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Abstract—The main issues concerning the field quality in the 

main quadrupoles of the Large Hadron Collider are presented. 
We show the trend plots for the focusing strength and multipoles 
at room temperature covering more than 2/3 of the production. 
We describe the correction of the coil layout to improve b6 at 
injection field level. A non-negligible fraction of the quadrupoles 
has been manufactured with collars featuring a magnetic 
permeability somewhat higher than the specified limits. We show 
plots for this anomaly. Field quality correlations to 
measurements in operational conditions are discussed. The 
dependence of field quality on cable manufacturer is analysed 
 

Index Terms—LHC, Quadrupole, Magnets, Large scale 
superconductivity, Field Quality.  

I. INTRODUCTION 
HE Large Hadron Collider (LHC) consists of more than 
8000 superconducting magnets. The main magnets are 

1232 dipoles (MB) and 392 quadrupoles (MQ) used for the 
lattice or in the dispersion suppressor regions. The remaining 
magnets are used for correction or in the regions close to the 
interaction points for dispersion suppression, matching and 
low beta focusing [1]. 

The series production of the MQ magnets started in 2003 
and will end in summer 2006. The production of magnets 
takes place in Accel Instruments, Germany. Technology 
transfer and follow-up is done by CEA-Saclay, France [2]. 

Each quadrupole is composed by two coil apertures, 
magnetically and mechanically decoupled, arranged in one 
yoke assembly. For more details on the design see [3]. The 
assembly of a magnet at the manufacturer premises takes 
several weeks and a few months are needed from the first 
assembly step (coil winding) to the final acceptance tests in 
operating conditions (1.9 K) at CERN. Repair of faulty 
magnets is both expensive and time consuming as magnets 
rejected at CERN must be sent back to factory for the cold 
mass disassembly. Therefore, electrical tests and several types 
of measurements are foreseen all along the production 

according to the quality assurance plan. The magnetic field 
measurements are an essential test: measurements at room 
temperature are used to predict the magnetic field in 
operational conditions and can also be used for finding 
assembly defects.  All magnets are measured at room 
temperature at a current of 12.5 A (about 0.1% of the 
operating current). Measurements of the magnetic field at 1.9 
K are foreseen on a sample of 10% of the magnets to evaluate 
the offsets in warm-to-cold correlations. In this paper we give 
the status of the field quality based on measurements at room 
temperature of ¾ of the production, and on the warm cold 
correlations established on 5% of the production. 
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II. WARM MEASUREMENT DATA 
The magnetic field in a quadrupole is expressed as a power 
series 
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where (x,y) are the transverse coordinates, R is the reference 
radius (17 mm for LHC), and B2 is the main quadrupolar 
component. The harmonics terms b6, b10, b14 …, are generated 
by a coil layout that satisfies the quadrupole symmetry 
(“allowed” components), whereas the other harmonic terms 
are due to imperfections in the quadrupole symmetry (“not 
allowed” components). The harmonics are expressed in units 
of the main field (b2≡104 units). The main component and the 
high order harmonics are measured at room temperature with 
a rotating coil of 750 mm length along 5 consecutive positions 
to cover the 3.1 m long quadrupole. Position 1 and 5 cover the 
heads of the coils, and 2 to 4 the so called coil straight part.  

 Room temperature measurements are done in the 
quadrupole manufacturer at two different stages, namely after 
the collaring (superconducting coils clamped in the collars, 
see Fig. 1), and after the welding of the shrinking cylinder (the 
so called cold mass, i.e. the two collared coils inside the iron 
yoke and the stainless steel cylinder). In Table I we give the 
total number of measurements at room temperature and at 1.9 
K available on 11.08.2005. We split the data between the two 
different coil layouts that have been used in the production: 
cross-section 1 is the original baseline, whereas in cross-
section 2 a mid-plane shim of 0.125 mm thickness has been 
added to optimize the mean value of the b6. Two octants (¼ of 

T 

mailto:per.hagen@cern.ch


TUA06PO11 2

the production) have been built with cross-section 1, and the 
remaining ¾ will have cross-section 2. 

Superconducting cable from five different manufacturers 
are used, labeled with letters from B to K (see Table II). 
Although all of them produce cables according to the same 
specifications, the different cable layout, the different 
production procedures and tooling can have some impact on 
the coil geometry, as it is discussed in Section VI. 

 
 

Fig. 1: The cross-section of one aperture of the LHC main quadrupole 
 

Table I: Number of measured apertures as function of assembly stage 
Cross-section Measurements 

  collared coil cold mass cold 
1 204 176 24 
2 427 302 10 

Total 631 478 34 
 

Table II: Number of produced apertures as a function of the cable 
manufacturer 

Cross-section Cable type 
  B C D G K 

1 112    90 
2 157 92 67 106 5 

Total 269 92 67 106 95 
 

III. FIELD QUALITY VERSUS BEAM DYNAMICS TARGETS 
In Figs. 2 and 3 we give a global picture of the field quality 

[4]. Data measured at room temperature are plotted, and 
compared to the target values given by beam dynamics 
requirements extrapolated to warm conditions, i.e. subtracting 
the effect the beam screen (evaluated using a BEM-FEM code 
[5]) and the offsets due to warm-cold correlations. We assume 
a persistent current offset of -4 units on b6, and no offsets on 
“not allowed” multipoles. Moreover, we assume that the 
random part is dominated by geometrical effects which are 
completely known with room temperature measurements. The 
triangles are the average of the multipoles in all measured 
apertures at room temperature. The solid lines are the targets 
given by beam dynamics requirements (upper and lower limit 
for the means, and an upper bound to the random) 

All the multipole mean values (usually denoted by 
systematic) are within specifications. The focusing strength is 
not given here since its absolute value can be set using the 
power supply and therefore there is not a beam dynamic 
target.  

In Fig. 3 we plot the measured standard deviation of the 
multipoles versus the targets of all measured magnets (both 
cross-sections). The variation of the focusing strength is 14 
units, close to the target. This value is going to increase to 17 
units since apertures with very high focusing strength (due to 
too high collar permeability) have been produced in spring 
2005 and have not yet been measured as cold mass (i.e., the 
two apertures in the iron yoke). Indeed, there is some 
experimental evidence that this effect disappears at 1.9 K (see 
Section VII). In this case, the room temperature values would 
overestimate the spread of the focusing strength. While 
waiting for more data on warm-cold correlations, a dedicated 
installation scheme (sorting) is anyway being used for 
precaution. According to this scheme, quadrupoles with high 
focusing strength are coupled at an appropriate phase advance 
of betatronic motion, in order to minimizing the β-beating. 

  

Coil protection sheet  

Coil pole   

Collars  

Midplane shim  

 The variation of b6 is mainly due to the mixing of cross-
sections. The fact that it is 0.6 units outside specification is 
not considered as critical. All other standard deviations of 
normal multipoles are within target. The random part of the 
skew multipoles is also within target.  
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Fig. 2: Mean of normal (left) and skew (right) multipoles measured in cold 

masses at room temperature versus beam dynamics targets  
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Fig. 3: Standard deviation of normal (left) and skew (right) multipoles 

measured in cold masses at room temperature versus beam dynamics targets  

IV. THE CORRECTION OF THE COIL LAYOUT 
Magnetic measurements of the first batch of apertures have 

clearly shown that the systematic b6 was a few units outside 
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target at injection current (760 A). This fact had been already 
observed in the prototype phase [6]. After the beginning of the 
production, beam dynamic simulations and an improved 
analysis of warm-cold correlation have been carried to better 
define the target values at room temperature. The needed 
correction was of -2 units of b6. The implemented corrective 
action was to add 125 μm in the coil mid-plane: this was 
calculated to give the required effect on b6 and a negligible 
effect on the focusing strength (see Table III) [7]. The solution 
was successfully tested on three quadrupoles, and then 
implemented as a baseline. The measured effect of the cross-
section change is very close to the computation from the 
model (See Table IV), with the exception of a lower impact on 
b10. 

 
Table III: Computed change in field quality [units] when adding a 125 μm   

midplane shim 

  

Focusin
g 

strength b6 b10 
Midplane, inner layer -4.5 -1.9 -0.19 
Midplane, outer layer -1.4 -0.1 -0.01 
Midplane total -5.9 -2.0 -0.20 

 
Table IV: Measured mean values in cold masses for the two cross-sections 

Cross-section 
Focusing 
strength b6 b10 

1 10000 5.2 -0.13 
2 9993 3.1 -0.17 

Difference -7 -2.1 -0.04 
 

V. ANOMALIES IN COLLAR PERMABILITY 
Since summer 2004, significant anomalies in the focusing 

strength and in the “allowed” multipoles have been observed: 
the focusing strength was around 30 – 90 units higher than 
expected, and b6 was at the same time several units lower. 
This was traced back to the relative magnetic permeability (µr) 
in the collars, which was out of the tolerance for the raw 
material before fine blanking: permeability measurements 
showed typical values between 1.01 and 1.02 against a 
µr<1.005 as presented in the technical specifications. The 
measured dependence of the focusing strength and of b6 on 
the collar permeability has been found to be in agreement with 
simulations carried out with a BEM-FEM code [5], as shown 
in Figs. 4 and 5. After the discovery of this effect, the 
following actions have been taken: 

• Measure the collar permeability for all apertures 
• Measure the magnets with high collar permeability 

in operational conditions, where this effect is 
expected to disappear 

• As a precaution, magnets with high permeability 
are assigned to special slots in the magnet lattice to 
have a local compensation 

Another option is to use magnets with this possible gradient 
anomaly in the dispersion suppressors (32 quadrupoles), 
where they are compensated by individually powered 
quadrupole correctors (MQTL). In this case one should know 
the behavior in operational conditions. Indeed, measurements 
of a few magnets with these anomalies have shown that this 

effect disappear at 1.9 K. This implies the need of a special 
treatment of these warm measurements for the extrapolation at 
1.9 K. More information can be found in Section VII. The 
local compensation scheme has the advantage of being 
effective also in the case of a vanishing anomaly at 1.9 K. 
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Fig. 4: Focusing strength in collared coil as function of permeability: 

measured (markers) and model (solid line). 
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Fig. 5: b6 in collared coil as function of permeability: measured (markers) and 

model (solid line). 

VI. CABLE MANUFACTURER VERSUS FOCUSING STRENGTH 
Some variations in the focusing strength are caused by the 

difference of cables: the lay-out, the production process and 
tooling, unique for each cable producer, can influence the 
focusing strength of the magnet. The differences observed 
between the cables are presented in Table V. Data relative to 
magnets with high permeability collar (μ>1.008) are not 
considered in this analysis. We process data of cross-section 1 
(cable B and K) and 2 separately (cable B, C, D and G). 
Values of cable B (having the higher statistics, see Table II) 
are used as a reference for both cross-sections. 

 
Table V: Relative difference in focusing strength for the various cable types 

Cable type 
  B C D G K 
ΔG/i (units) 0 23 27 11 2 

 
The {B,K} have similar characteristics. The {C,D} have 

around 25 units more in the focusing strength, and cable G is 
in between. This non-negligible difference can be obtained in 
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simulations by a larger cable width of 35 μm. Analysis of 
dimensional data relative to cable C shows that cable width is 
12 μm larger than cable B [8], thus only partially accounting 
for this effect.  

VII. WARM TO COLD CORRELATIONS 
The absolute accuracy of the measurements of the focusing 

strength at 1.9 K is discussed in very details in [9]. Systematic 
differences have been observed between the measurements 
performed with the automatic scanner (AS) and the single 
stretch wire (SSW). After an analysis of the measurement 
systems, the focusing strength measured with SSW has been 
judged the most accurate and an offset has been added to the 
measurement performed with the AS. 
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Fig. 6: Focusing strength per unit current: room temperature measurement 
versus nominal field at 1.9 K.  
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Fig. 7: Multipole b6: room temperature measurement versus nominal field at 
1.9 K.  
 

The warm to cold correlations of the focusing strength are 
presented in Fig. 6. Data relative to a few quadrupoles have an 
anomalous correlation where the high values measured at 
room temperature correspond to normal or low values at 1.9 K 
(nominal energy). These are included in fig. 6 and 7. One of 
these magnets had collar permeability out of tolerance: this 
suggests that the higher values due to this effect disappear at 
1.9 K. For the other ones, no permeability measurements are 
available. A similar situation holds for correlations to injection 

energy. More magnets with anomalous permeability will be 
measured to better establish the correlations. 

Rejecting these data, the average offset between warm and 
cold measurements of the focusing strenght is about 22 units, 
and its spread is 4 units, i.e. much lower than the spread in the 
warm measurements (13 units).  

For the first order “allowed” multipole b6, data are clustered 
around two values (see Fig. 7), corresponding to the two 
cross-sections layout. The same magnets showing anomalies 
in correlation for the focusing strength are not matching the 
correlation for b6, having low values at room temperature (1 to 
2 units) that are not found at 1.9 K (3 units). This is 
compatible with the hypothesis that these magnets all have 
high collar permeability. 

CONCLUSIONS 
Data relative to room temperature magnetic measurements 

of ¾ of the production have been presented. The systematic 
value of the first “allowed” multipole b6 has been corrected 
through the insertion of an additional mid-plane shim. The 
impact on field quality is in agreement to the expectations and 
all mean values are within beam dynamics targets. For the 
random part, the main concern comes from the spread of the 
focusing strength, which is 40 to 60% above target. A 
consistent part of this spread has been generated by collars 
with a too high magnetic permeability. The problem is solved 
now, but a few tens of quadrupoles have been manufactured 
with these collars, featuring a focusing strength 30 to 90 units 
more than average. A dedicated sorting scheme is being used 
as a precaution to minimize impact of these magnets on the 
perturbation of the optical functions in case that anomaly 
remains at operating field.  

Even though the production is well advanced, warm to cold 
correlations are still in the process of being established. In 
particular, more measurements are needed for the magnets 
with anomalies in collar permeability; the first data show that 
this effect is likely to disappear at 1.9 K. 
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