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ARTICLE INFO ABSTRACT

Keywords: In synchrotrons at the European Organization for Nuclear Research (CERN), magnetic measurement systems
B-train known as B-trains measure the magnetic field in the main bending magnets in real-time, and transmit
Calibration this signal for the control of the synchrotron’s RF accelerating cavities, magnet power converter and beam
Field marker monitoring systems. This work presents an assessment of the capabilities and performance of the new

f;;ﬂ:s)in::; resonance FIRESTORM (Field In REal-time STreaming from Online Reference Magnets) system as part of the first

Nuclear magnetic resonance
Real-time magnetic measurement
Synchrotron

phase of commissioning. A short summary of the architecture of the measurement system is provided first,
followed by the definition of an error model which can be used to characterize random and systematic errors
separately. We present a procedure for the metrological calibration and qualification of the B-trains, including
an experimental evaluation of the different error sources for the four new systems being commissioned in the
Proton Synchrotron Booster (PSB), Low Energy Ion Ring (LEIR), Proton Synchrotron (PS) and the Extra Low
ENergy Antiproton (ELENA) ring. In particular, we discuss a method to calibrate systematic gain and offset

errors based on the RF cavity frequency offset needed to center the beam on its theoretical orbit.

1. Introduction

In particle synchrotrons, the vertical magnetic field produced by the
bending magnets is used to guide charged particles along a closed hori-
zontal orbit, determined by the equilibrium of the centrifugal force and
the Lorentz force. Knowledge of the instantaneous value of the mag-
netic field is essential, especially for the control of the radio-frequency
(RF) cavity. For this purpose, a direct magnetic field measurement
inside a reference magnet representing the average of the bending
units is often used [1]. At CERN, this is known as a B-train system.
Similar systems are also implemented at the Brookhaven National Labo-
ratory [2] and at several hadrontherapy facilities including the National
Centre of Oncological Hadrontherapy (CNAO) [3,4], MedAustron [5,6]
and the Heidelberg Ion-Beam Therapy Center (HIT) [7,8].

Fig. 1 shows the synchrotrons that form part of the CERN accel-
erator complex. Six machines make use of B-train systems: the Low
Energy Ion Ring (LEIR), the Proton Synchrotron Booster (PSB), the
Proton Synchrotron (PS) [9], the Antiproton Decelerator (AD), the
Extra Low Energy Antiproton (ELENA) [10], and the Super Proton
Synchrotron (SPS) [11,12]. The PSB, LEIR, PS and SPS form part of
the Large Hadron Collider (LHC) injector chain. The PSB consists of
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four superimposed rings accelerating in parallel protons injected from
Linac 2 at an energy level of 50 MeV up to a level of 1.4 GeV, to
be extracted towards the PS (injection energy will be increased in the
second half of 2020, when Linac 4 will come online). The LEIR ring
accelerates heavy ions injected from Linac 3 from the level of 4.2
MeV/nucleon up to 72 MeV/nucleon, when they are extracted to the
PS ring. The PS can receive either protons or heavy ions, and in this
work, the proton case will be considered. These are accelerated up to
26 GeV and subsequently sent to the SPS and accelerated to 450 GeV
to the LHC. On the other hand, the ELENA synchrotron decelerates
antiprotons provided by the AD from 5.3 MeV down to 100 keV. Hence,
the machine operates at an unusually low energy [13], making the
beam more sensitive to field errors.

As part of a site-wide, long-term consolidation project, all the legacy
B-train systems at CERN (some in operation since two decades) are in
the process of being replaced with upgraded electronics, software and
sensors. The new B-train system is referred to as FIRESTORM (Field In
REal-time STreaming from Online Reference Magnets). The first four
systems completed, i.e. those in the LEIR, PSB, PS and ELENA rings,
were tested extensively during the last operating phase of the complex
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Fig. 1. The CERN accelerator complex in 2019 [14].

in 2018, before a three-year shutdown for maintenance and upgrades.
The SPS system is being completed in due time for the 2021’s restart,
while the AD system requires only to broadcast the magnetic cycle
computed from the beam momentum, no actual measurement being
done.

This work is mainly concerned with the presentation and analysis
of the results of these tests, assessing the metrological performance
and reliability of the new B-trains. The paper is structured as follows:
Section 2 contains a general description of the B-train measurement
systems, while in Section 3 the measurement error model is defined.
Random and systematic error components are discussed in detail in Sec-
tions 4 and 5 respectively, including methods to verify the performance
of the systems and calibrate them using beam-based measurements. The
conclusions are summarized in Section 6.

2. Measurement system overview
2.1. Measurement model

B-trains are designed to provide the average field B(r) over the
bending magnets in the ring. The measurement is based upon a fixed
induction coil [15] inserted in the gap of a reference magnet, and it
can be expressed by (1):

t
B(t)= B, + Ai/ Vi(r)dr, 1y <t <ty (€]
c Jiy

where V, is the voltage induced in the coil, A, is its effective area
and B, is the integration constant derived from an additional sensor
called a field marker. The field marker operates by emitting a trigger
whenever the field crosses the pre-determined level B, thus periodi-
cally restarting the integration at ¢ = r,, with k = 1,2,.... The typical
interval between restarts is of the order of a few seconds, with the
main exception of ELENA where cycles may be much longer. While
the system can in principle accept multiple field markers working at
different levels, in this work we shall apply only one marker trigger at
the start of each magnetic cycle, so that k can in practice be considered
as a cycle index.

2.2. Hardware and software architecture

In general, each FIRESTORM measurement system includes two
identical acquisition chains, one operational and one spare. The overall
architecture of a chain can be seen in Fig. 2. Each chain is based
on a rectangular induction coil, that ideally should be elongated and
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Fig. 2. Schematic representation of B-train system.

shaped so as to capture the totality of the time-varying dipole field in a
reference magnet’s gap. When that is not possible, due to lack of space,
a shorter coil is used instead and its effective area is scaled accordingly.
The coil output voltage is first conditioned by an anti-aliasing RC filter
and then is acquired by an 18-bit, 2-MHz analog-to-digital converter
(ADQC), to be finally integrated numerically in a field-programmable
gate array (FPGA) [16,17]. These electronic components are integrated
onto a PCle carrier with an FPGA mezzanine card (FMC). The firmware
includes a sophisticated correction mechanism to minimize input volt-
age offset. Nevertheless, integrator drift remains one of the dominant
error sources, as discussed in Section 4.1.

In addition to the induction coil, field marker sensors placed in
the magnet’s gap generate a trigger signal when the magnetic field
crosses a specific preset threshold. Nuclear magnetic resonance (NMR)
probes [10,11,18] or ferrimagnetic resonance (FMR) probes [10,19]
are used at CERN as a reference standard for the measurement. The
working point of each probe is set by a fixed radio frequency signal
that is proportional to the effective gyromagnetic ratio of the sample,
i.e., approximately 42 MHz/T for the proton NMR and approximately
28 GHz/T for the electrons in the FMR samples. The precise gyro-
magnetic ratio of FMR samples depends upon many variables such as
their chemical composition, their orientation respect to the field and
the temperature, and is the object of a separate calibration [19]. A
dedicated trigger generator FMC, amplifies and digitizes the signal gen-
erated from each field marker sensor. By using a differential algorithm,
the resonance peak of the field marker output is found and a TTL trigger
is generated.

The new B-trains make use of the CERN-developed White Rabbit
fieldbus [20] to transmit the average magnetic field values to the
different users. The transmission system distributes digitally the ab-
solute values of the magnetic field, along with its time derivative, in
nanosecond-synchronized Ethernet frames at a rate up to 250 kHz.
All electronics are operated by means of software based on a real-
time, distributed C++ framework called FESA (Front End Software
Architecture), developed at CERN to manage and control all accelerator
subsystems [21]. A FESA executable is carried out in a Front-End Com-
puter (FEC) in every chain, where it is used for remote configuration,
diagnostics and data broadcasting. The measurement data used in the
present work were obtained via FESA at a sample rate up to 10 kHz.

2.3. Experimental setups

In this section we discuss the differences between the setups tested
in the four different machines. The magnetic cycles chosen for the test
are presented in Fig. 3 and their parameters are summarized in Table 1.
In general, these cycles were interspersed within many other different
ones as a part of repeated sequences (“supercycles”), determined ac-
cording to the needs of different physics users and to the schedule of the
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Table 1
Magnetic cycle properties.

Parameter Symbol  Unit PSB LEIR*  PS° ELENA®
Injection time Tinj ms 275 245 170 2727
Extraction time Tox ms 805 2880 1650 30000
Nominal field at 7, B(t;,;) mT 125 272 101 359
Nominal field at 7,, B(1,,) mT 861 1148 1255 49
Excitation current at t,,; I(t;,;) A 580 769 404 276
Excitation current at 7, 1(t,,) A 4014 3290 5372 38
Field marker trigger time 1, ms 197 117.8 84.2¢ 2315
Field marker level B, mT 110.8 251.2 4959 340
Field ramp rate at ¢, 4Bfad],, mT/s 51 280 484 153

aCycle with Pb’** lead ion beam; multiple injection for the LHC destination
“NOMINAL”.

bCycle with proton beam; with single bunch for the LHC destination “LHCINDIV”.
¢Cycle with antiproton beam.

dThe PS B-train has two markers, the second marker in the Focusing side trig at 7,=85
ms for a field B(t,) = 48.5 mT.
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Fig. 3. PSB (top left), LEIR (top right), PS (bottom left) and ELENA (bottom right)
commissioning cycles considered in this work. 7, refers to a plateau start time, Ar
refers to the duration of the plateau and B,, refers to the field marker level.

LHC injector chain. Since these magnetic cycles vary widely in terms
of the peak field reached, as well as other dynamic parameters, the
results obtained include the confounding effects of magnetic hysteresis
and therefore reflect the actual operating conditions.

While electronic, firmware and software components of the new B-
train systems are uniform across all machines, some differences exist
in the case of the sensor setup. These are linked to the characteristics
of the magnetic cycles and to various practical constraints, which are
described below.

2.3.1. PSB

The new PSB B-train system will become operational as of 2021. The
tests described in this paper were carried out using a prototype version,
including only one acquisition chain working in parallel with the legacy
system. The sensors of both systems are installed in a reference magnet
separate from the ring, excited in series with the bending dipoles. While
the legacy system is based on a short induction coil, the new B-train is
based on an integral coil with 1.6 m?> equivalent surface that picks up
the field, including in the end regions, which improves the accuracy
of the measurement. In the end regions, the field is more affected
by saturation and eddy current effects and has a different dynamic
behavior. As a consequence, a direct comparison between the old and
the new measurements, such as it was done for the initial calibration of
the new B-train, may be affected by high uncertainty. The field marker
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setup is based on a NMR Metrolab teslameter PT2025 [22], including
a probe marking at a field level of 110.8 mT, i.e., slightly lower than
injection [23].

2.3.2. LEIR

LEIR is a comparatively small ring including four 90° bending
dipoles, for which no spare unit was ever built. As a consequence, the
sensors of both the legacy and new systems have been installed in the
operating units. The legacy B-train is based on only one induction coil,
sandwiched between the vacuum chamber and bottom magnet pole, so
that maintenance or replacement are extremely impractical. Each chain
of the new system includes a short 0.6 m? induction coil and a FMR
field marker, installed next to each other in the non-uniform, fringe-
field region [24] of the bending magnet. The marker is set at a field
level of 251.2 mT, also slightly lower than injection.

2.3.3. PS

The PS ring includes 100 combined-function magnets, having
hyperbolically-shaped poles that add a quadrupole field component to
the dipole. In the two halves of the magnet the slope of the poles is
inverted, so that the quadrupole is focusing in one and defocusing in
the other. One additional magnet is powered in series and set aside as
a reference for the B-train. Each half of the reference unit includes a
short 1 m? induction coil, as well as an FMR field marker set to the
level of 48.5 mT (focusing) or 49.5 mT (defocusing), i.e., just below
injection. The slight difference between the two marker levels is due
to the different field configuration in the two halves, and is aimed at
having the two TTL triggers arriving approximately at the same time.
The two halves function essentially as two independent magnets and
the respective signals are fed in parallel to a single B-train acquisition
chain, where the field values are averaged. In this study, performance
statistics have been derived uniquely from the defocusing half, results
from the other half being closely comparable.

2.3.4. ELENA

ELENA is the newest and smallest of CERN synchrotrons, as it
consists of a ring with only six bending magnets that was completed
in 2017. The setup used in the ELENA B-train consists of a separate
reference magnet, in the gap of which there are an integral induction
coil and two NMR markers per acquisition chain. The 2.9 m? coils
are part of a 9-unit, litz-wire coil array that is curved to follow the
strongly bent shape of the magnet [25]. As in the case of the PSB B-
train, Metrolab PT2025 teslameters and NMR probes are used as part
of the field marker setup. On each chain, a low-field marker is set at
45 mT, i.e., just below injection for commissioning cycles with proton
acceleration, while a high-field marker is set at 340 mT, i.e. just before
antiproton injection for operational deceleration cycles. For the purpose
of this study, only the high-field marker has been considered.

3. Measurement error model

In general, the metrological capability of a measuring instrument
can be determined by characterizing two components of measurement
error. The first one, random error, causes inconsistencies in the repeata-
bility of the measurement in the form of scatter, typically represented
by the standard deviation, o, of the measurand over a number of
observations. The second component, the systematic error, causes a
consistent difference between the measured and reference quantity
values [26]. Considering the above definitions, the simplest model for
defining the errors in B-trains is a linear, additive error model [27]:

B(t) = (1 + A)B(t) + AB + €(¢), 2)

where B(¢) refers to the measured and transmitted B-train output whilst
B(1) is the actual magnetic field, as seen by the beam. The three terms
on the right-hand side represent three separate sources of errors. The
first term with an error parameter A, represents a systematic gain error
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with typically |4| < 1. The second term, AB, represents a systematic
offset error. The third term, e(¢), indicates the random error. This
is a function of time that can be represented by the sum of three
uncorrelated contributions, which therefore add quadratically:

e(t) ~ \/O‘i(l) + 03 + o‘[zn, 3)

where o, is the uncertainty in the field measurement due to integrator
drift as a function of time, o, represents the uncertainty due to random
noise and o, is the uncertainty associated to the field marker. These
contributions are described in detail in the sections below, including
the method by which they have been evaluated from experimental data.
The results of this evaluation are listed in Table 2 for the four B-train
systems.

4. Random error characterization
4.1. Integrator drift (o)

Integrator drift due to parasitic offset voltages is often the most
significant error in inductive field measurements. Offset voltages can
be viewed as the low-frequency component in the ubiquitous !/ noise
spectrum and may be caused by component imbalance in the elec-
tronics, thermoelectric effects or electromagnetic interference. B-train
integrators implement several strategies for the reduction of drift,
including a voltage source in series with the input, set manually via
a potentiometer in order to cancel the input offset. Since the offset
changes with time, periodic integrator reset as given by Eq. (1) is
essential to prevent drift from accumulating from cycle to cycle; this
would be catastrophic, considering that the integration may continue
uninterrupted between maintenance stops for several months. Nev-
ertheless, accumulation of drift during a single cycle can still be a
problem, especially for longer cycles such as in ELENA, as shown in
Fig. 4. This explains why the field marker should be made to trigger
just before beam injection, when the accuracy required of the B-train
measurement is most critical.

A practical way of estimating the drift consists in identifying a time
interval (z,, 1, + At) during which the magnetic field is known a priori to
be stable, due to the magnet excitation current /() being kept constant
(I(t) = 0). As shown in Fig. 3, such field plateaus are generally available
in most accelerator cycles, where they are used for beam injection,
extraction or other purposes (e.g. electron cooling in ELENA). The start
and end times of the plateaus must be adjusted to exclude any transients
due to power converter instability or eddy current decay; having done
so, they are usually well reproducible in subsequent cycles of the same
type, which greatly simplifies automated post-processing. For a given
cycle where a plateau has been identified, the drift rate B, in T/s can
be evaluated, in the first approximation, as in Eq. (4):

. By +4n-B(t,) p i @
At I,

where an appropriate correction is made for any excitation current

drift, I, scaled by the field-to-current ratio of the magnet evaluated

at the appropriate current level. Taking into account additive noise, a

more accurate evaluation can be obtained by computing a least-squares

linear regression, according to the model in Eq. (5)

By = By + <Bd— L

P)a—1). 5
1>(’ 1) ®)

where B(y) is the fitted magnetic field value, whilst B, is the fitted
magnetic field value at 7 = 0. The average voltage offset that causes
the observed field drift is given by:

Vo = ByA,. (6)

On a given cycle, the offset can be taken with good approximation
to be a constant, as it appears from the linear behavior of the field
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Fig. 4. Effect of drift on the measurement of ELENA’s intermediate plateau (3000
observations).

in Fig. 4; however, considerable, seemingly random variations are
observed on time scales of several seconds and longer. This means that
the measurement errors due to drift at different times during a cycle
are strongly correlated, due to the (temporarily) systematic character
of the offset; while instead, the error considered at an arbitrary time
has a random character. To quantify this behavior, we first evaluate
the RMS average of the observed drift over a set of N cycles:

)

and then we express the expected value of the field error as a function
of time during a cycle as:

oq() =0 (By) ¢ —1p). ®

In all four B-train systems, the RMS coil voltage offset estimated
from Eq. (6) is of the order of 20 pV or less. This is lower than
the theoretical resolution of the digitized signals, which corresponds
to 1 least significant bit of 76 pV for a typical +10 V input range.
The uncertainty of the estimated offset is inversely proportional to
the square root of the number of samples included in the plateau
considered, i.e. typically 2 or 3 orders of magnitude lower than the
LSB. The maximum observed field drift does not exceed 20 pT/s, which
is negligible for short cycles such as those in PSB, LEIR and PS. In
ELENA the maximum drift observed is much lower, i.e., about 2 uT/s
RMS, which can be attributed to careful tuning of the on-board offset-
cancellation potentiometer (see Section 4.1). This operation is quite
time-consuming, and was not carried out on the other systems in order
to save beam time. In spite of such a good instrument performance, the
drift in ELENA can still be a problem due to the duration of the plateaus
needed for electron cooling, which are expected to last for up to two
minutes. Alternative techniques to mitigate field errors in such cases
are discussed in [28].

The evolution of the uncertainty associated to drift as a function
of time is illustrated in Fig. 5, which shows the distribution of the
field measured in ELENA at injection and extraction over 3000 consec-
utive cycles, normalized with respect to the respective averages. The
standard deviation o, at extraction is about six times higher than at
injection, which is however still within tolerance. The shape of the
distributions is approximately gaussian, which confirms the essentially
random nature of the voltage offset fluctuations over time.

4.2. Random noise (o)

The random noise represents the lowest-level error. This is also most
easily evaluated on a plateau, as the RMS value of the residual of the
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Table 2
Summary of performance indicators.
Parameter Equation Unit PSB LEIR PS ELENA
RMS coil voltage offset, V, (6) pv 6 17 10 0.5
Drift rate, B, 4) pnT/s 8.8+3.1 92437 10+ 10 1.0+15
Random error due to drift at injection, o () ® pT 0.24 1.2 0.86 0.62
Random error due to drift at extraction, o4(7.y) ® pT 1.89 25 16 42
Random error due to noise, o, 9 uT 7.7 15 1 2.9
Random error due to marker jitter, o,, (13) pT 9.0 12 1.5 0.5
Total random error at injection, e(f;,) (3) pT 10.9 21.2 1.7 4.5
Total random error at extraction, e(7,,,) 3) pT 11.0 32.8 16.0 42.2
Measured reproducibility at injection, D’(B(fmj)) - uT 15 14 1.2 4.1
Measured reproducibility at extraction, o(B(y,)) - uT 17 19 16 37
Systematic gain error, A (before/after calibration) (18) ppm —451/n.a. —529/n.a. 67/n.a. —2600/6.3
Systematic offset error, AB (before/after calibration) (18) pT 56/n.a. 190/n.a. —18/n.a. 770/-1.3
linear regression equation in Eq. (5): 0012 Probability density functions (pdf) o
At
1 orar p 2
oy = 1| — B(r) — B(z)) dr. 9
N A,[p (B(0) - B()) © »

The measured noise levels are comparable with the uncertainty
associated to integrator drift. The highest noise level, o, = 15 pT, is
seen in LEIR, where it could be conceivably caused by the coil being
fully exposed to external EM interference. The lowest level, ¢, = 1 puT,
is seen in the PS, where the major differentiating characteristic is that
the magnet power supply is controlled in closed-loop by the B-train
feedback, thus providing extremely smooth plateaus. This suggests that
Eq. (9) overestimates the noise, as it includes a contribution from power
supply ripple. The noise levels declared here were calculated based on
a measurement frequency of 10 kHz.

4.3. Field marker uncertainty (o,,)

The error associated to the field marker can be characterized in
terms of the delay between the time 7, when the field reaches the preset
threshold value, i.e. B(t,) = B,,, and the time 7, when the TTL trigger
is actually received by the integrator:

At =1, —t, > 0. (10)

The delay Ar, includes a dominant contribution from the systematic
latency associated to the detection of the resonance and the generation
of the trigger pulse, plus a random component. The latency is accounted
for by the systematic offset term AB in Eq. (2). The principal sources
of random errors contributing to o, are temperature fluctuations and,
especially, mechanical and electrical noise, which has an impact on
the differentiating algorithm used to identify the resonance peak in
the sensor’s output signal. The contribution associated to the frequency
stability of the RF signal source is typically of the order of one ppm or
better, which can be safely neglected. In the first approximation, the
resulting field error is proportional to the delay:

dB
Bty + A1) = Blty) ~ — -4ty (1n

Analogously to the case of integrator drift, this error has a systematic
character for any given magnetic cycle, but on a cycle-to-cycle basis
it should be considered as a random variable that can be interpreted
as the jitter of the field marker. Experimentally, the delay 47, is not
directly accessible since the true field B is unknown. An estimate,
however, can be obtained under reproducibility conditions from the
standard deviation of the trigger times measured over a sequence of
N identical cycles:

k=1 N k=1

N N 2
o(4n? < o(f)’ = % 72— (i Zz‘k> . (12)

The inequality in Eq. (12) takes into account that ripple in the magnet
excitation current may produce a slightly different field at the same
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Fig. 5. Probability density functions (pdfs) of the ELENA random error measurement
at injection (orange) and extraction (blue). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

time during a magnetic cycle, even when the cycles are nominally
identical. As a result, we may take the upper bound as a conservative
error estimate:

dB .
O = Ea(tk) 13)

As reported in Table 2, this error component is also very low, of the
order of a few microtesla, i.e. generally comparable to the noise level.
The highest level, o, = 12 pT, is found again in LEIR, in all likelihood
due to the external installation of the sensors.

4.4. Total random error €(t)

The total random error evaluated according to the model of Eq. (3)
is given in Table 2 both at injection and at extraction. At injection, the
dominant contribution is the noise ¢,. Even in the worst case, i.e., LEIR,
the random error relative to the peak field is well below 20 ppm. At
extraction the dominant contribution is the drift o4, except for the
PSB due to the brief duration of the acceleration ramp. Even in the
worst case, i.e., ELENA, the relative error is about 100 ppm, which is
acceptable for operation.

These results should be compared to the actual reproducibility of the
measured magnetic field B, evaluated by taking the standard deviation
over 3000 cycles as discussed in Section 2.3 and also given in Table 2.
The RMS difference between the measured reproducibility and the
estimated total random error is as low as 6 pT (17 ppm). This essentially
validates the assumptions on which the model of Eq. (3) is based.
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5. Systematic error evaluation and calibration
5.1. Beam-based calibration

In general, the systematic error of an instrument should be es-
timated either by measuring a metrological reference standard that
realizes the measurand, or by comparing the measurements results to
those obtained with another instrument, known to be more accurate.
In our case, i.e. a dynamic magnetic field, there are no internationally
accepted metrological standards or reference instruments, other than
the kind of inductive setup we wish to calibrate. As a result, we
performed an indirect calibration such as it is possible in the domain of
synchrotrons, based upon measurements done on the circulating beam
via the RF subsystem.

In a synchrotron, the RF varies during the acceleration ramp in
order to keep the particles on the reference closed orbit. The accelerat-
ing electric field, provided by the RF cavity at the particle revolution
frequency f,.,, is dependent on the magnetic field B provided by the
main bending magnets. The frequency control strategy implemented in
CERN’s new Low-Level RF (LLRF) system [29] is represented schemat-
ically in Fig. 6. First, the field B(¢) distributed by the B-train is used to
compute the so-called frequency program, i.e., the theoretical revolu-
tion frequency of a particle on the reference closed orbit, according to
the relationship [30,31]:

(14

where ¢ is the speed of light in vacuum, the radical term is the
relativistic , R is the mean reference orbit radius, p is the bending
radius, g is the particle’s charge and my, is its rest mass. The frequency
program of the four accelerators investigated is represented in Fig. 7.
The frequency varies in the range from about 100 kHz to 1.5 MHz and
is a monotonically increasing function of the field. In case of Pb3+
ion operation, the charge-to-mass ratio decreases by a factor ~4 and
therefore the frequency also decreases, noticeably so in the PS at low
field. As the particle momentum increases, # approaches unit value and
the frequency ceases to vary appreciably with the field, as it can be seen
for proton operation in the PS above about 0.2 T. The frequency applied
to the cavity is obtained according to:

frev = (fprg +f0ff)+floops - frad’ (15)

where:

* forf is an optional frequency offset, defined in general as a func-
tion of field, added to f,,, in order to carry out special tests or to
correct the B-train input when it is suspected to be wrong. During
the present tests, f.;; was set to zero.

fioops includes the contributions of three independent feedback
loops: the longitudinal phase loop, which keeps the particles
bunched together, and the injection and extraction loops, which
synchronize the particle bunches in and out of the ring.

fraq 1S the radial loop contribution that keeps the beam in the
center of the vacuum chamber. This loop is based on feedback
from the mean radial position error § R, obtained by averaging the
measurements of several transverse pick-up units (TPU) placed
along the ring [32]. The minus sign in Eq. (15) is in accord with a
polarity convention that associates a positive correction, f,,q > 0,
with a decrease in revolution frequency, as needed to push the
beam radially outwards according to Eq. (14).

If we consider only the radial equilibrium (that is, if we ignore
fioops) in presence of a field measurement error 6B, such that B =
B + 6B, we have:

frev(B +6B) = fprg - frad’ (16)
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Fig. 6. Simplified schematic diagram of the Low-Level RF system (from [29]).

which means that, in the first approximation, the field error is propor-
tional to the radial loop contribution f,,:

GB=B- B~ I a7

afpfg
0B

Attributing entirely § B to a B-train measurement error is a conservative
hypothesis, as in reality the centering action of f,,4 compensates also
other perturbations such as environmental and stray magnetic fields,
imperfect knowledge of the radius of the machine, and measurement
errors of the beam radial position or the RF frequency. The term
(9f/aB)~" in Eq. (17), expressed in pT/Hz, represents the uncertainty
of the estimated field error per unit of uncertainty of the revolution
frequency, and is also plotted in Fig. 7. We recall that the typical
uncertainty of the frequency is 1 Hz or less. In general, the uncertainty
ratio increases with the field, which means that field error estimates are
generally more precise at injection than extraction (note that the field
levels are inverted for antiproton decelerator operation in ELENA). The
increase is limited to about one order of magnitude in PSB, LEIR and
ELENA, but grows to as much as three orders of magnitude in the PS; as
a result, the uncertainty of Eq. (17) must be evaluated very carefully at
high field, as one might have expected considering that the frequency
changes very little with the field. In view of future commissioning tests,
we remark that this problem would be exacerbated by three orders
of magnitude in the SPS, where both proton and ion beams are fully
relativistic and the revolution frequency is practically constant. On
the other hand, we observe that ion operation in the PS lowers the
uncertainty at high field by one order of magnitude, due to the lower
charge-to-mass ratio.

The field error in Eq. (17) can be evaluated at several different
field levels over a set of repeated cycles, to obtain a set of N data
points (B,8B),, for n € [1, N]. The systematic error parameters 4 and
AB defined in Eq. (2) can be estimated by least-square fitting the data
points with the linear model:

6B =B+ AB 18)

obtained by substituting Eq. (17) in Eq. (2), neglecting the random
error term and taking into account that both parameters are small.
The quality of the results obtained may be affected by the higher
uncertainty of 6 B values obtained at high field, due to the combination
of higher uncertainty ratio (9//o8)~! and integrator drift from Eq. (8).
As a consequence, the accuracy of the estimated gain error parameter A
must be expected in general to be lower than the accuracy of the offset
AB.
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5.2. Experimental results

The results of the beam-based calibration campaign carried out for
the four B-train systems are listed in Table 2. The original calibration
parameters were obtained from a comparison with the legacy B-train
systems in the case of LEIR, PS and PSB, while instead the ELENA
system was setup according to the ab initio measurement model detailed
in Ref. [33]. The PS is the only system with systematic errors fully
below the desired tolerance, thanks to extensive fine-tuning carried out
during several years of operation of the prototype system. The higher
gain errors in the PSB and LEIR, which are of the order of 0.05%, can be
ascribed to the differences between the induction coils in the new and
legacy systems, as discussed in Section 2.3. The large initial gain error
in ELENA, about —0.26%, may be attributed to the difference between
the magnets in the ring and the reference unit, which was made with
a different grade of magnetic steel. In all cases, however, the resulting
radial position error remained well within the correction capabilities of
the radial loop and stable beam operation was routinely achieved.

The calibrated parameters A and AB can be easily applied as in-
cremental corrections into the B-train acquisition chain. In the PSB,
LEIR and PS this was not done, in order not to perturb operation of
the LHC injector chain prior to the impending shutdown. Instead, the
ELENA system was calibrated and the beam-based test was repeated.
Measurements were acquired repeatedly when the RF is on, as shown
in Fig. 8 for the ELENA cycle as an example. The field error values
6B measured before and after calibration are plotted in Fig. 9. The
calibration reduces both gain and offset errors by more than two orders
of magnitude, down to the level of just a few ppm, i.e. well below
random errors. The soundness of this procedure was further verified
by showing that, even with the radial RF loop switched off, the beam
could be still injected and extracted with minimal losses.

400 T

350

B(t) [mT)]

Time [s]

Fig. 8. The points in the ELENA cycle where RF is on and measurements were acquired.

6. Conclusions

In this work, we reported on the performance of the new
FIRESTORM B-train systems developed at CERN for real-time magnetic
field measurement in the PSB, PS, LEIR and ELENA synchrotrons. Dur-
ing an extensive series of preliminary tests, all systems allowed smooth
and reliable beam operation, thus proving their viability for the restart
of the accelerator complex in 2021. Their metrological performance
was evaluated conservatively, using a model that characterizes random
and systematic errors separately.

The worst-case random errors range from 20 ppm at injection to
about 100 ppm at extraction, which are lower figures than in the legacy
B-train systems. Random errors at injection are dominated by noise,
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Fig. 9. B(t) vs. 6B(t) before and after the ELENA B-train’s calibration.

which is intrinsic to the system and hard to abate. At extraction, on the
other hand, the dominant contribution is integrator drift, which can be
reduced using a variety of different techniques.

Systematic errors were calibrated by means of a novel procedure,
using beam-based measurements. The systematic component of the
model is fitted with the least-squares method to measurements of the
field error 6B, estimated from the RF frequency correction associated
to the radial feedback loop, f,,4. This way of proceeding is straightfor-
ward, since the necessary signals are readily made available for every
magnetic cycle by the distributed accelerator control infrastructure. It
would be possible, in principle, to directly use the mean radial beam
position error §R to infer 6 B, achieving better accuracy. However, do-
ing so requires the radial RF loop to be switched off, which can be done
only sporadically during dedicated test (a.k.a. “Machine Development”)
sessions.

In ELENA, the calibration procedure based on f,,4 reduced system-
atic errors by two orders of magnitude, down to the level of a few
ppm. The original calibration of the ELENA system was done following
an ab initio concept [33], based on the availability of a full set of
magnetic measurements for all magnetic units. However, the reference
magnet is different from the others in terms of its response to excitation
history, due to dynamic effects and magnetic hysteresis, leading to
initial systematic errors as high as 0.3%. This problem is exacerbated in
the other, older machines, for which the magnetic measurement record
is incomplete. As a consequence, beam-based calibration appears to be
always necessary.

The accuracy that can be obtained improves at low field levels, and
(whenever applicable) with ion rather than proton beams. During the
upcoming restart, we shall apply to PSB, LEIR and PS the systematic
error coefficients listed in Table 2 and verify their viability for the
whole set of magnetic cycles foreseen in operation. Extension of the
method to the SPS might be attempted, but due to the very low
sensitivity of the revolution frequency respect to the field the final, the
expected accuracy is low.

Possible future improvements to the B-train’s performance are being
considered, such as an adapted field marker for drift correction on
very long plateaus such as in ELENA [34], as well as monitoring
and compensation of temperature effects. During the upcoming three-
year operation phase, accumulation of 6B and f,,q data is expected
to provide the basis for high-precision statistical estimation of the
calibration parameters and their stability.
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