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Abstract

The Q2 insertion quadrupoles for the High Luminosity
upgrade of the LHC are currently being produced and tested.
The test of the first units provides valuable information about
the field quality of superconducting accelerator magnets
built from Nb3Sn coils. This paper presents the results of
the magnetic measurements performed on the prototype and
series magnets with emphasis on field quality and field re-
peatability. The stability of the integral gradient is analyzed
in view of the final installation in the machine.

INTRODUCTION

The High Luminosity upgrade of the LHC (HL-LHC)
includes the installation of large-aperture high-gradient
quadrupoles as new inner-triplet magnets in the two inter-
action regions of the CMS and ATLAS [1] experiments.
The required gradient of 132.6 Tm~! in a 150-mm aperture
for the triplet quadrupoles, dictated the use of Nb3Sn as
superconducting material for the magnet coils [2].

The new Q2 cryomagnet is composed of an MQXFB
quadrupole and an MCBXFB corrector, as shown in Figure 1.
The list of the main specifications for the MQXFB magnet
is given in Table 1 for nominal operation at a proton center-
of-mass energy of 7 TeV [3].

After a campaign of short models and prototypes for the
validation of the design and the evaluation of the power-
ing [4—6] and magnetic performance [7], the first full-length
magnets have been built and tested [8]. Full-size magnets
are tested in the final cryo-assembly configuration before
installation in the tunnel with the requirement of a complete
magnetic characterization.

In this paper, we first introduce the strategy and instru-
ments for magnetic tests at ambient and cryogenic temper-
atures. Then, we discuss the main results, focusing on the
measurement of integrated gradient and field quality.

Table 1: Main Specifications for the MQXFB Quadrupole

Parameter Unit  Value
Aperture diameter mm 150
Operational temperature K 1.9
Nominal current [,,,,,, A 16230
Nominal gradient Tm™! 1326
Integrated nominal gradient T 948.1
Magnetic length m 7.2
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Figure 1: The cross-section of the MQXFB (top), an ex-
ploded view of the cold mass containing the main magnet

MQXFB and the corrector MCBXFB (middle), the Q2 main
dimensions in millimeters (bottom).

FIELD MEASUREMENTS

In addition to the powering and training test, the Q2 mag-
nets are characterized in terms of the transfer function of the
integrated gradient, field quality, magnetic axis, and field
direction. In this section, the strategy and the instruments
for field measurements are described.

Measurement Strategy

The magnetic measurements of the Q2 magnets have the
following main objectives [9]: the quality control during the
assembly process, the measurement of integrated gradient
and field quality, the fiducial-markers localization for align-
ment, the collection of input data for the development of
empirical magnetic-field models [10].

Since the magnetic measurement can be used as a diag-
nostic tool as well as to trigger actions for the fine-tuning of
the field quality, the baseline is to measure the main field and
harmonics at ambient temperature, on all the series magnets,
at different phases of the magnet assembly [11,12]: i) on the
coil-pack assembly, ii) on the magnet full assembly before
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loading, and iii) after loading. The results of these tests will
be used to evaluate the need for magnetic shimming [13].
The magnetic axis and the field direction are also measured
at ambient temperature after the finalization of the cold-mass
assembly.

The integral gradient and harmonics are then measured
at 1.9 K and at different current levels, with cycles as for the
operation in the accelerator, to provide a complete magnetic
characterization. In addition, the integral magnetic axis
and integral magnetic angle are measured at operational
conditions to allow the fiducial-marker localization for the
alignment in the tunnel.

Instruments

A number of accelerator projects have required the devel-
opment of magnetic-measurement techniques by constantly
improving the performance. The most relevant examples
are the developments carried out for the SSC [14, 15], the
RHIC [16], and LHC [17, 18] projects.
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Figure 2: The rotating coil scanner used for the magnetic
measurements at ambient temperature (top), and the PCB
layout (bottom).

At ambient temperature, a longitudinal field scan using a
short rotating-coil magnetometer [19] (Figure 2) provides
a suitable characterization of the variation along the longi-
tudinal magnet axis of the magnetic quantities of interest.
The measurement accuracy of the field gradient by using a
short rotating-coil magnetometer is limited by the knowl-
edge of the coil surface and radius. Recent designs of coil
magnetometers using PCB technology [20] have shown an
improved relative accuracy at the level of a few units of 1074

Before installation in the accelerator tunnel, supercon-
ducting magnets are tested at cryogenic temperature up to
nominal current and beyond. Due to the complexity of such
a test and the typical schedule constraints, a magnetic mea-
surement instrument must be easy to set up and able to
reliably and accurately measure the total length of the mag-
net continuously during one or more powering cycles. A set
of rotating-coil magnetometers, mechanically connected in
series with the same motor/encoder unit, is called rotating-
coil chain. The chain can have a length of several meters
to cover the full length of the magnet, and to measure with
a continuous rotation during hours of powering cycle. The
rotating-coil chain used for the Q2 magnet has six equal mod-
ules. Each module has an overall length of about 1.4 m and
is composed of i) a PCB board with the induction coils, ii)
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Figure 3: The 1.4-m-long module of the rotating coils chain
(top) used for the magnetic measurements at cryogenic tem-
perature: two composite shells hold a PCB plate (bottom)
to form a cylindrical structure.

two half shells as support structure, and iii) the mechanical
interfaces, see Figure 3.

An additional and complementary system is the single
stretched wire: the most accurate instrument for the measure-
ment of integral quantities such as integral gradient, field
direction, and magnetic axis [21]. However, it does not pro-
vide any measurement of local quantities, and it is not well
suited for measuring field harmonics, in particular at the
different current levels of a typical excitation cycle. There-
fore, the stretched wire is used, besides the determination of
the magnetic axis, for a final measurement of the integrated
gradient at cryogenic temperature and nominal current.

MEASUREMENT RESULTS

At present time, three prototypes and four series MQXFB
magnets have been built. The list of all tested magnets
is shown in Table 2. In this section, the main results of
magnetic measurements are presented and discussed. In
particular, we will focus on the reproducibility and stability
of the integrated gradient, and the field quality in terms of
multipolar coefficients.

Integrated Gradient

The transfer function — the ratio of the integral gradient
and the excitation current — measured at ambient temperature
by using the rotating coil scanner, and at nominal conditions
by using the stretched wire, are reported in Table 2. The
results show that the magnet-to-magnet reproducibility of
the integrated gradient is within a range of 20 units of 10™#
at ambient temperature, and within a range of 25 units at
1.9 K and nominal current. The production of the first mag-
nets has not been homogeneous: i) a change of cross section
was applied from the P2 [22], ii) the magnets P3 and 02
implement a series of modifications to address the perfor-
mance limitations [23]. From magnets 03, all units are built
with the same coil fabrication and assembly processes [24].
Therefore, we expect a more reproducible behavior.
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Figure 4 shows the transfer function, measured with the
rotating-coil chain, as a function of the current. The mea-
surements show a spread of up to 50 units at intermediate
currents due to the effect of the magnetic shims [25] that
vary from magnet to magnet.

The results of a special measurement, performed as well
with the rotating-coil chain during a plateau of 8 hours at
nominal current, is shown in Figure 5. For the duration of
the test, the integrated gradient remains stable within the
measurement precision of +2 x 1073,

Table 2: Measurements of the Transfer Function of Three
Prototypes and Four Series MQXFB Magnets

Transfer function (T kA~!)

Magnet Ambient temperature 1, at 1.9 K
P1 63.394 58.562
P2 63.359 58.708
P3 63.328 58.616
02 63.407 58.649
03 63.458 58.571
04 63.426 58.654
05 63.434 -
Average 63.401 58.627
Range (units) 20 25
66
—— MQXFBP2
65 MQXFBP3
64 —— MQXFB02
~ —— MQXFBO03
763
E 62
g6l
60
59
58

0 2 4 6 8 10 12 14 16
Current (kA)
Figure 4: Transfer function (TF) measured as a function of
the current on four different magnets. The arrows indicate
the ramping direction.

Field Quality

The multipoles, measured both at ambient temperature
and 1.9 K expressed at the reference radius of 50 mm, are
shown in Figure 6. All multipoles, at nominal conditions, are
within the expected range of variation given by tolerances
in the order of 30 um for the cable positioning. Some low-
order multipoles, such as by on the magnet P2, the a3 on the
magnet 02, or the a4 on the magnet 04, are corrected with
the application of magnetic shims based on measurements
at ambient temperature. The bg, based on the measurement
of the short models, has been corrected by tuning the coil
geometry on magnets from the P2 [22].
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Figure 5: Stability of the integrated gradient measured with
the rotating coil chain during a plateau of 8 hours at constant

nominal current. Each point is an average of 100 measure-
ments with the 3-sigma standard deviation as error bars.
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Figure 6: Integrated multipoles measured on the three pro-
totypes and the first four series MQXFB quadrupoles. The
solid lines show the expected range of random variation com-
puted from random movements of 30 um of the conductor
blocks in the coils. The reference radius is 50 mm.

CONCLUSIONS

Three prototypes and four series Q2 magnets for HL-LHC
have been built and tested. Specific instruments, together
with a comprehensive strategy, have been developed for
magnetic measurements both at ambient and cryogenic tem-
peratures. The results of the magnetic characterization of
seven magnets show that: i) the integrated gradient is repro-
ducible from magnet to magnet within 20 units of 10~* and
it is stable over long plateaus at nominal current within the
measurement precision of 2 1073 ii) the field quality, after
magnetic shimming, is under control and all multipoles are
well within the acceptable range of variation.
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