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Abstract|Superconducting low-beta quadrupole

magnets for the interaction regions of the Large

Hadron Collider are being developed by the US-LHC

Accelerator Project. These 70 mm bore quadrupole

magnets are intended to operate in super
uid helium

at 1.9 K with a nominal �eld gradient of 215 T/m. A

series of 2 m model magnets has been built and cold

tested at Fermilab to optimize their design and con-

struction and to study the performance of the mag-

nets. Field measurements of the 8 model magnets

and comparisons with the required �eld quality are

reported in this paper.

Index Terms|magnetic �elds, quadrupole, supercon-

ductivity

I. Introduction

To achieve a luminosity of 1034 cm�2s�1 at the LHC,
special quadrupole magnets are required for the �nal fo-
cusing triplets in the interaction region [1]. These magnets
must provide a �eld gradient of 215 T/m over a 70 mm
bore with good �eld quality due to large and rapidly vary-
ing values of the �-function in the interaction region. Half
of these inner triplet quadrupoles (MQXB) will be built
and tested at Fermilab. The other half will be built at
KEK. The design for the MQXB has been developed by
a Fermilab-LBNL collaboration, and a short model mag-
net program completed to validate this design and con-
struction techniques. Nine 2 m models have been built
(HGQ01-09), of which eight were tested in super
uid he-
lium at the Fermilab Vertical Magnet Test Facility. Dur-
ing testing, an extensive program of �eld harmonics mea-
surements was executed. In this paper we present results
of the measurements and compare them with calculations
based on as-built magnet geometry.
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Fig. 1. Magnet cross-section.

II. MAGNET DESIGN

Figure 1 shows the magnet cross-section. The design
is based on four two-layer coils connected in series, sur-
rounded by collar and yoke laminations. No signi�cant
modi�cations to the design cross-section for these magnets
were made during the magnet model program; however,
the end regions underwent several design iterations [2].
The �rst �ve models were built with a four-block end con-
�guration. A new �ve-block con�guration which improves
the mechanical stability of inner layer conductors dur-
ing winding was implemented in models beginning with
HGQ06 . The new design also signi�cantly improves �eld
quality in the end region as well as reducing the peak �eld
in the coil end.

The initial model magnet collar and yoke design al-
lowed use of tuning shims to correct �eld errors. Shims
were located in 8 rectangular cavities between the col-
lars and yoke. In magnets HGQ01-05, these cavities were
�lled with a nominal shim package of half magnetic and
half non-magnetic material. A scheme for tuning magnets
was developed and tested with good success [3]. However,
shims complicate construction and testing [2] of magnets.
The �eld quality of HGQ05 was adequate \as-built", and
a decision was made to eliminate tuning shims from the
design pending testing of the remaining model magnets.
Shims were not installed in HGQ05-08. The missing iron
of the shims reduced the gradient by 1.1%, but produced



TABLE I

Reference collision harmonics for MQXB (V2.0)

n <bn> d(bn) �(bn) <an> d(an) �(an)

Straight section (Lmag 4.76 m)

3 .0 .3 .8 .0 .3 .8

4 .0 .2 .8 .0 .2 .8

5 .0 .2 .3 .0 .2 .3

6 .0 .6 .6 .0 .05 .1

7 .0 .05 .06 .0 .04 .06

8 .0 .03 .05 .0 .03 .04

9 .0 .02 .03 .0 .02 .02

10 .0 .02 .03 .0 .02 .03

Lead end (Lmag 0.41 m)

2 - - - 40. - -

6 2. 2. .8 .0 .5 .2

10 -.2 .2 .1 .0 .1 .1

Return end (Lmag 0.33 m)

6 .0 1.2 1. - - -

10 -.25 .25 .1 - - -

no noticeable change in harmonics. HGQ09 was built with
yoke laminations incorporating the iron of the nominal
shim, returning the gradient to the design value. The re-
gions occupied by the non-magnetic portion of the shim
were left open to provide additional cooling. In addition,
the 4 large circular cooling holes near the outer radius
of the cross-section were reduced in size from 60 to 50
mm. This change in hole size does not e�ect iron satura-
tion of the yoke so the �eld is unchanged. Since the �eld
quality in magnets HGQ05-09 was good, a �nal decision
was made to build production magnets with laminations
identical to those used in HGQ09.

III. MEASUREMENT SYSTEM

Magnetic measurements presented in this paper were
performed using a vertical drive, rotating coil system.
Probes used have a tangential winding for measurement
of higher order harmonics as well as dedicated dipole and
quadrupole windings measuring the lowest order compo-
nents of the �eld. These windings also allow for bucking
the large dipole and quadrupole components in the main
coil signal. Most measurements presented in this paper
were made with a coil of 40.6 mm nominal diameter and
length 82 cm. During testing of later magnets, a short
probe with 25 mm nominal diameter and 4.3 cm length
was used for longitudinal scans of the magnet, particularly
the end regions.

Coil winding voltages are read using HP3458 DVMs.
An additional DVM is used to monitor magnet current.
DVMs are triggered simultaneously by an angular encoder
on the probe shaft, synchronizing measurements of �eld
and current. Feed down of the quadrupole signal to the
dipole is used to center the probe in the magnet.

IV. FIELD QUALITY ANALYSIS

In the straight section of the magnet, the �eld is rep-
resented in terms of harmonic coe�cients de�ned by the
power series expansion

TABLE II

Comparison of measured straight section harmonics (6 kA) with calculations

based on as-built parameters.

n HGQ

01 02 03 05

b6, calc. -4.24 -2.86 -1.39 -0.08

b6, meas. -3.91 -1.54 -1.02 -0.30

b10, calc. -0.14 -0.09 -0.04 0.01

b10, meas. -0.10 -0.10 -0.04 0.01

a4, calc. 1.27 0.94 0.00 0.00

a4, meas. 2.00 0.53 0.32 0.19

a8, calc. 0.02 0.00 0.00 0.00

a8, meas. 0.02 0.02 0.03 0.00

By + iBx = B210
�4

1X
n=1

(bn + ian)

�
x+ iy

r0

�n�1
(1)

where Bx and By are the transverse �eld components, B2

is the quadrupole �eld strength, bn and an are the 2n-pole
coe�cients (b2=10

4) at the LHC reference radius ro of
17 mm. The coordinate system for magnetic measurement
is de�ned in [2].
Table I shows the reference harmonics at collision for

MQXB magnets developed at the beginning of the model
magnet program. For each harmonic component, values
of the mean, uncertainty in mean and standard deviation
are listed. The table served the US-LHC collaboration
and CERN as a reference for the discussion of �eld quality
issues related to machine performance and IR systems lay-
out during magnet development. Results of beam track-
ing studies evaluating the impact of magnet �eld errors
on LHC dynamic aperture indicate that the values listed
in Table I are acceptable from the machine performance
standpoint [4].
As has been reported [5][6], large values for both al-

lowed and unallowed harmonics were measured in early
model magnets due to the thick coil shims required to ob-
tain desired pre-stress, a�ecting b6 and b10, and coil size
di�erences in the di�erent quadrants, producing a4 and
a8. Improvements in fabrication procedures [7] led to coils
of more uniform size and modulus with corresponding im-
provement in �eld quality. Table II shows a comparison
between measured harmonics and calculations based on
as-built parameters for the harmonic components b6, b10,
a4 and a8. Calculations and measurements are generally
in good agreement.1 In magnet HGQ05, all four harmon-
ics are within the uncertainties speci�ed by the reference
table. Measured values of the harmonics are similarly
small in HGQ06-09.
Table III shows the measured straight section harmon-

ics up to the 20-pole for all models. In magnets HGQ05-9,
all central harmonics are within one standard deviation of
the random error speci�ed in Table I. From the values in

1The measurements are made at a current of 6 kA where all non-

geometric components (conductor magnetization, iron saturation,

conductor displacement under Lorentz forces) are small. Moreover,

the measurements at 6 kA do not di�er signi�cantly from those

taken at higher currents.



TABLE III

Measured harmonics in the magnet straight section (6 kA).

HGQ

n 01 02 03 05 06 07 08 09

b3 0.36 -0.70 1.04 0.72 0.25 0.18 0.61 0.71

b4 0.26 0.18 0.14 0.00 0.09 0.01 -0.12 -0.05

b5 -0.29 0.09 -0.34 -0.04 -0.11 -0.04 -0.01 0.08

b6 -3.91 -1.54 -1.02 -0.30 -0.05 -0.45 -0.06 -0.28

b7 -0.08 -0.01 -0.06 0.01 -0.03 0.02 -0.01 0.06

b8 0.06 0.01 0.00 0.00 0.00 0.00 0.00 -0.01

b9 0.04 0.00 0.00 0.00 0.00 -0.01 0.00 0.00

b10 -0.10 -0.10 -0.04 0.01 0.00 -0.02 -0.01 -0.01

a3 0.27 0.55 -0.30 0.12 -0.27 0.41 -0.01 0.35

a4 2.00 0.53 0.32 0.19 -0.31 -0.50 -0.43 0.31

a5 0.02 -0.17 0.26 0.05 -0.07 -0.24 0.12 -0.14

a6 -0.08 0.03 0.07 -0.03 -0.05 -0.10 -0.03 0.04

a7 -0.05 0.00 -0.03 0.01 0.00 0.07 0.00 0.02

a8 0.02 0.02 0.03 0.00 0.00 0.01 -0.01 0.01

a9 0.01 -0.01 0.01 0.00 0.00 0.01 -0.01 0.00

a10 0.02 0.00 -0.01 0.00 0.00 0.00 0.00 0.00

Table III, averages and standard deviations over the last
5 models have been obtained for each component (Ta-
ble IV). All average values and standard deviations are
within the limits speci�ed in Table I.
The di�erence between harmonics measured during up

and down ramp was small in magnets HGQ01-5, indi-
cating small magnetization and eddy current e�ects [8].
However, in magnets HGQ06 and HGQ07, large di�er-
ences between harmonics measured during up and down
ramps were observed. These di�erences increased with
increasing ramp rate [2]. For example, b6 di�ered from
up to down ramp by -1 unit when ramped at 10 A/s and
-7 units when ramped at 80 A/s. Signi�cant di�erences
were present in all low order harmonics. Such ramp rate
dependent �eld e�ects were also seen in HGQ08 and are
due to eddy currents in the magnet coils. These eddy
current �eld e�ects are consistent with measurements of
energy losses during AC cycling of magnet power and sig-
ni�cantly lower quench current at high ramp rate (Ta-
ble V) [9]. The eddy currents are due to low crossover re-
sistances in the coils of the 3 magnets.2 Magnets HGQ06-
08 were the �rst in the series using coils cured at simulta-
neous high temperature and pressure (Table V) resulting
in the low crossover resistances [10]. Coils for HGQ09

2Predictions for crossover resistance based on measured harmon-

ics show low resistance and large coil to coil variations, explaining

the non-allowed ramp dependent multipole components.

TABLE IV

Average and standard deviation of harmonics for HGQ05-09

n <bn> �(bn) <an> �(an)

3 0.49 0.26 0.12 0.28

4 -0.02 0.08 -0.15 0.37

5 -0.02 0.07 -0.06 0.15

6 -0.23 0.17 -0.03 0.05

7 0.01 0.03 0.02 0.03

8 0.00 0.00 0.00 0.01

9 0.00 0.00 0.00 0.01

10 -0.01 0.01 0.00 0.00

TABLE V

Coil curing cycle

coil curing cycle Ic �b6; 6kA

temperature pressure 300 A/s 40 A/s

HGQ01 135� low 10965 0.02

HGQ02 190� low 11335 0.21

HGQ03 195� low 11298 0.16

HGQ05 130� low 10519 0.12

HGQ06 190� high 6433 -1.04

HGQ07 190� high 4487 -0.55

HGQ08 190� high 3941 -0.72

HGQ09 190/135� low/high 12946 0.13

were cured with a modi�ed curing cycle (high tempera-
ture/low pressure followed by low temperature/high pres-
sure). This change in the cure cycle produced coils with
small eddy currents similar to those of HGQ01-5.
End �eld calculations and measurements of HGQ01-06

were reported in [2]. Magnet HGQ06 had a new 5-block
design, reducing b6 in the lead end by 35%. HGQ07-09
had the same 5-block design. A comparison of measured
and calculated harmonics in the magnet ends is given in
Table VI. As in the magnet straight section, the multipole
components in the end regions are expressed in units of
10�4 of the quadrupole �eld.3 The reference integration
interval in z for harmonic coe�cients in the magnet ends
is de�ned to be [-0.57, 0.25] m for the return end and
[1.31, 2.13] m for the lead end, matching the length of
the measurement probe [11]. Measurements in the lead
end of the 4 models with the new end design are quite
consistent and agree well with calculations. Calculations
of the �eld harmonics in the return end and corresponding
measurements of HGQ09 with the 4.3 cm probe are also
given. In both lead and return end the measured b6 is 0.4-
0.5 units lower than the predicted value. This discrepancy
is believed to be due to local shims in the magnet end
region not included in the calculation.
Injection takes place at �elds (B2) ranging from 12.3-

14.1 T/m due to the di�erent �� in the di�erent interac-
tion regions. At these low levels of excitation (670-770 A),
persistent currents result in an additional component of

3The magnetic length Lm of the end region is de�ned as the

length of straight section which would provide an equivalent inte-

grated gradient and de�nes the appropriate weighting factor for end

and body harmonics in the integral �eld of the magnet.

TABLE VI

Calculated and measured harmonics of the magnet end regions.

HGQ

lead end ret.

harmonic 05 06 07 08 09 09

b6, calc. 5.4 3.5 0.1

b6, meas. 8.0 3.1 3.1 3.1 3.0 -0.6

b10, calc. -0.4 -0.1 -0.1

b10, meas. -0.2 -0.1 -0.1 -0.0 -0.1 -0.1

a6, calc. -0.1 -0.7 -

a6, meas. -0.3 -0.4 -0.3 -0.4 -0.4 0.3

a10, calc. 0.0 0.0 -

a10, meas. 0.0 0.0 0.0 0.0 0.0 0



TABLE VII

Reference harmonics for MQXB (V3.2)

n <bn> d(bn) �(bn) <an> d(an) �(an)

Straight section - collision (Lmag 4.76 m)

3 0 0.60 0.27 0 0.23 0.27

4 0 0.15 0.27 0 0.20 0.27

5 0 0.15 0.10 0 0.15 0.10

6 0 0.45 0.20 0 0.07 0.03

7 0 0.04 0.02 0 0.03 0.02

8 0 0.01 0.02 0 0.01 0.01

9 0 0.01 0.01 0 0.01 0.01

10 0 0.01 0.01 0 0.01 0.01

Straight section - injection

3 0 0.60 0.27 0 0.23 0.27

4 0 0.15 0.27 0 0.20 0.27

5 0 0.15 0.10 0 0.15 0.10

6 -1.6 (670 A) 0.60 0.60 0 0.07 0.03

-1.2 (770 A) 0.60 0.50 0 0.07 0.03

7 0 0.04 0.02 0 0.03 0.02

8 0 0.01 0.02 0 0.01 0.01

9 0 0.01 0.01 0 0.01 0.01

10 0 0.01 0.01 0 0.01 0.01

Lead end - inj. & collision (Lmag 0.41 m)

3 0 0.90 0.80 0 0.90 0.80

4 0 0.70 0.80 0 0.70 0.80

5 0 0.40 0.50 0 0.40 0.50

6 3.10 0.20 0.07 -0.35 0.20 0.07

7 0 0.10 0.04 0 0.10 0.04

8 0 0.03 0.03 0 0.03 0.03

9 0 0.01 0.01 0 0.01 0.01

10 -0.05 0.01 0.01 0 0.01 0.01

Return end - inj. & collision (Lmag 0.33 m)

3 0 0.90 0.80 0 0.90 0.80

4 0 0.70 0.80 0 0.70 0.80

5 0 0.40 0.50 0 0.40 0.50

6 -0.4 0.30 0.07 0 0.20 0.07

7 0 0.10 0.04 0 0.10 0.04

8 0 0.03 0.03 0 0.03 0.03

9 0 0.01 0.01 0 0.01 0.01

10 -0.05 0.05 0.01 0 0.01 0.01

the allowed harmonics. Averaged over the magnet series,
the additional b6 at 770 A (670 A) is -1.2 (-1.6) units with
an RMS of 0.5 (0.6). Decay of the �eld at constant cur-
rent have been observed. For example, b6 decays by 0.4
units during a 30 minute 800 A plateau with 90% of that
occurring during the �rst 15 minutes. Note that, while we
report these e�ects, they have negligible impact on ma-
chine performance as the number of insertion quadrupoles
is a small fraction of all magnets.

V. REFERENCE HARMONICS TABLE

At the beginning of the short model program, a refer-
ence harmonics table (Table I) was established based on
the analysis of magnet �eld errors due to mechanical toler-
ances, magnetization e�ects, and magnetic measurement
accuracy. Consideration was also given to results from
previous magnet series production and a safety margin
included to account for uncertainties in the development
of the new design. Improvements in coil fabrication and a
new end design have produced magnets with �eld errors
systematically smaller than those originally anticipated
(Table IV). A revised �eld quality table based on mea-
sured data from the model magnets has been developed

(Table VII). Body harmonics are based on measurements
of HGQ05-09. Lead end harmonics are based on mea-
surements of HGQ06-09, all of which use the 5-block end
design. Since return end harmonics have been measured
in only one magnet, the same uncertainties and randoms
as for the lead end are used. The end b6 systematic is
based on measurements and includes a 0.4 units di�er-
ence with respect to the design value. Based on the new
reference table, the number of local correction elements
has been reduced as was the required strength of others.

VI. CONCLUSIONS

Improvement in coil production techniques led to
steady improvement in �eld quality in the �rst few mag-
nets. Field harmonics in the last 5 magnets of the magnet
series have been consistently small. Evaluation of �eld
measurements made during the series has led to a new
reference table for �eld quality which is primarily based
on data and is expected to characterize MQXB produc-
tion. Tracking studies using this reference table have led
to elimination of some corrector elements local to the in-
teraction region and to a reduction in the strength of oth-
ers. Comparison of calculation to measurements shows
good agreement in integral body and end region harmon-
ics. Eddy current e�ects leading to large ramp rate depen-
dent multipole components in HGQ06-08 were eliminated
in HGQ09 through use of a modi�ed coil curing cycle giv-
ing high crossover resistance between coil strands. Mea-
surements of HGQ07-09 con�rm the improved end �eld
quality of the new 5-block design introduced in HGQ06.

References

[1] \LHC Conceptual Design", CERN AC/95-05 (LHC).

[2] N. Andreev, et. al., \Field Quality in Fermilab-built Models of

High Gradient Quadrupole Magnets for the LHC Interaction

Regions", Proc. MT-16 Conf., Jacksonville, 1999.

[3] G. Sabbi, et. al., \Correction of High Gradient Quadrupole

Harmonics with Magnetic Shims", Proc. MT-16 Conf., Jack-

sonville, 1999.

[4] J. Wei, et al., \Interaction Region Local Correction for the

Large Hadron Collider", 1999 Particle Accelerator Conference,

New York, April 1999.

[5] R. Bossert, et. al., \Analyis of Magnetic Measurements of

Short Model Quadrupoles for the LHC Low-� Insertions",

EPAC'98, Stockholm, June 1998.

[6] R. Bossert, et. al., \Magnetic Measurements of the Fermilab

High Gradient Quadrupoles for the LHC Interaction Regions",

IEEE Transactions on Applied Superconductivity, Vol. 9, No.

7, June, 1999.

[7] N. Andreev, et. al., \Study of Kapton Insulated Supercon-

ducting Coils Manufactured for the LHC Inner Triplet Model

Magnets at Fermilab", Proc. MT-16 Conf., Jacksonville, 1999.

[8] N. Andreev, et. al., \Field Quality of Quadrupole R&DModels

for the LHC IR", 1999 Particle Accelerator Conference, New

York, April 1999.

[9] S. Feher, et. al., \Quench and Mechanical Performance of Fer-

milab Quadrupole Models for the LHC Inner Triplets", this

conference.

[10] J. Kerby, et. al., \Status of the LHC Inner Triplet Quadrupole

Program at Fermilab", this conference.

[11] G. Sabbi, et. al., \Magnetic Field Analysis of the First Short

Models of a High Gradient QUadrupole for the LHC Interac-

tion Regions", Proc. MT-15 Conf., Beijing, 1997.


