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Abstract

Fermilab, Lawrence Berkeley Nationa Laboratory and
Brookhaven National Laboratory have formed a consor-
tium to provide components for the Large Hadron Collider
(LHC) to be built at CERN. The U.S. contributionincludes
half of the high gradient quadrupoles (HGQ) for the inner
focusing triplets. In this paper a description of the HGQ
magnetic design is given, including short sample limit for
field gradient, sources and expected vaues of systematic
and random field errors, and possible strategies for field
quality correction.

1 INTRODUCTION

In order to achieve aluminosity in excess of 1034 cm—2s~!
at the LHC, specida high gradient quadrupoles are required
for the final focusing triplets[1]. These magnets must pro-
vide afield gradient of 235 T/m over a 70 mm bore, with a
sufficient margin in order to withstand the heavy hesat 1oad
due to secondary particles from beam-beam collisions. At
the same time, due to large and rapidly varying values of
the B-function, a high field quality is required. To meet
these severe constraints, a design based on a two-layer coil
geometry has been proposed [2]. The magnet uses SSC-
type NbTi superconducting strands and operates in super-
fluid helium. The first short model of this design is being
fabricated and will betested thisfall. Inthispaper, the mag-
netic design for the HGQ straight section is discussed.

2 MAGNET DESIGN

The HGQ designisbased on four two-layer coils connected
in series, surrounded by collar and yoke laminations. A
thick-wall stainless steel beam tube also serves as an inter-
nal beam absorber. With respect to thelast statusreport [2],
the coil prestress is now entirely provided by the collars.
For this purpose the collar materia has been changed from
aluminum to stainless steel, and the collar width at the mid-
plane has been increased from 20 to 25 mm. Theyokeinner
radius at the midplane isnow 92.56 mm whilethe outer ra-
dius remains unchanged at 200 mm. The yoke lamination
features four round holes for the Hell heat exchanger and
four rectangular holes for electrical connections, as well as
special cutouts for magnet fabrication. In the pole regions,
eight rectangular gaps between collars and yoke house tun-
ing shims for field quality adjustment [3]. The resulting
HGQ cross section is shown in Figure 1.

The cables for the magnet model sare made of SSC NbTi
strandswith acritical current density of 2.75kA/mm? at 5T

1supported by the U.S. Department of Energy.

Figure 1: HGQ cross-section

and 4.2 K. The SSC strandswill eventually bereplaced with
improved ones that are now under development, with the
goal of increasing thecritical current density to 3.4 kKA/mm?
a5Tand4.2K. Table 1 showsthe HGQ short samplelimits
at 1.9 K operating temperature, cal culated for both existing
and new strands.

Table 1: Short sample limits.

J.(5T,42K) | G, | I, | Bz | B
kA/mm? T/m | kA T T
2.75 2538 | 14.2 9.9 8.2
34 270.2 | 15.2 10.4 8.8

The operating current is 0.8 KA at injection and 13.1 kA
at nomina gradient. At nominal current, the magnet will
operate at 93% along the load line with the SSC conductor
and at 87% with the improved one.

3 FIELD QUALITY ANALYSIS

The design low-order harmonics for the HGQ centra
field, resulting from the cross-section optimization with
a circular yoke of infinite permesbility, are bg=-2-10"3,
b10=-1.3-10~3. All other normal and skew harmonicswith
n< 14 are zero. The harmonics here and below are givenin
unitsof 10~* of the main quadrupolefield at 1 cm reference
radius.



3.1 Fidlderror sources

Mechanical effects. Due to insufficient keystoning of the
cables, the coil curing mandrels do not provideaperfect ra
dia constraint for some of theturns. It is expected that af-
ter curing the turnswill be aligned to the outer mold radius.
The vaidity of this assumption will be checked as part of
the model magnet program. The uncertainty range corre-
spondsto alignment of all turnsto theinner mandrel radius.

The collared coil deformation during cooling down and
springback under nominal prestress, as well as its defor-
mation under Lorentz forces with respect to the warm un-
stressed geometry produce additiona field errors. The
Lorentz force effect is negligible at injection and maximal
at collision.

Deviations from nomina prestress and turn/coil block

displacements due to manufacturing tolerances contribute
to the random errors.
Magnetization effects. The coil magnetization is deter-
mined by the critical current density in the superconductor,
filament diameter, Cu/Scratio, etc. This effect is maximal
at injection and becomes negligibleat collision. The uncer-
tainty isrelated to the accuracy of themodel and the param-
eters of the conductor under devel opment.

The magnetization of the stainless steel collarsand beam
absorber produces current independent harmonics which
depend on geometry and magnetic permesbility. A col-
lar permeability of 1.003 is expected. However, depending
on the exact chemical composition and the heat treatment,
larger values up to 1.006 may beobtained. A beam absorber
with 27 mm inner radius, 6 mm thickness and magnetic per-
meability 1.005 has been analyzed. Both the systematic ef-
fect and the random contribution due to misalignment were
found to be negligibleif the offset is below 0.5 mm.

The yoke cross section was optimized to minimize the
change in the harmonics due to iron saturation and to com-
pensate the harmonics dueto collar magnetization. The un-
certainty is related to a precise knowledge of the iron B-H
characteristic.

Ironisthematerial of choicefor thecryostat vacuum ves-

sel. The cold massis placed off-center with respect to this
shell. The effect on the harmonics has been analyzed and
found to be negligible.
Magnetic measurements. The field quality of each HGQ
magnet will be determined during magnetic measurements.
M easurement errors contributeto theuncertainty in thesys-
tematic harmonics and to the harmonic RM S spread. Since
the measurement system is still being designed, the esti-
mates have been done based on data availablein [4, 5].

3.2 Systematic effects

Table 2 shows the main contributions to the bg harmonic
component. Since all the contributionsrepresent small per-
turbationsto the main field, they are treated as independent
effects. Thetota valueof bg is-0.09 [-0.14,+0.04] at injec-
tion and +0.01 [-0.14,+0.02] at collision. For the b, com-
ponent the same approach has been used and the following

Table 2: Systematic be.

Effect Expected | Uncertainty
Coil optimization -0.002
Turn aignment 0.000 | -0.134, +0.0
Prestressat 1.9 K 0.027
Lorentz forces -0.017
Coil magnetization -0.11 4+0.03
Collar magnetization -0.018 | -0.018, +0.0
Yoke geometry 0.016
Iron saturation 0.005 +0.001
M easurements 0.000 4+0.02

values have been obtained: +0.0001 [-0.0011,+0.0009] at
injection and +0.0003 [-0.0011,+0.0009] &t collision.

Table 3 shows the expected uncertainty in the system-
atic errors resulting from the accuracy of magnetic mea-
surements.

Table 3: a,, b, Mmeasurement uncertainty.

n | an, b, Uncertainty (+)
0.16

0.085

0.042

0.020

0.0095

0.0044

0.0020

0 0.00087
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3.3 Random effects

TheRM S spread of geometrical harmoni cs dueto manufac-
turing tolerances, prestress changes and radial alignment,
as well asthe RM S spread which has been assumed for the
magnetic measurements are reported in Table 4.

Table 4: HGQ random errors (RM S spread).

n Coil geometry M easurement
by, an b, & a,

31| 097 0.96 0.080
41035 0.33 0.042

5| 0.089 0.090 0.021

6 | 0.026 0.023 0.010

7 | 0.0066 | 0.0067 | 0.0047

8 | 0.0018 | 0.0016 | 0.0021

9 | 0.00041 | 0.00040 | 0.00098
10 | 0.00010 | 0.00010 | 0.00044

As can be seen, the random errors are dominated by the
geometrical component for n< 8, whilefor higher order har-
monics the spread due to measurement errors dominates.

Figure 2 shows acomparison between thetotal estimated
random errors for the HGQ norma harmonics and the re-
sults of measurements for the FNAL LBQ [4] and HERA



arc quadrupoles [5]. Both magnets have a two-layer coil
and a bore radius comparable to HGQ. The measured data
have been rescaled to 1/3.5 of the bore radius (1.09 cm for
LBQ and 1.07 cm for HERA quads). Ascan be seen, rather
good agreement isfound between cal culated and measured
values.
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Figure2: Random errorscomparison (normal components).

3.4 Fidd quality correction

The correction scheme relies on modification of the coil ge-
ometry using poleand midplane shimsin each octant, inde-
pendently for the inner and outer layer. Larger corrections
may be obtained by changing the thickness of the bearing
strips, whilefor fine tuning of the harmonicsinsulation lay-
ers 25 pm thick can be added or removed. The anaysis
showsthat correctionsof the systematic harmonicsat nomi-
nal gradient within the predicted range of variation are pos-
sible using the existing tuning capability. Should larger ef-
fects appear, a cross-section iteration may be considered.

The RM S spread in the harmonics may be reduced either
by coil reshimming after warm magnetic measurements or
by the use of iron tuning shims. The first method provides
a current-independent correction, but it is labor-intensive
and subject to some uncertainty as the harmonics are not
exactly reproducible after collared coil reassembling. The
second method is very attractive in terms of required effort
and reproducibility, but the resulting correction is current-
dependent due to saturation effects. Preliminary calcula
tionsindicate that only 50% of the correction capability at
low current is preserved at nomina gradient. The tuning
shim correction scheme will be studied as part of the model
magnet program.

4 ERROR TABLES

Based on field quality measurements carried out on the se-
ries of model magnets, correction schemes will be applied
to make the average error at full excitation equa to zero.
Some residual uncertainty applies due to the limitations of
the correction scheme as well as the measurement accuracy.
The harmonics at injection are then determined by the cur-
rent dependent effects, with some additional uncertainty on
be related to the contribution from coil magnetization. The
resulting systematic errors are listed in Table 5.

Table 5: Systematic errors.

n | an, b, Mean an, by, uncertainty (£)
3|00 0.2

4100 0.09

5100 0.04

6 | 0.0(-0.1%) 0.02 (0.04%)

7100 0.01

81| 00 0.004

9|00 0.002
10 | 0.0(-0.0001*) | 0.0009

(*) datafor b, at injection.

To generatetherandom error table, first the maximum be-
tween the estimated RM S spread of each HGQ harmonic
component and the corresponding measured va ue from the
LBQ and HERA quad productions was chosen. Then, for
thelow order non-allowed harmonics, and for al the higher
order harmonics (where the measurement errors dominate),
the normal and skew RM S errors have been made equal to
thelargest between thetwo. Theresultingva uesare shown
in Table 6.

Table 6: Random errors (RM S spread).

n by, an

3|13 13

4|04 04

51 0.09 0.09

6 | 0.06 0.03

7 | 0.008 | 0.008

8 | 0.003 | 0.003

9 | 0.0016 | 0.0016
10 | 0.0005 | 0.0005

5 SUMMARY

The HGQ maximum gradient exceeds the LHC low-83
guadrupol e design specification with agood margin. A de-
tailed field quality analysis has been carried out, and esti-
mates of the systematic and random field errorsfor the pro-
duction magnets have been generated in aform suitable for
dynamic aperture studies.
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