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Investigation of the Periodic Magnetic Field
Modulation in LHC Superconducting Dipoles

P. Pugnat, Th. Schreiner, and A. Siemko

Abstract—The windings of high-field accelerator magnets are
usually made of Rutherford-type superconducting cables. The
magnetic field distribution along the axis of such magnets exhibits
a periodic modulation with a wavelength equal to the twist pitch
length of the cable used in the winding. This effect, resulting from
quasipersistent currents, was investigated with a Hall probes array
inserted inside the aperture of the LHC superconducting dipoles,
both in short models and full-scale prototypes. The amplitude and
the time dependence of this periodic field oscillation have been
studied as a function of the magnet current history. The origin and
the impact on the LHC dipoles stability of the nonuniform current
redistribution producing such a field modulation are discussed.

Index Terms—LHC, periodic field pattern, persistent eddy-cur-
rent, quench performance, Rutherford type cable, supercon-
ducting magnets.

I. INTRODUCTION

WHEN an accelerator magnet made of multistrand super-
conducting cable is energized, an axial periodic modula-

tion of the magnetic field is established with a wavelength equal
to the cable transposition pitch length. This Periodic Field Pat-
tern (PFP) was first discovered in HERA dipoles in 1991 and
was found to be present in all normal and skew harmonic com-
ponents of the field [1]. The study of this phenomenon, its time
decay and related effects are of importance for the field quality
requirements for the Large Hadron Collider (LHC) [2] as well as
for the magnet quench performance especially in real operating
conditions of the machine. The PFP originates from nonuniform
interstrand current distribution [3] which can lower significantly
the current margin of the superconducting cable. This report
mainly focuses on the latter aspect and provides a discussion
concerning the origin and the consequence of such induced cur-
rent on the quench performance of the LHC dipoles.

II. EXPERIMENTAL

A. General Layout of the Test Stations

The investigations of the PFP have been carried out on short
dipole models [4] as well as on full-scale prototypes and first
pre-series cryo-dipoles for the LHC [5]. To study both these
types of superconducting magnet of different scale, two types
of cryogenic test facilities have been used at CERN.
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1) Cryogenic Test Facilities for Short Superconducting Mag-
nets: The measurements of the PFP inside short models have
been performed at the Block-4 cryogenic test facilities also used
to characterize the protection diodes and the corrector magnets
for the LHC [6]. In this test station, two vertical set-up can be
used to suspend and immerse 1-meter long magnets in super-
fluid helium. Inside the cryostats, the so-called-plate sepa-
rates the pool of boiling helium bath from the superfluid one,
both maintained at atmospheric pressure (Claudet bath). The
subcooled superfluid helium in the lower portion of the cryo-
stat is achieved with a heat exchanger where saturated super-
fluid conditions are obtained from the Joule–Thomson expan-
sion of the liquid helium. The -plate has a number of leak-
tight feedthroughs for superconducting busbars, instrumenta-
tion wires and sliding bearing for the rotating shaft used for
measurements of the field quality. To make measurements of the
PFP, a special shaft was equipped with stainless-steel boxes con-
taining Hall plates. This shaft was installed inside the magnet
cold bore and was immersed inside the superfluid helium during
the measurements.

2) Superconducting Magnet Test Plant for Full-Scale
LHC Cryo-Magnets:Full-scale LHC magnets are of “em-
barked cryogenics” type. They should be first assembled into
cryo-dipoles before to be tested at the CERN Superconducting
Magnet Test Plant (SMTP) [5]. At the SMTP, cryo-dipoles
are connected to the Cold Feed Boxes (CFB) which provide
superfluid liquid helium and contain current leads to power the
coils. On the test bench, the cryo-dipoles are filled with around
300 l of liquid helium. This constitutes in normal operation the
static bath of pressurized superfluid helium through which heat
is transported by conduction to a linear cold source made of a
heat exchanger tube threaded through the whole cold mass. In
this heat exchanger, the heat is absorbed quasiisothermally by
gradual vaporization of flowing saturated superfluid helium. On
the test bench, both apertures of the cryo-dipole are equipped
with anticryostats. They allow to insert different types of
equipment operating at room temperature like rotating shafts
for standard magnetic field measurements or Hall probe set-ups
for more local investigations.

B. Hall Probe Measurement Systems

Because of the small size of their sensitive area and their rel-
ative high sensitivity, Hall probes are ideal devices to measure
the PFP inside narrow apertures of accelerator superconducting
magnets.

1) Hall Probes Set-Up to Study the Magnetic Field of Short
Superconducting Magnets:Up to thirteen cryogenic Hall
probes of three different types, provided by the manufacturer
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TABLE I
CHARACTERISTICS OFHALL PROBES

TABLE II
LHC SHORT DIPOLE MODELS, FULL-SCALE PROTOTYPES ANDFIRST

PRESERIESDIPOLESWHERE THEPFPWAS MEASURED

AREPOC have been used in the study performed on short
magnet models. Their main characteristics are listed in Table I.
The behavior of each Hall probe type was investigated at 1.9 K
[7]. In particular the so-called de Haas–van Alphen oscillations
were characterized. For the measurements of the PFP in the
normal operation mode, Hall probes were connected in series
and the input current value was fixed to 5 mA.

The Hall probes were mounted inside a stainless steel case
and fixed on a special rotating shaft. The probes were located
inside the magnet aperture at a radius of 17 mm and covered
the central part of short dipole model over a length of 200 mm.
They allow measurement of the radial component of the total
magnetic field as a function of azimuthal angle for different po-
sitions along the magnet axis. Only results obtained for orienta-
tion of the Hall probes sensitive area perpendicular to the main
dipole field direction will be presented.

2) Hall Probes Set-Up to Study the Magnetic Field of
Full-Scale LHC Dipoles:For the measurements of the PFP
inside long LHC cryo-dipoles, six Hall probes also provided
by AREPOC have been used (Table I). They were mounted
on two rings at a radius of 17 mm on the set-up dedicated
for the snap-back study in LHC dipoles [8]. Hall probes were
connected in series and the input current value was fixed
to 50 mA. The results presented in this article concern the
measurements performed with the two probes perpendicular to
the main field direction and distant of 55 mm. The magnetic
field inside the dipole apertures has been scanned by moving
the Hall probes set-up axially at fixed orientation.

Fig. 1. Example of current cycle performed.

3) Measurement and Acquisition Systems:In both test sta-
tions, KEITHLEY 2001 digital multimeters were used to mea-
sure the Hall voltage and the current inside the magnet. Dedi-
cated LabVIEW® software running on a SUN workstation, were
used to interface with the digital multimeters via a GPIB bus for
control, data acquisition and storage.

C. Magnets Tested

The PFP was investigated inside the aperture of several short
model and long prototype superconducting dipoles (Table II)
built mainly to study and to improve the mechanical structural
stability and the field quality given by the design of the LHC
main dipoles [4], [5].

III. M EASUREMENTS, RESULTS AND ANALYSIS

A. Measurements

The superconducting magnets were submitted to current cy-
cles of the type shown in Fig. 1, with different values of the
maximum current and times , and .

The local magnetic field inside the magnet aperture was mea-
sured with the Hall probes as a function of time during the
flat-top and at the end of the current cycle.

B. Study of the PFP as a Function of the Current Cycle

The PFP was clearly observed after the end of the current
cycles for all magnets which were investigated when the flat-top
duration was larger than 3000 s. It was in general difficult
to identify it on the current plateau (i.e., between timeand

) mainly because of the contribution of other sources of field
inhomogeneity such as the ferromagnetic yoke laminations. The
PFP can have a very long decay time and was observed up to 81
hours after the end of the current cycle.

Two examples of PFP measured on the short magnet model
MBSMS17_V3 at the time are given in Fig. 2. They corre-
spond to a current cycle with a ramp-up to 9 kA at 40 A/s fol-
lowed by a ramp-down at 40 A/s after a plateau duration of
500 s and 3000 s, respectively. Both these PFPs can be well ap-
proximated by the relation:

(1)

with the fitting parameters given in Table III.
The value in (1) is found (Table III) to be close to the twist

pitch length of the cable used for the inner layer of the coil.
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Fig. 2. Example of two periodic field patterns measured in the short model
MBSMS17_V3 at the timet of the current cycle shown in Fig. 1.

This result suggests a nonuniform interstrand current distribu-
tion inside the superconducting cable of the coil [3]. In order to
understand the origin of such nonuniformity, previous studies
have identified two main mechanisms. The first one concerns
the spatial variation of the time derivative of the magnetic field
along the cable [9], [10]. The second one is related to the vari-
ation of the cross contact resistancebetween strands of the
cable [10].

The homogeneous term of (1) obtained from the fit of the
PFPs measured at, , is negative (Table III) because
it comes mainly from the remanent magnetization of super-
conducting filaments. Concerning the amplitudes of the PFP
at time , , it is found to increase with the flat-top
duration (Fig. 2). This result can be understood qualitatively
within the framework of existing theoretical models [3], [9]
and [10]. During the ramp-up of the current cycle (i.e., up to

), the Rutherford type superconducting cable charges itself
with a nonuniformly distributed current wave. On the plateau
of the cycle this wave diffuses slowly and its amplitude decays,
in other words the current tends to be shared more uniformly
between strands. During the ramp-down, the superconducting
cable charges itself with a nonuniformly distributed current
wave of an opposite sign as compared to the current ramp-up
(antiwave). As a consequence, the PFP measured at the time
results from the composition of two waves, which can partially
cancel. The amplitude of the resulting PFP increases
with the flat-top duration because the compensation effect
between the wave and the antiwave become less effective.

More generally, the amplitudes and of the PFP
depend strongly on the current cycle performed. For example,
they are found to increase exponentially with the flat top du-
ration like the voltage of a charging capacitor. In the case of
an asymmetric cycle with a ramp-down much faster than the
ramp-up, the PFP exhibits a larger amplitude as com-
pared to a symmetric cycle. This effect can also be explained
by a lower compensation effect between the two eddy current
waves. Another result obtained is that the amplitude of PFP,

, is found to increase significantly with the maximum
current of the cycle. As an example, the amplitude of the pe-
riodic pattern measured on the flat-top inside the aperture of
MBSMS17_V3 reached 32 mT at 13 kA whereas it was only
equal to 16.8 mT when the current cycle is stopped at 9 kA [11].

TABLE III
FITTING PARAMETERS OF MEASURED DATA SHOWN IN FIG. 2

USING THE RELATION (1)

TABLE IV
RESULTSOBTAINED ON SOME LHC SHORT DIPOLE MODELS, FULL-SCALE

PROTOTYPES ANDFIRST PRESERIESDIPOLES

C. Study of the PFP Inside Long and Short Dipoles

All superconducting dipoles were submitted to the so-called
current reference cycle with a ramp-up to 9 kA at 40 A/s fol-
lowed by a ramp-down at 40 A/s after a plateau duration of
1000 s. The amplitudes of the PFP deduced from the fit of the
measured data using (1) are listed in the Table IV.

The first conclusion which can be drawn is that no clear dis-
tinction can be observed between the PFP amplitudes measured
in long and in short dipoles. In addition, the largest spread in

values is observed inside short dipole models whereas all
results obtained in long dipoles are very close. This result can
be explained by the oxidation process of the strand coating
(SnAg ) developed at CERN for the superconducting
cables of the 3rd generation prototypes, pre-series and series
magnets [12].

For long dipoles, the so-called “Field-Advance” produced by
eddy-current was also measured with Hall probes during current
cycles optimized for this study [13]. The values of the cross-con-
tact resistance deduced from such measurements are also re-
ported in Table IV. These results allow to plot the dependence
of the PFP amplitude as a function of (Fig. 3). As ex-
pected [9], [10], the data can be fitted with a linear variation
crossing the origin. The slope of this straight line will allow to
estimate the amplitude of the nonuniform current distribution
assuming the worst case (see next paragraph) for the LHC su-
perconducting dipoles.

IV. EFFECT OF THENON-UNIFORM INDUCED CURRENT ON THE

QUENCH PERFORMANCE OFLHC DIPOLES

The oxidation process of the strand coating developed at
CERN for the superconducting cables for the LHC is expected
to guarantee a minimum value for equal to 20 [12]. This
is actually the case as it can be seen in Table IV forvalues
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Fig. 3. PFP amplitude obtained after a reference cycle versus1=R deduced
from field-advance measurements.

deduced from measurements performed on prototypes and first
pre-series dipoles. According to the linear fit of Fig. 3, a
value of 20 corresponds to an amplitude for the PFP equal
to 0.41 mT. The study of the PFP performed on short models
gives typically a factor around five between the amplitudes of
the PFP taken at the time and of the current cycle up to
the nominal value shown in Fig. 1 [11]. As a consequence, for
LHC dipole magnets with the lowest cross contact resistance
expected, the PFP amplitude can reach 2 mT at the nominal
field. An estimate of the current imbalance between strands
required to produce such a PFP amplitude is around22 A
for the case of the LHC dipole final design. This value can be
compared to the current margin at the nominal field of half
of the cable which is around 1000 A. Moreover for the real
operation of the LHC machine such a margin will be drastically
reduced due to beam losses. As a consequence, nonuniform su-
perimposed induced currents may provoke premature quenches
of the dipoles with the lowest values but the instability with
respect to quench performance provoked by the PFP is much
less critical than anticipated from the worst case obtained with
short dipole models [11].

V. CONCLUSION

This study performed on LHC superconducting dipoles of
two different scales has shown the lack of correlation between
the PFP amplitude and the length of the magnet. The depen-
dence of nonuniform current distribution on local characteristics
such as the cross contact resistance was observed. The PFP can

affect the stability of LHC main dipoles with respect to quench
performance. This problem would have been more serious if
the cross contact resistance between strands had not been con-
trolled.
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