27 and 35 ◦C, is
within ±7 ppm.27 The transfer function has typical gain rel-
ative errors of 0.2% with respect to its nominal value 1 and
typical offset errors of 17 ppm relative to the full scale.

Typical repeatability value is ±1 ppm over 30 min at
30 ◦C, when electromagnetic noise is minimized by extract-
ing the board out of the PXI crate.

Typical values of 24-h stability are about ±3 ppm. Fur-
thermore, the transfer function, extrapolated on the basis of
the stability test, provides an estimation of the relative 24-h
stability for the FDI gain and offset.

In Fig. 3, theoretical and typical dynamic performance of
FDI and PDI, expressed as signal-to-noise and distortion ratio
(SINAD) (Ref. 29) of the integrated signal as a function of the
trigger frequency, are compared.28 The acquisitions were per-
formed in nominal conditions of coherent sampling, by syn-
chronizing the trigger signal with the board clock, and the

FIG. 3. FDI (o) and PDI (�) dynamic performance vs. trigger frequency,
for an input sine wave of 10 Hz and 10 V peak to peak, measured for 2 s.25

The theoretical performance limit is reported with a dotted line for PDI and
a solid line for FDI.

actual spectral leakage was attenuated by using a Blackman-
Harris window.25 The comparison shows a remarkable im-
provement achieved by the FDI by about 40 dB in compari-
son to the PDI. Moreover, its performance is evaluated also in
working conditions not accessible to PDI. In the above band-
width, the SINAD is higher than 100 dB, namely, the required
target of 10 ppm is achieved.

III. TESTING DYNAMIC ERRORS OF
SUPERCONDUCTING MAGNETS

Acceleration operation of a collider requires constant
magnetic field phases for particles injection. The acceleration
cycle of the Large Hadron Collider (LHC) at CERN includes
a constant current plateau in the dipoles of about 760 A for
more than 1000 s (Fig. 4). Previous experiences with super-
conducting magnet collider (HERA, TEVATRON, and SSC)
highlighted that, during contant current phases, the magnetic
field components inside the superconducting magnets change
by showing a “decay” effect.29 The field change can be also
large if compared to the tolerances of the accelerator machine
(about 20 units of chromaticity) and needs to be corrected ac-
curately. The dependency of the powering history of this phe-
nomenon requires a parametric study based on measurement
campaigns and feedbacks from operations.

At the end of the injection plateau, as soon as the mag-
net current is increased, all the field harmonics go back to the
initial values at the beginning of the plateau. This fast effect
is called “snapback.”30 If not compensated suitably, the cor-
responding sudden variation of magnetic field components,
mainly of the sextupole (b3) and decapole (b5) multipoles, af-
fect deeply the beam dynamic properties.

During the construction phase of the LHC dipole series,
the amplitude of the decay was measured by using the PDI.16

A 15-m long shaft, composed of 12 ceramic segments17 and
equipped by coil-based transducers, was turning inside the
magnet aperture. The coil signals were integrated in the time
domain between fixed angular positions, time stamped by an
angular encoder in order to get the magnetic flux. The flux
sampling rate depends on the angular speed and on the num-
ber of points per turn. The multipolar components of the mag-
net under test are evaluated for each turn of the coil, thus a
faster rotation gives a higher update rate of field harmonics.
The time resolution of 20 s given by the old PDI-based ac-
quisition system was not sufficient to measure the snapback

FIG. 4. Example of a present LHC current cycle: preparation plateau at
100 A, injection plateau at 757 A for 5500 s, parabolic-exponential-linear
acceleration ramp, and physics plateau at 5890 A.
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FIG. 5. Details of support and coils in the cross-section of a segment.17

occurring in some seconds at the current ramp start. This was
done on a limited number of magnets using a system based
on Hall plates. The FDI, as well as a new generation of mo-
tor/encoder units,31 were developed in order to measure the
magnetic field with higher bandwidth.

The new configuration is based on 12 FDI boards. Two
sets of three boards are used to measure the main dipole com-
ponents separately on the ends and on the central parts of each
dipole aperture. This main field component is measured by the
central coil sketched in the shaft cross-section of Fig. 5. Six
other FDI integrators measure the higher harmonic compo-
nents, by connecting a tangential and the central coils in op-
position in order to cancel the main component and enhance
the signal-to-noise ratio. The measuring shafts are rotated up
to 10 turns/s by a motor unit including angular encoder and
slip rings for the coil signals (Fig. 6). The magnetic flux is
measured between 512 angular positions per turns, thus each
integrator produces more than 5’000 integrated voltage sam-
ples per second.

In Figs. 7, the behavior of the magnet transfer func-
tion (TF, namely, the ratio of the main field to the current,
Fig. 7(a)) and the more critical magnetic field components
b3, b5, and b7 (Figs. 7(b)–7(d), respectively) are shown. They
are measured during the injection plateau (1000 s at 760 A)
and the initial acceleration ramp. They are expressed as vari-
ation from the starting value (t = 0), and depicted as integral
value, over the total shaft length, at the reference radius of 17
mm. The precision of the multipolar components (Figs. 7(b)–
7(d) is higher than the transfer function (Fig. 7(a)), because
(i) a suitable bucking of the main harmonic is realized by con-
necting in anti-series the central and the tangential coils, and
(ii) the multipolar components are referred to the main field
measured by the central coil.

FIG. 6. Rotating coil measurement system for LHC main dipole testing.

In particular, the decay (for time < 1000 s) and the snap-
back (for time > 1000 s) can be recognized easily. For the
transfer function (Fig. 7(a)), evaluated by analyzing the abso-
lute signal of the central coil, a 1-σ uncertainty band of ±10
ppm allows a decay of about 60 ppm and a snapback of about
150 ppm to be assessed. Such a band corresponds to a SNR of
more than 90 dB, not reachable by means of the PDI. The time
resolution of 1 s for all the measured field components allows
the fast dynamic errors to be studied and investigated suitably.
Furthermore, this study case highlights the usefulness of the
on-board integration algorithm: besides the higher accuracy,
the size of the transferred and stored flux data is reduced by a
factor in the order of 500.

Finally, the new FDI-based measurement system, after
several measurement campaigns aimed at validating the LHC
magnetic model, allows both multipoles to be measured with
very-high precision and field errors to be corrected with resid-
uals in the order of few ppm.32

IV. TESTING SMALL-APERTURE MAGNETS

Presently, a new linear accelerator Linac4 for the injec-
tion of ions H− with target energy of 160 MeV is under con-
struction at CERN.33 For one of its main sections, the first
drift tube tank, a set of permanent magnet quadrupoles (PMQ)
are employed for focusing the beam. They were selected as
the best practical way to provide the required high gradient
within the small volume available inside the high-frequency
accelerating structure. Additional advantages include simple
fixed-optics operation and no need of cooling. The PMQs
are tuned in focusing-defocusing pairs with the same inte-
grated gradient. The tuning of the gradient is done by the
magnet manufacturer and is verified at CERN, according to
a common measurement reference, as a part of the acceptance
tests of each magnet. Their main parameters are reported in
Table III. The drift tubes are not adjustable in any way, thus
corrective interventions on assembled tanks would be very
costly and must absolutely be avoided.

Testing magnets as the PMQs with a small aperture of
the order or 20 mm is a challenging task. The requirements
for the field quality assessment of such magnets are in the or-
der of units (10−4 of the main field). In general, small coil
shafts suffer from the non-negligible physical dimensions of
the winding. The machining defects became determinant in
the overall uncertainty of the rotating coil. Furthermore, the
shaft speed must be high (1 turn/s) in order to increase
the SNR despite the low sensitivity coefficient (surface) of
the coil.

TABLE III. Permanent magnet quadrupoles main parameters.

Parameter Value

Peak gradient (T/m) 23.6–58.4
Integrated gradient (Tm/m) 1.0–2.5
Length (mm) 45–80
Bore diameter (mm) 22
Reference radius Rref (mm) 7.5
Outer diameter (mm) 60
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FIG. 7. Measurement results of the variations from the initial value (t = 0) for: (a) magnet transfer function TF, (b) sextupolar component b3, (c) decapolar
component b5, and (d) 14-pole component b7, measured at the reference radius of 17 mm during injection plateau and initial acceleration ramp.

The measurement station for the PMQs is based on a ro-
tating coil system developed at CERN (Fig. 8). The bench
is equipped with: (i) a motor unit, (ii) a coil shaft with length
200 mm and diameter of 19 mm, (iii) an encoder unit mounted
on the shaft on the opposite side of the motor, (iv) a PXI en-
coder board to manage the angular trigger signal (2048 points
per turn), and (v) a fast digital integrator to acquire and pro-
cess the signal from the coil.

In this case, the field quality of the magnets was assessed
in terms of multipolar coefficients by analyzing the signal of
a single coil.

Preliminarily, deterministic errors were corrected by tak-
ing the difference of several measurements with the magnet in
different positions (“rotation and reflection of axis”34). Then,
the relative uncertainty of Type A was computed for each
multipolar coefficient. As a further verification, the measured
multipoles were compared to the measurements made by the
factory and differences less than 2 units in average were ob-
served. The resulting uncertainty, up to the 10th coefficient, is
summarized in Table IV: the FDI allows the target of ±0.02 %
of uncertainty in field quality assessment to be reached, ow-
ing to its negligible noise contribution. The PDI cannot be
used for the same measurement: its SINAD less than 70 dB
(Fig. 3) affects the results significantly, by introducing an
amount of uncertainty well above the other sources (such as
mechanical defects).

FIG. 8. Rotating coil measurement bench for the Linac4 permanent
quadrupole.

V. CURRENT MEASUREMENTS AT CRYOGENIC
TEMPERATURE

Testing superconducting cables is another field for which
a fast and precise integration is useful.14 Usually, the evalua-
tion of critical currents requires injecting and measuring cur-
rents in the cable sample in the order of several tens of kA,
with a variable magnetic field background and by preserving
the cryogenic conditions. This is done commonly by means
of high-current power supplies requiring equal capacity feed
through. The electro-mechanical set-up has very large dimen-
sions, and leads to large demands to the cryogenic plant. An
alternative is to use a superconducting transformer. It is com-
posed by (i) two air-cored coils, usually called “primary”
winding, directly fed by the power supply and producing a
variable magnetic field, and (ii) a “secondary” winding, where
the current is induced by the field variation. A secondary-
current measurement device and a feedback control system
are needed to drive the feeding of the primary, in order to
have the desired current profile as output. Currents have to
be measured at low temperature because the secondary of the
transformer is connected to the cable under test directly into
the cryostat. Most of the standard methods are not suitable
for large currents in cryogenic conditions, and only simpler
techniques can be applied directly. Rogowski coils and inte-
grators are a trade-off between application ease and measure-
ment quality.35 Their main drawback arises from unavoidable
drifts in long measurements.

At the Facility for the Research on Superconducting Ca-
bles (FReSCa) of CERN,36 the cable test station has been

TABLE IV. Multipolar component uncertainty.

Multipole order Average value (units) Relative uncertainty (units)

c3 24.4 1.3
c4 49.1 1.5
c5 11.8 1.7
c6 20.6 0.7
c7 7.0 2.3
c8 1.5 2.5
c9 0.7 1.2
c10 1.1 0.8
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FIG. 9. Schematic of the cryo-transformer and its current measurement and
control system.

upgraded by introducing a cryo-transformer developed a few
years ago and newly equipped with a fully digital control sys-
tem, based on the fast digital integrator, and relying on its
high resolution and stability. The current circulating in the
secondary of the transformer and in the sample is measured
by means of two toroidal Rogowski coils (Table V). They are
placed around the two output cables of the secondary (Fig. 9),
above the connection area. Each coil consists of about 2600
turns of 0.1-mm copper wire.

Theoretically, a perfectly wound Rogowski coil is insen-
sitive to external magnetic field variations. However, owing to
winding inaccuracy, perturbations arising from the field gen-
erated by the transformer can be detected. The external field
influence is minimized, by increasing also the signal simul-
taneously, by connecting the two coils in an anti-series com-
pensation scheme.

The signal is acquired by a fast digital integrator, with a
trigger signal of 20 Hz provided by a PXI timing board. How-
ever, the coils allow only the current variations to be mea-
sured, thus the initial value of the current has to be known
when the integration is started. To this aim, a null secondary
current is obtained by means of suitable heaters, mounted
on the secondary to warm up the cable above the critical
temperature.

The measurement system as a whole was characterized
by assessing its resolution and drift. The resolution was
estimated by analyzing the signal-to-noise ratio (SNR)
during a high-current plateau. For a current of 10 kA, the

TABLE V. Rogowski coil main parameters.

Parameter Coil 1 Coil 2

Rint (mm) 26 26
Rext (mm) 57 57
Width (mm) 72.1 72.1
Number of turns 2615 2569

FIG. 10. Open-loop current cycles measured on the transformer secondary
and primary to assess the drift: (a) the whole cycles and (b) a detail of the
drift on the secondary current at the end of several cycles (heaters’ switched-
on times highlighted in gray).

SNR resulted higher than 80 dB, by leading to a resolution
of the current less than 1 A. The drift was assessed as the
variation in the measured current between the initial and the
final values of a powering closed-cycle of long duration. In
Fig. 10(a), examples of current measurements in a long-
duration test of about 600 s are shown. Open-loop cycles
(without activating the feedback control system) composed by
two ascending/descending ramps from 0 to 150 A on the pri-
mary, were performed. The secondary was connected to a su-
perconducting short circuit (a piece of standard LHC Ruther-
ford cable) and was excited by a current up to 1.4 kA. At the
end of the cycles, the heaters were switched on, in order to
force the zero current by warming up the secondary and mak-
ing it resistive. The final measured current is in the range of
±2 A (±0.15 %), corresponding to a time average drift of
±3.3 mA/s (Fig. 10(b)). This drift corresponds to less than 1
ppm in term of voltage offset and is compatible with the FDI
stability specifications (7 ppm in 24 h). Such a drift meets
the requirement target of uncertainty in current estimation for
superconducting cable tests of thousands seconds and over-
comes by a factor 30 the performance (0.1 A/s of drift) of the
previous system37 based on custom electronics.

VI. CONCLUSIONS

The fast digital integrator , based on a high-rate 18-bit
resolution analog-to-digital converter and a digital signal pro-
cessor , has been tested and validated on the field at CERN.
The FDI overcomes the limits in terms of frequency band-
width and accuracy of the de-facto standard integrator, the
portable digital integrator, previously used at CERN, as well
as in many other research centers. The instrument has been
exploited in several challenging measurements in the mag-
netic area, such as dynamic field error characterization in
superconducting magnets, small-aperture magnet quality as-
sessment, and current measurement in cryogenic conditions.
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For superconducting magnets, a 1-σ uncertainty band of
± 10 ppm for the transfer function (field divided by excita-
tion current) is measured. The time variation of the “decay”
and “snapback” of the sextupole component is measured with
unprecedented precision, allowing a correction in the order of
few ppm.32 Furthermore, owing to the on-board integration
algorithm, besides the higher accuracy, the size of the trans-
ferred and stored flux data is reduced by a factor in the or-
der of 500. For small-aperture magnets, the FDI allows the
target of ±0.02% of field uncertainty to be reached owing
to its negligible noise contribution with respect to PDI. For
cryogenic current measurements, the FDI stability produces a
drift of ±0.15% in 600 s, meeting the uncertainty target and
overcoming by a factor 30 the performance of the previous
system.

The use of the instrument at CERN as well as in other lab-
oratories allowed the refinement of the instrument, by launch-
ing the FDI to become the new de-facto standard integrator
for magnetic measurements.
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