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Abstract

This paper presents the main results of the magnetic mea-
surements performed on the Nb;Sn MQXFB quadrupole
magnets for the High Luminosity LHC (HL-LHC) upgrade
at both room and cryogenic temperature. The measurement
program, carried out during the different stages of the mag-
net assembly and by using different instruments such as
rotating-coil and stretched-wire systems, allows an early
identification of the field errors and a comprehensive charac-
terization of the field quality. A fine tuning of the low-order
multipoles is achieved by magnetic shims using iron inserts,
which provides a means for improving the field quality of
some magnets. The transfer function, the field harmonics,
and the effects of superconductor magnetization and iron
saturation are reported. In addition, a warm-to-cold ex-
trapolation method is developed for the prediction of the
integrated gradient at 1.9 K and nominal current, with a
target accuracy of 5 x 1074, allowing an appropriate sorting
of the magnets at an early stage and before the final cold
test. In conclusion, all the MQXFB magnets tested so far
meet the field-quality requirements for the HL-LHC, and the
adopted measurement and correction strategy has proven to
be effective for the series production.

INTRODUCTION

The high luminosity upgrade for the LHC (HL-LHC)
foresees the replacement of the inner triplet quadrupole
magnets in the main experimental insertions housing the
ATLAS and CMS experiments, with wider bore, stronger
focusing quadrupoles [1]. The new magnets are based on
NbsSn cables, and operate at a nominal current of 16.23 kA,
corresponding to a gradient of 132.2 Tm™! and peak fields
of 11.3T. Including spares, a total of 30 magnets will be
produced, in two different length configurations: MQXFA
(4.3m, 20 in total), and MQXFB [2] (7.3 m, 10 in total). The
MQXFA will be assembled in the Q1/Q3 cryo-assemblies
(2 magnets per assembly), while the MQXFB will be com-
bined with the MCBXFB dipole orbit corrector, see Fig. 1,
with two such assemblies (Q2a/Q2b) installed per side of
each interaction point. The main design parameters of the
MQXFB quadrupoles [3] are reported in Table 1.

A dedicated magnetic measurement program has been im-
plemented for the different stages of magnet assembly with
a final test at 1.9 K (cold) [4]. Measurements at ambient
temperature (warm) provide early information on geometric
field errors, while measurements at cold, and up to nominal
current, allow the characterization of all relevant field contri-
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butions, including effects of superconductor magnetization
and iron saturation.

This paper summarizes the results obtained on the
MQXFB series magnets, with emphasis on the transfer func-
tion, field harmonics, magnetic shimming, and warm-to-cold
extrapolation of the integrated gradient.
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Figure 1: The cross-section of the MQXFB quadrupole
(top), and the Q2 cryo-assembly (bottom), integrating the
MQXFB quadrupole magnet (left) and the MCBXFB dipole
orbit corrector (right).

Table 1: Main Design Parameters of the MQXFB

Parameter Unit  Value
Aperture diameter mm 150
Operational temperature K 1.9
Nominal current /,,,,,, A 16230
Nominal gradient Tm™ ! 1322
Integrated nominal gradient T 948.1
Magnetic length m 7.17

MAGNETIC MEASUREMENT STRATEGY

Ambient temperature measurements are carried out at
low current (10 A) during several stages of the assembly,
including after coil-pack assembly, centering, loading, pre-
alignment during cold-mass assembly, and final alignment
with respect to reference points.

At 1.9 K, the magnets are measured up to the nominal
current of 16.23 kA. The powering program includes stair-
step cycles, machine cycles, and variable ramp-rate cycles,
optimized to characterize the field within the available test
time. In particular, the machine cycles emulate the main
features of the operational powering profiles such as the reset
current, the injection plateau, the acceleration ramp, and the
flattop plateau at nominal current.

Instrumentation includes rotating coils for field harmonics
both at warm (rotating coil scanner [5]) and cold (chain of
rotating coil shafts [6]), and a stretched-wire system [7, 8]
for the transfer function measurement and magnetic axis
alignment at warm and cold.
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MEASUREMENT RESULTS

The magnetic measurements cover the MQXFB series
magnets available for HL-LHC installation. At the time of
this analysis, MQXFB03 to MQXFB 10 were fully completed
including their final test at cold, except for MQXFBO09 that
required a repair. All units required for installation, including
the two spares, have been measured at ambient temperature.

Transfer Function

Table 2: Transfer Function of the MQXFB Magnets

Magnet TF warm [TkA™1] TF cold [TkA™1]
MQXFBO03 63.458 58.571
MQXFB04 63.426 58.654
MQXFBO05 63.434 58.700
MQXFBO06 63.396 58.523
MQXFBO7 63.444 58.563
MQXFBO08 63.470 58.594
MQXFB10 63.390 58.487
MQXFB11 63.405 -
MQXFB12 63.441 -
MQXFB09b 63.600 -
Average 63.429 58.585
Range (units) 13 36

The measured transfer function (TF), defined as the inte-
grated gradient normalized to the excitation current is sum-
marized in Table 2 for ambient temperature measurements
(warm) and at 1.9K (cold). Figure 2 shows the transfer
functions of all magnets already tested at cold. The average
integrated gradient at nominal current is 950.83 T and the
magnet-to-magnet spread is in the range of 36 units. Mag-
net MQXFBO09, that required the replacement of one coil
after a thermal cycle at 1.9 K, shows a slightly larger TF at
warm and is not considered for the estimation of average and
range. Magnetic shimming also affects the main field, with
a maximum contribution of about 2.0 %o at nominal current
when four blades are used.
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Figure 2: Transfer function as a function of current for the
MQXFB magnets already tested at cold.

Field Harmonics and Shimming

The field quality is described by the multipole expansion
of the magnetic field at a reference radius of 50 mm and the
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Figure 3: Measured field harmonics at ambient temperature
(top) and at 1.9 K and nominal current (bottom). b5 and
a3 of magnet BOS and a4 of magnet BO4 are corrected by
applying magnetic shims. The solid lines refer to the target
field quality for nominal HL-LHC optics.

harmonics are expressed in units of 10~# of the main field
component. The measured harmonics at ambient tempera-
ture and at 1.9 K are within the expected range, see Fig. 3.

Low-order multipoles can be corrected by magnetic shim-
ming. The correction is obtained by inserting iron blades
in the bladder slots [9]. The position of the blades is se-
lected using the results of ambient-temperature magnetic
measurements and numerical calculations of the expected
correction at nominal Current, as shown in Table 3. The
effect of the shims is visible in cold conditions, when iron
saturation becomes relevant.

Table 3: Computed Magnetic Corrections at /,,,,,,

MQXFB04 MQXFB05
n Ab, Aa, n Ab, Aa,
3 0.00 0.00 3 358 358
4 000 -1.05 4 0.00 0.00
5 0.00 0.00 5 033 033

This correction strategy has been applied to two series
magnets, see Table 3, and has been effective in reducing
the selected low-order multipoles. In addition, a systematic
be component was corrected by modifying the coil cross-
section after the test of the first prototype.

The current dependence of the harmonics shows the ex-
pected behavior due to superconductor magnetization at low
current and iron saturation at high current. In particular, the
allowed bg component exhibits a strong variation during the
current ramp, as shown in Fig. 4. The effects of the shim-
ming of MQXFBOS are visible in Fig. 5, where the initial
high b3 and a3 measured at warm are corrected at nominal
current at cold.
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Figure 4: b6 as a function of current during machine cycles.

The steep change at low field is due to the superconductor

magnetization (persistent currents).

= MQXFB04 = MQXFB03 MQXFBO05 =  MQXFB06
= MQXFB07 MQXFBO08 = MQXFB10
10 10
5 5
2 B
a7 <0
5 -5
-10 -10
0 10 20 0 10 20

Current (kA)
Figure 5: b3 and a3 as functions of current during machine-
cycle ramps. The change observed in MQXFBOS is the effect
of magnetic shims.

WARM-TO-COLD EXTRAPOLATION

Sorting and matching MQXF magnets within circuit (Q2A
and Q2B) is an effective way to reduce S-beating (through
pair calibration) and optimize beam calibration [10]. For an
effective magnet sorting, it is important to estimate the trans-
fer function at nominal operating conditions as early as pos-
sible [11]. Since the ambient temperature measurements are
available several months before the cryogenic measurements,
a warm-to-cold extrapolation model has been developed.

The extrapolation model separates the effects on the cross-
section (T'F,,,) from the effects on the magnetic length (L,,),
and accounts for thermal contraction, iron saturation, resid-
ual magnetization, and the effect of magnetic shimming.
The integrated transfer function at nominal current can be
written as

Current (kA)

TFI™ = TFIOMLIom,

int

where
Lpom = LyamMef, + saty,

and

TFY™ = TFJ™ + rmg + cfg — satg + satg.

Here, cf; is the contraction factor for the magnetic length,
saty is the contribution of iron saturation to the magnetic
length, rm is the residual magnetization contribution, cfs
is the contribution of thermal contraction to the central field,
satg is the contribution of iron saturation to the central field,
and satg is the contribution of magnetic shimming.
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The coeflicients associated with magnetic shimming were
derived from magnetic simulations, while all other coeffi-
cients were obtained from calibration against the prototype
magnets and the first three series units. The use of calibra-
tion data from a limited number of early-production magnets
is the main source of uncertainty in the extrapolation model.

Table 4: Extrapolation Coeflicients for TF Prediction

Coefficient Value Units

cfr. 0.9978 -

saty 0.0159 m

rmg 0.1170 Tm!'kA™!
cfa 0.0135 Tm ! kA™!
satg 0.8140 Tm ! kA™!
satg 0.003 * N. blades Tm ! kA™!

Table 5: Measured and Extrapolated TF at Nominal

Magnet TF meas. TF extr. Error
[T/kA] [T/kA] [units]
MQXFBO03 58.571 58.542 -5
MQXFB04  58.654 58.568 -15
MQXFBO05 58.700 58.643 -10
MQXFB06  58.523 58.495 -5
MQXFBO07 58.563 58.542 -4
MQXFBO0S 58.594 58.568 -4
MQXFB10  58.554 58.487 -11

The comparison between measured and extrapolated trans-
fer functions is reported in Table 5. It shows that the extrap-
olation error has a systematic component of -7 units, and
a random component of 5 units at 1-sigma. This level of
accuracy is sufficient for magnet sorting given the spread of
the magnet production in the range of 36 units, see Table 2.

CONCLUSIONS

The magnetic measurement program of the MQXFB
quadrupoles for the HL-LHC has provided a complete char-
acterization of the field quality during production. Ambient
temperature measurements allow early detection of geomet-
ric errors, while cold measurements at 1.9 K quantify the
field quality under nominal operating conditions.

The measured transfer function spread is within 36 units,
and the field harmonics are within the expected range. Mag-
netic shimming has proven to be effective for correcting
selected low-order multipoles. The warm-to-cold extrapola-
tion predicts the nominal transfer function with an accuracy
compatible with 5 x 1074, enabling reliable sorting before
the final cold test of all magnets.
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