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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 1) Cryogenic Test Facilities for Short Superconducting Mag-
usually made of Rutherford-type superconducting cables. The nets: The measurements of the PFP inside short models have
magnetic field distribution along the axis of such magnets exhibits been performed at the Block-4 cryogenic test facilities also used

a periodic modulation with a wavelength equal to the twist pitch to ch terize th tection diod d th ; t
length of the cable used in the winding. This effect, resulting from '© characterize the protection diodes and the corrector magnets

quasipersistent currents, was investigated with a Hall probes array for the LHC [6]. In this test station, two vertical set-up can be
inserted inside the aperture of the LHC superconducting dipoles, used to suspend and immerse 1-meter long magnets in super-

both in short models and full-scale prototypes. The amplitude and fluid helium. Inside the cryostats, the so-callaeplate sepa-
the time dependence of this periodic field oscillation have been rates the pool of boiling helium bath from the superfluid one

studied as a function of the magnet current history. The origin and L .
the impact on the LHC dipoles stability of the nonuniform current  POth maintained at atmospheric pressure (Claudet bath). The

redistribution producing such a field modulation are discussed. ~ Subcooled superfluid helium in the lower portion of the cryo-
Index Terms—LHC, periodic field pattern, persistent eddy-cur- stat is achieved with a heat exchanger where saturated super-

rent, quench performance, Rutherford type cable, supercon- fluid conditions are obtained from the Joule-Thomson expan-
ducting magnets. 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
HEN an accelerator magnet made of multistrand supd?FP, a special shaft was equipped with stainless-steel boxes con-
conducting cable is energized, an axial periodic modultaining Hall plates. This shaft was installed inside the magnet
tion of the magnetic field is established with a wavelength equabld bore and was immersed inside the superfluid helium during
to the cable transposition pitch length. This Periodic Field Pake measurements.
tern (PFP) was first discovered in HERA dipoles in 1991 and 2) Superconducting Magnet Test Plant for Full-Scale
was found to be present in all normal and skew harmonic coitHC Cryo-Magnets: Full-scale LHC magnets are of “em-
ponents of the field [1]. The study of this phenomenon, its timearked cryogenics” type. They should be first assembled into
decay and related effects are of importance for the field qualityyo-dipoles before to be tested at the CERN Superconducting
requirements for the Large Hadron Collider (LHC) [2] as well aBlagnet Test Plant (SMTP) [5]. At the SMTP, cryo-dipoles
for the magnet quench performance especially in real operati@n@ connected to the Cold Feed Boxes (CFB) which provide
conditions of the machine. The PFP originates from nonuniforsuperfluid liquid helium and contain current leads to power the
interstrand current distribution [3] which can lower significantlyoils. On the test bench, the cryo-dipoles are filled with around
the current margin of the superconducting cable. This rep@®0 | of liquid helium. This constitutes in normal operation the
mainly focuses on the latter aspect and provides a discussstatic bath of pressurized superfluid helium through which heat
concerning the origin and the consequence of such induced dertransported by conduction to a linear cold source made of a

I. INTRODUCTION

rent on the quench performance of the LHC dipoles. heat exchanger tube threaded through the whole cold mass. In
this heat exchanger, the heat is absorbed quasiisothermally by
1. EXPERIMENTAL gradual vaporization of flowing saturated superfluid helium. On

the test bench, both apertures of the cryo-dipole are equipped
_ 0 _ with anticryostats. They allow to insert different types of
The investigations of the PFP have been carried out on sheguipment operating at room temperature like rotating shafts

dipole models [4] as well as on full-scale prototypes and firghr standard magnetic field measurements or Hall probe set-ups
pre-series cryo-dipoles for the LHC [5]. To study both thesgr more local investigations.

types of superconducting magnet of different scale, two types
of cryogenic test facilities have been used at CERN. B. Hall Probe Measurement Systems

A. General Layout of the Test Stations

Because of the small size of their sensitive area and their rel-
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TABLE | A M
CHARACTERISTICS OFHALL PROBES agnet current

Hall Probes Sensitivity in Sensitive Number Imax -----

Type V/(TA) areainmm’  of units H H

HHP-NP* 2.308 12505 1 : |

LHP-MP* 0.275- 0.4 0.1x0.1 3 ; ;

HHP-MU? 4.66-5.11 0.1x0.1 9 | 1

HHP-NU 4.44-4.56 12505 6 | i
» used in cold conditions inside LHC short models | | time
® used at room temperature inside full-scale LHC dipoles >

0 t; t G t

TABLE I Fig. 1. Example of current cycle performed.

LHC SHORT DIPOLE MODELS, FULL-SCALE PROTOTYPES ANDFIRST

PRESERIESDIPOLESWHERE THEPFPWAS MEASURED 3) Measurement and Acquisition Systenhs:both test sta-

Magnet Name Main characteristics tions, KEITHLEY 2001 digital multimeters were used to mea-
MBSMS17 V3 Single aperture model, 1-meter long, 6-block sure the Hall voltage and the current inside the magnet. Dedi-
variant design, aluminium collar. cated LabVIEW? software running on a SUN workstation, were
MBSMT4_V2 Twin apertures model, 1-meter long, 6-block used to interface with the digital multimeters via a GPIB bus for
baseline design, stainless steel collar. control, data acquisition and storage.
MBSMT4_VS5 Twin apertures model, 1-meter long, 6-block
baseline design, stainless steel collar, C. Magnets Tested
ferromagnetic yoke centred.

The PFP was investigated inside the aperture of several short
model and long prototype superconducting dipoles (Table 1)
built mainly to study and to improve the mechanical structural

MBSMT5_V3 Twin apertures model, 1-meter long, 6-block
baseline design, plastic & stainless steel collar.

MBP201 15-meter long prototype dipoles of the last - . . . .

MBP2A2 generation, 6-block baseline design, stainless steel stability and the field quality given by the design of the LHC
MBP202 collar. main dipoles [4], [5].

MBPSO001 First and third 15-meter long pre-series dipole,

MBPSAO1 6-block baseline design, stainless steel collar. I1l. M EASUREMENTS RESULTS AND ANALYSIS

A. Measurements

AREPOC have been used in the study performed on shortThe superconducting magnets were submitted to current cy-
magnet models. Their main characteristics are listed in Tabl€les of the type shown in Fig. 1, with different values of the
The behavior of each Hall probe type was investigated at 1.9"R@ximum currenf/iax) and timesty, ¢; andt;.

[7]. In particular the so-called de Haas—van Alphen oscillations The local magnetic field inside the magnet aperture was mea-
were characterized. For the measurements of the PFP in $§éed with the Hall probes as a function of time during the
normal operation mode, Hall probes were connected in serf-top and at the end of the current cycle.

and the input current value was fixed to 5 mA.

The Hall probes were mounted inside a stainless steel c&eStudy of the PFP as a Function of the Current Cycle
and fixed on a special rotating shaft. The probes were locatedrhe PFP was clearly observed after the end of the current
inside the magnet aperture at a radius of 17 mm and covetg@les for all magnets which were investigated when the flat-top
the central part of short dipole model over a length of 200 mrgurationt, —t; was larger than 3000 s. It was in general difficult
They allow measurement of the radial component of the tot@l identify it on the current plateau (i.e., between titneand
magnetic field as a function of azimuthal angle for different pa) mainly because of the contribution of other sources of field
sitions along the magnet axis. Only results obtained for orieni@homogeneity such as the ferromagnetic yoke laminations. The
tion of the Hall probes sensitive area perpendicular to the m3Fp can have a very long decay time and was observed up to 81
dipole field direction will be presented. hours after the end of the current cycle.

2) Hall Probes Set-Up to Study the Magnetic Field of Two examples of PFP measured on the short magnet model
Full-Scale LHC Dipoles:For the measurements of the PFRIBSMS17_V3 at the times are given in Fig. 2. They corre-
inside long LHC cryo-dipoles, six Hall probes also providedpond to a current cycle with a ramp-up to 9 kA at 40 A/s fol-
by AREPOC have been used (Table I). They were mountgfived by a ramp-down at40 A/s after a plateau duration of
on two rings at a radius of 17 mm on the set-up dedicat®®0 s and 3000 s, respectively. Both these PFPs can be well ap-
for the snap-back study in LHC dipoles [8]. Hall probes wergroximated by the relation:
connected in series and the input current value was fixed
to 50 mA. The results presented in this article concern the B(z, t) = Bo(t) + B1(t) sin(2nz/ X + ¢) Q)
measurements performed with the two probes perpendicular to
the main field direction and distant of 55 mm. The magnetigith the fitting parameters given in Table Il
field inside the dipole apertures has been scanned by movinghe A value in (1) is found (Table IIl) to be close to the twist
the Hall probes set-up axially at fixed orientation. pitch length of the cable used for the inner layer of the coil.
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7 Flat top duration TABLE Il
8 at top dura FITTING PARAMETERS OF MEASURED DATA SHOWN IN FIG. 2
[ T enn ol USING THE RELATION (1)
61 ﬂ & 500 .
4 | /' ‘ ¢ 3000 s ‘ ’/ \\ Fitting Current cycle with flat  Current cycle with flat
2 5= S Parameters top time of 500 s top time of 3000 s
E ol A\ \ Bo(mT) -1.85 -1.33
E 77 / 3 Vg N\ B) (mT) 4.09 623
2 /4
/ \ A A (cm) 11.4 114
-4 S ¢ (rad) 24 -2.39
2 7/ 7
5 1»\.;/’/ \\U
-8 TABLE IV
-10 RESULTS OBTAINED ON SOME LHC SHORT DIPOLE MODELS, FULL-SCALE
0 5 10 ( 15 20 25 PROTOTYPES ANDFIRST PRESERIESDIPOLES
cm)
Magnet Name PFP Amplitude B; Cross contact
Fig. 2. Example of two periodic field patterns measured in the short mod measured at t = 2500 s resistance R,
MBSMS17_V3 at the times of the current cycle shown in Fig. 1. in mT in pQ
MBSMS17_V3 227 3
. . . . ... MBSMT4_V2 1.17 a
This result suggests a nonuniform interstrand current distrib \pemra_vs 115 a
tion inside the superconducting cable of the coil [3]. In ordert MBSMT5_v3 0.19 2
understand the origin of such nonuniformity, previous studie MBI‘EOI O-lg 40+2
have identified two main mechanisms. The first one concer ;’:gngi 3'18 ng;
the spatial variation of the time derivative qf the magnetic fiel mppsoo1 0.15 6342
along the cable [9], [10]. The second one is related to the va MBPSA01 0.25 37+£2
ation of the cross contact resistan@e between strands of the *©not measured
cable [10].

The homogeneous term of (1) obtained from the fit of the Study of the PFP Inside Long and Short Dipoles

PFPS measu_red &, Bo(ts), is negative (Tab!e “.l) because All superconducting dipoles were submitted to the so-called
it comes mainly from the remanent magnetization of super-

conducting filaments. Concerning the amplitudes of the P%&Ednzre;e:znmc?ggvcvlﬁ Z}vPITOaA;?;?t-eurpatoIztg:uaéjr(;tgi chl-
at time ¢3, By (¢3), it is found to increase with the flat-top y P P

duration (Fig. 2). This result can be understood qualitativei]'OOO s. The amplitudes of the PFP deduced from the fit of the

e - . r%easured data using (1) are listed in the Table IV.
within the framework of existing theoretical model_s [3], [9] The first conclusiogn(w)hich can be drawn is that no clear dis-
and [10]. During the ramp-up of the Cl.mem cycle (i.e., up tﬁﬂction can be observed between the PFP amplitudes measured
f1), the Rutherford type superconducting cable charges |ts|e|,§] long and in short dipoles. In addition, the largest spread in

with a nonuniformly distributed current wave. On the platea . o .
y P f}l values is observed inside short dipole models whereas all

of the cycle this wave diffuses slowly and its amplitude OleC‘r;lyfsgsults obtained in long dipoles are very close. This result can

in other words the current tends to be shared more uniforr‘r]D explained by the oxidation process of the strand coating
between strands. During the ramp-down, the superconducti Ao ) developed at CERN for the superconducting

cable charges itself with a nonuniformly distributed curre . e .
o cables of the 3rd generation prototypes, pre-series and series

wave of an opposite sign as compared to the current ramp'rlﬁ%gnets [12]

(antiwave). As a consequence, the PFP measured at thestime For long dip;oles the so-called “Field-Advance” produced by

results from the composition of two waves, which can partiall . .
b P gddy—current was also measured with Hall probes during current

cgncel. The amphtude.of the resulting PER(t3) increases cycles optimized for this study [13]. The values of the cross-con-
with the flat-top duration because the compensation effe .

) . tact resistanc&,. deduced from such measurements are also re-
between the wave and the antiwave become less effective.

More generally, the amplitudeB, (+;) andBx (¢s) of the PFP ported in Table IV. These results allow to plot the dependence

the PFP amplitude as a function dof R. (Fig. 3). As ex-
depend strongly on the current cycle performed. For exampﬁéécted [9], [10], the data can be fitted with a linear variation

they are found to increase exponentially with the flat top dd-""". S . . . .
ration like the voltage of a charging capacitor. In the case gossing the origin. The slope of this straight line will allow to

. . ’ estimate the amplitude of the nonuniform current distribution
an asymmetric cycle with a ramp-down much faster than the

ramp-up, the PFP exhibits a larger amplituBle(t;) as com- assuming the wqrst case (see next paragraph) for the LHC su-
pared to a symmetric cycle. This effect can also be explainggrconductlng dipoles.

by a lower compensation effect between the two eddy curr
waves. Another result obtained is that the amplitude of P
B (t1), is found to increase significantly with the maximum
current of the cycle. As an example, the amplitude of the pe-The oxidation process of the strand coating developed at
riodic pattern measured on the flat-top inside the aperture ®ERN for the superconducting cables for the LHC is expected
MBSMS17_V3 reached 32 mT at 13 kA whereas it was onkp guarantee a minimum value fé&. equal to 20:£2 [12]. This
equal to 16.8 mT when the current cycle is stopped at 9 kA [11$. actually the case as it can be seen in Table IVHpwvalues

&F EFFECT OF THENON-UNIFORM INDUCED CURRENT ON THE
' QUENCH PERFORMANCE OFLHC DIPOLES
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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-
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