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Abstract

CERN has proposed the High Luminosity upgrade of
the Large Hadron Collider (HL-LHC). As a part of this
proposal, the aperture of the D2 dipole is increased and
spacing between the two apertures decreased without
increasing the size of cryostat. This creates a significant
challenge in keeping the saturation induced harmonics
and the flux leakage low, particularly since the field in the
two apertures is in the same direction. In addition, small
spacing between the two apertures creates significant
cross-talk harmonics. The computed field harmonics
based on initial designs were rather large and limited the
beam dynamics performance of the machine. This paper
presents an optimized magnetic design (with much effort
made to optimize the yoke) to achieve the desired field
quality in the magnets. A table of expected harmonics
based on this design is also presented.

INTRODUCTION

Brookhaven National Laboratory (BNL) has designed
and built a number of interaction region dipoles [1] as a
part of the US contribution to the Large Hadron Collider
(LHC). These are based on the 80 mm RHIC dipole coil
cross-section [2]. Of particular interest is the twin
aperture dipole D2 (see Fig. 1), where the field in the two
apertures is in the same direction [3] rather than in the
opposite direction, as is more common in 2-in-1 dipoles
(such as LHC arc dipoles). This requires more yoke [4],
particularly at the midplane, to avoid excessive saturation
of the iron. This was obtained with an oblate shape [1], as
shown in Fig. 1. The High Luminosity upgrade [5] of the
LHC (HL-LHC) requires an even larger aperture for this
dipole (105 mm instead of 80 mm). This requirement
increased the saturation induced harmonic in early
designs based on a conventional yoke. A number of
magnetic designs were examined [4], [6] to reduce these
harmonics and the one selected is described in detail here.

The normal and skew field harmonics (b, and a,) in
accelerator magnets are defined in the following
expression:

. 4 . . n—1
B, +iB, =107 x By, > (b, +ia )[(x+iy)/R]"",
n=l
where B, and B, are the components of the field at (x,y)
and Bgo is the magnitude of the field due to the most
dominant harmonic at a “reference radius” R.
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Figure 1: Cross-section of the 80 mm twin aperture D2
dipole that is currently installed in LHC using standard
cryostat and support posts. Oblate shaped yoke provides
extra iron needed at the midplane.

MAGNET DESIGN OPTIMIZATION

The basic design parameters of this twin aperture D2
dipole are: aperture = 105 mm, inter-beam spacing =
186 mm, and maximum field = 3.5 T (for a magnetic
length = 10 m). The biggest challenge in the magnetic
design is the large saturation induced harmonics created
because of the proximity of the two apertures and the
limited space available for the iron yoke, particularly
since the field in the two apertures is in the same direction
[4]. One way to deal with this is to have the iron far away
[7] from the coils at the expense of large fringe fields.
During the course of this work, a large number of cross-
sections were optimized with the aperture ranging from
90 mm to 105 mm [4], [6], in addition to those that were
considered by other groups [7-9].

A selected magnetic design [6] with an optimized yoke
to produce small saturation induced harmonics (i.e. small
change in field harmonics as a function of current) is
discussed in more detail here. Fig. 2 shows a computer
model with OPERA2d [10] of one symmetric half (right
half) of the design inside the cryostat (only a partial
cryostat is shown). The main features of the design are:
oblate shaped yoke, iron between the two apertures
removed (see left of the coil) but remained circular
(r=22mm) on the other side, and iron shim (placed
outside the helium vessel). Parameters used in the
magnetic design optimization of this particular class of
design are: the shape and size of the inner surface of the
yoke (surface closest to coil), the thickness of the iron



shim [11], and the size and the location of various cut-
outs in the iron yoke.
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Figure 2: Computer model of a symmetric half (right half)
of the optimized magnetic design.

Fig. 3 shows the field contour and field lines in the
right half of the magnet and Fig. 4, the fringe field outside
the cryostat at the design field (3.5 T). One can see
(Fig. 3) that all flux from an aperture must return on the
same side and thus emphasizes the need for extra iron
when the field in the two apertures is in the same
direction. One can see (Fig. 4) that the fringe field outside
the cryostat remains small (maximum scale is 2 mT).
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Figure 3: Field contours and field lines at the design field.
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Figure 4: Fringe field outside the cryostat at the design field.
Coil Design

Coil design programs such as ROXIE [12] assume
circular iron aperture, which is not the case here. To get
overall small harmonics, the coil must be designed with
compensating non-zero harmonics [7], [8], [13]. One such
design is shown in Fig. 5.

Figure 5: Coil design with ROXIE to compensate the
harmonics arising due to a non-circular yoke aperture.

Field Harmonics as a Function of Current

The computed change in transfer function and normal
field harmonics (b,) at 35 mm radius as a function of
current for this optimized design are given in Table 1 and
plotted in Fig. 6 and Fig. 7. An offset is added to make all
of them start from zero at the first (lowest field) entry.
The change in transfer function is the relative change
expressed in percentage (%).

Based on the above calculations and the expected
harmonics table in [9], the expected normal harmonics for
this optimized design are given in Table 2. Persistent
current induced b2, etc. are not estimated and listed.



Table 1: Relative change in transfer function (in
percentage) and field harmonics (at 35 mm radius) as a
function of field.

Bo dTH/MF,% b, by by bs bg by, bg

08 000 O 0O O O O 0 0
179 003 -0.1 0.06 -0.02 -0.05 0.00 0.01 0.00
266 -0.86 -1.7 -0.88 -0.63 -0.70 0.03 0.11 -0.03
3.5 219 -13 086 -0.61 -1.54 0.14 0.26 -0.06
330 282 2.1 131 -0.63 -1.93 0.13 031 -0.07
345 354 36 144 -0.65 231 0.12 034 -0.07
359  -437 57 122 -055 -2.60 0.11 036 -0.08
413 824  -18. -3.19 -0.56 -3.50 0.09 0.38 -0.09
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Figure 6: Relative change in transfer function (in
percentage) and field harmonics as a function of current.
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Figure 7: Computed change in field harmonics (b to bg) as
a function of current.
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Table 2: The expected “systematic”, “uncertainty” and
“random” normal (b,) harmonics in HL-LHC D2 dipole at
a reference radius of 35 mm (updated from Todesco [9]).

Systematic Uncertainty| Random
b, |Geom- Satu- Persis- Injec- High | Injec- High | Injec- High
n=| etric ration tent tion Field | tion Field | tion Field
2160 -6 0 6 0 3 3 3 3
3 0 0 -142 0 1 2 2 2 2
41 -0.6 0 0 -0.6 0 1 1 1 1
5 3 -3 -1 3 0 2 2 1 1
6| 0 0 0 0 0 0.1 01 | 01 0.1
7 0 04 -07 -04 0 02 02|02 02
8 0 -0.1 0 0.1 0 0.1 0.1 0.1 0.1

CONCLUSION
With special shaping of iron, it is possible to design
105 mm aperture D2 dipole for HL-LHC with the desired
field quality and low fringe field outside the yoke despite
the field in the two apertures being in the same direction.
Expected field errors are now comparable to those that are
expected in a typical accelerator magnet.
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