Pramana – J. Phys.
(2020) 94:155
https://doi.org/10.1007/s12043-020-02013-9

© Indian Academy of Sciences

Compact and strong window core steering magnets with
homogeneous dipole field
BHASKAR BISWAS
Free Electron Laser and Utilization Section, Raja Ramanna Centre for Advanced Technology,
Indore 452 013, India
E-mail: bbiswas@rrcat.gov.in
MS received 25 September 2019; revised 10 June 2020; accepted 24 July 2020
Abstract. A typical axially compact, square window core steering magnet has a very small 2D good field region
(GFR) of 18% of the iron core aperture. It is weak with 85% of its dipole in the fringes. Increasing the current
fed area (coil) to increase the dipole strength lowers the good field zone. Some novel and simple coil shapes can
expand their 2D/3D GFR to 94/40% of the iron aperture. They are axially compact, i.e., stronger with 60–65% of
the dipole in fringes. The reduction in error sextupole field is more profound. A novel 2D coil shape with vanished
2D sextupole proves the concept. For axially short cores, a gap between the coil and the iron aperture can increase
the 3D sextupole, missing in 2D simulations. A new asymmetric one-axis steering magnet core and coil shape with
high dipole field and homogeneity is also given. The new, practical coil shapes significantly improve the dipole
field homogeneity and strength of these magnets.
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1. Introduction
Steering magnets with window iron core are basically
dual, weak bending magnets meant for near normal
beam entry and exit with a small bending angle. It is well
known for iron core dipole magnets with a pole gap that
the 2D field homogeneity is better than 3D field homogeneity. For uniform steering of the beam, the steering
magnet requires a large 2D good field region (GFR)
along with axial compactness in 3D. But, no literature
is available which shows that, in window core steering
magnets, the 2D dipole field inhomogeneity is higher
(poorer) than 3D field inhomogeneity and their GFR is
small compared to the aperture. First, we shall analyse
the differences.
First we consider the regular dipole magnets that bend,
say in the horizontal plane. The iron core-based electromagnetic dipole magnets are commonly of C-, H-,
window-, or cos θ -types [1]. We omit here the purepermanent, hybrid and cyclotron sector-type deflection
magnets. The C-type dipole cores can be long (typically 0.5–4 m) and arced to match the radius of the bend
in electron synchrotrons for easy one-sided access to
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the light. The H- or C-type dipoles with moderate core
length (< 1 m) and sector/parallel edge have most applications in beam transfer lines with large deviation. The
2D GFR is like a flattened ellipse [2] for wide poles with
small gap and short pole taper, or, the GFR is squarish
for long, tapered and shimmed poles [3]. The dipole field
integral in horizontal plane is made uniform by profiled
chamfer of the entry and exit pole edges [4]. The cos θ
dipole in large circular colliders has very long iron core
(e.g., 14 m in LHC, 2.8 km radius of the bend) with race
track coils for a small beam deviation within the dipole.
In cos θ dipoles the GFR is more circular. They have circularly arranged flat coils in an octagonal (TEVATRON)
or circular (LHC, HERA) iron aperture [1]. There are
also dipole types with rectangularly arranged block coils
purely in air [5] or with a circular iron aperture [6] or
with a rectangular iron aperture [7–10]. Notably, all the
iron core designs [3,4,6–10] use asymmetric coils in
x/y to maximise the GFR and strength of the y-directed
dipole magnetic field.
Conventional window core steering magnets have a
poor GFR of less than 1/5th of the iron core aperture (~18%). To increase the GFR, if only the 2D
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aperture is increased, the dipole fringe field extends
further (undesirable) and the integrated 3D dipole field
quality worsens. It has been found that in square window core steering magnets, the axially integrated 3D
dipole field inhomogeneity is ~0.7–2% due to the sextupole; less (better) than that in 2D (~2.5–7%). This
is opposite to the usual low pole gap dipole magnets
which have lower (better) 2D dipole field inhomogeneity
(~0.01–0.005%) than 3D (~0.5–0.02%). The numbers
are typical. It has been found that this difference is due
to the sextupole axially inside and outside the core of the
steering magnets. In a window core steering magnet, a
2D design with a large GFR will also have an increased
3D GFR, only if there are no gaps between the coil and
the core in the aperture. For example, the 2D design of
the collider-type dipole in [10] with gaps between the
coil and the core will not be good for use as an axially
short core steering magnet as shown in this work.
A review of the conventional window-type iron core
steering magnet design has shown its limitations. The
inhomogeneous sextupole’s dependence on the location
of current source has been analysed. Some new, practical coil shapes have been obtained which enhance the
2D GFR from 18% to 94% of the iron aperture, i.e.,
100% available aperture with 6% space left for the conductor. Even for compact axial length of the core (<
aperture), the 3D-integrated sextupole-to-dipole inhomogeneity can be reduced to 0.3–0.1% and the fringe
component of the dipole can be reduced to 60–65% leading to a factor of ∼10 lower sextupole within the GFR.
In the infrared-free electron laser (IR-FEL) [11,12],
to bunch and transport 90 keV electron beam up to
the accelerator, thin solenoids [13–15] and thin steering
magnets are used. Between the dipole and the undulator
there is little space. Based on the new designs, the developed steering magnets are axially compact, strong and
have large GFR (30 mm diameter) with 3D-integrated
sextupole < 0.5% of the dipole. Such steering magnets
can be placed near the solenoids or the quadrupoles,
without degradation of beam focus (in time or space) at
the linac or at undulator entry. A very small beam size
before and after the undulator has been measured during
the first signature of lasing [16].

2. Review of conventional window-type iron core
steering magnets
2.1 Basic comparison to a low pole gap dipole magnet
Ideally, for a horizontal bend, say +B y dipole, there
should only be upper and lower iron pole pieces representing two infinite vector potential planes with perpendicular flux lines [17]. But when the pole pieces are
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finite the field bends out at the edges giving a negative
sextupole and there are methods to reduce it [4]. The
2D field quality is very good when pole width is larger
than pole gap. The 3D beam entry/exit edge sextupole is
similarly negative and adds to the core sextupole [18].
Hence, the 3D field quality is always poorer than 2D
field quality.
Figures 1a–1i show typical square window-type iron
core steering magnets (1/4th 2D model) for B y dipole
field. The symmetric coils on the upper/lower arms for
Bx are not shown. In figure 1b, the two upright (imagine
y-axis symmetry) arms of the iron core shunt some of
the flux between the upper and lower (horizontal) core
arms to introduce a negative sextupole, similar to C/Htype dipoles mentioned above. But, the current-fed coils
on the left and the right core arms have a natural dipole
field with a positive sextupole in the aperture (in spite
of the pper and the lower iron poles). The latter is found
to dominate.
2.2 Effect of coil shape, position and core width on
field multipoles: A case study
Exemplar cases are taken to review the conventional
window-type iron core dual steering magnet. Consider a
2D iron core of 74×74 mm aperture, 12.1 mm width and
46 mm 3D axial core length (along the beam). The 1/4th
2D model for the dipole B y is shown in figures 1a and
1b with current coil with number of turns N , each with
current I and ampere turns N I 136 A (area = 3.2 mm ×
60 mm) and an insulating 0.5 mm gap from the core.
Figure 1a has inner (race track ends) rectangular coils
only. Figure 1b has both inner and outer (return winding)
coils wrapped around the core. Figure 1c has sixteen
3.28 mm diameter (10 standard wire gauge (SWG)) solid
wires with NI = 136 A. Compared to figure 1b, figure 1d
has another layer of coil of area of 3.2 mm ×54 mm with
NI = 122.4 A (same current density ∼ 0.7 A/mm2 ) at
a 0.3 mm gap from the inner coil. Figure 1e has the same
coil as figure 1b but with a large gap of 3.6 mm between
the coil and the aperture. Figure 1f is similar to figure 1b
but has a short coil of 3.2 mm × 40 mm area with the
same NI. Figure 1g has the same coil as figure 1f but also
with 3.6 mm gap. Figures 1h and 1i show (impractical)
ultrathin coils of area 0.5 mm × 60 mm with the same
NI, simulating the ideal case of dipole excitation with
sheet current at aperture [19]. Figure 1i has double core
thickness of 24.2 mm compared to figure 1h. Figure 1j
has an identical coil and NI as 1b but in the upper arm
of the iron core, for the same y directed dipole magnetic
field. The 1/4th 2D models in figures 1a–1j were solved
in POISSON [20] with fine mesh, default iron B−H
data. The field harmonics inside the GFR of 14.7 mm
radius are given in table 1. Coil shapes in figures 1a–1c,
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1h and 1i have similar sextupoles. The doubly thick coil
increases B3 /B1 strongly in coil shape in figure 1d. The
gap between the coil and the core increases the sextupole
in coil shape in figure 1e. The reduced height of the coil
shoots the sextupole to 7.1% and the dipole to 25.32 G
in figure 1f. In figure 1g the short coil with a large gap
further increases the sextupole to 7.5%. Thicker, shorter
coils and gaps between the coil and the aperture make
the magnet more coil dominated and poor in dipole field
homogeneity. The more positive slope of the flux lines
shown for figure 1g and shrunk GFR confirm this result.
Even the near ideal steering magnets (figures 1h and 1i)
do not improve the sextupole. Using Ampere’s circuital
law along the closed path A-B-C-A, along a flux line
shown in figure 1h,

H · dl =

1
μ0



B
A

B y dl +

1
μiron



C

B dl=NI = 68A

B

By
· AB = 68.
μ0
Thus B y = 23.1 G. This calculated dipole (23.1 G) is
fairly close to those for figures 1a–1c, 1e–1i given in
table 1. The doubled core thickness in figure 1i increases
the dipole very little to 23.87 G from 23.81 G in figure 1h showing adequacy of 12 mm core width. Thus,
the above conventional steering magnets have poor 2D
homogeneity of the dipole field. As in figure 1j, coils
only around the upper (and lower) iron core arm(s) for
similarly directed dipole field B y , gives a negative sextupole, which if suitably scaled down and added to the
positive sextupole from the main coil as in figure 1b, can
reduce the total sextupole, as in the model [10].
2.3 2D sextupole pattern of individual circular turns
The conventional window core steering magnet model
in figure 1c has been analysed with fine mesh and far
boundary in POISSON by exciting turn numbers 1 to
8 one at a time, to study the multipolar effect of each
of the 8 turns (with symmetry). It was verified that
fields B1 , B3 ,…, B15 for all turns excited together were
exactly reproduced (rounded to fourth significant figure)
by the superposition of B1 to B15 due to individual current turn in POISSON. This also means that the iron
is well below saturation, in the linear region for the
default B–H data used. For figure 1c, the 2D sextupole
B3 /B1 ∼ 2.41 × 10−2 equals the sum of sextupoles
B3 /B1 of each of the eight turns numbered 1–4 and 5–
8: +1.939 × 10−2 , +1.654 × 10−2 , +1.123 × 10−2 ,
+5.023 × 10−3 and −8.998 × 10−4 , −5.806 × 10−3 ,
−9.442 × 10−3 , −1.187 × 10−2 respectively. The first
four fields B1 , B3 , B5 and B7 are plotted in figure 2 for
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turns 1 to 8 vs. the ratio (%) of their y-position to radius
of iron aperture (=37 mm).
Notably, the turn-wise sextupole profile follows the
turn-wise dipole profile. This opens the possibility of
reduction of total sextupole by suitable addition/deletion
of turns. For example, omitting turn 1 in figure 1c can
reduce the sextupole to 5.6×10−3 . Otherwise, as shown
in §4.1 later adding one more layer over turns 5–8 can
lower the overall sextupole to 3.3 × 10−3 with stronger
dipole (=34.8 G). Further, removing turn 4 in the
inner layer drastically reduces the sextupole B3 /B1 to
1.5×10−4 with 31.7 G dipole. Knowing these, a detailed
study was done by shaping the conducting regions.
The practical design chosen should consider mechanical tolerances, winding simplicity, dipole strength and
3D effects to get overall sextupole |B3 /B1 | < 5 × 10−3 .
2.4 Multipoles in 3D
Figure 1c was modelled and solved in 2D using ANSYSEMAG [21] PLANE13 elements with B–H data of
steel 1010 from ANSYS material library to get sextupole close to that by POISSON. There was incremental
inaccuracy in solving B7 and higher multipoles for the
chosen ANSYS mesh size. The 2D mesh was graded out
of the GFR and at interfaces to manage the FE model
size in 3D. Figure 1c magnet was next modelled 1/8th in
3D in ANSYS with SOILD97 elements for 46 mm axial
length of the iron core. The 2D mesh used above was
extruded axially with realistic circular winding returns
at the core entry/exit edges with maximum hexahedral
meshes (similar to the mesh shown in §4.1, but with
inner coils only). Axially integrated Bx and B y were
obtained and analysed for harmonics as in 2D. For the
conventional practical steering coil shape in figure 1c,
the integrated 3D sextupole in GFR, ∫ B3 dz/ ∫ B1 dz is
reduced to 7.85 × 10−3 from 2.57 × 10−2 in the 2D
ANSYS solution. This was unexpected and opposite
to that in small pole gap dipole magnets as discussed
above. For another core width we came up with similar
results. We verified this (§4.2) experimentally with harmonic coil tests on an old steering magnet with a new
coil shape.

3. Coil shapes for axially compact and more
homogeneous dipole in the window core steering
magnet
The 2D coil design studies were done for an iron core
aperture of 74 mm × 74 mm area and 15 mm width.
The 15 mm core was chosen to compare with 12 mm
wide core in figure 1b. Following the results in table 1
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Figure 1. (a)–(j) The 1/4th models of the common steering magnet with the same NI in various shapes and positions of the
coils with the same/different core thicknesses. The flux lines for models (g) and (j) are shown respectively in (k) and (l) with
high positive and negative sextupoles symbolised by sloping arrows. Below the (a)–(l) plots, the plot of field error B/B0
along x/y axes for all these models is shown. Coil shapes (a), (b), (c), (h) and (i) have similar sextupole ∼2.5% and small
GFR of ∼6.5 mm (which is ∼17.6% of the aperture 37 mm). They have full height coils with low coil-to-core gap. But coil
shapes (f) and (g) have even smaller GFR (shown by 1/4 circle near the axis) due to short coil and a big gap from the core.
All these coil shapes (a)–(j) are inefficient as they have a small GFR (much below 15 mm which is ∼40% of the aperture 37
mm), shown by a dashed rectangle with |B/B0 | < 0.005 in the x/y plot above.
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Table 1. Conventional window core steering magnets.
Conventional window
core steering model in
figures 1a–1j
(a) 2D-POISSON
(b) 2D-POISSON
(c) 2D-POISSON
(c) 2D-ANSYS
(c) 3D-ANSYS
(d) 2D-POISSON
(e) 2D-POISSON
(f) 2D-POISSON
(g) 2D-POISSON
(h) 2D-POISSON
(i) 2D-POISSON
(j) 2D-POISSON

Multipole-to-dipole field ratio in GFR
Dipole
B1 (G)

B3 /B1
× 10−2

B5 /B1
× 10−3

B7 /B1
× 10−4

B9 /B1
× 10−5

23.89
23.83
23.66
23.46
21.45
45.78
23.90
25.32
24.04
23.81
23.87
12.28

2.500
2.509
2.420
2.565
0.785
3.214
2.620
7.055
7.488
2.486
2.476
− 23.3

1.82
1.82
1.74
1.05
0.92
2.28
1.61
0.80
8.09
1.86
1.86
19.4

− 1.22
− 1.23
− 1.21
− 3.89
− 4.72
− 1.74
− 1.62
0.98
− 0.56
− 1.15
− 1.15
− 19.7

− 1.23
− 1.23
− 1.22
–
–
− 1.64
− 0.91
0.83
− 7.82
− 1.29
− 1.28
21.9

and turn-wise sextupole variation in figure 2, simulations were done in POISSON to identify coil shapes
that reduce the sextupole, increase the GFR and dipole
strength in 2D. The iron aperture of 74 mm is just enough
for a GFR of 30 mm diameter in available physical aperture of 60 mm diameter for a 2 inch outer diameter beam
pipe with 1.64 mm thick wall.
3.1 New coil shapes and their 2D/3D effects
Several coil models were studied but six coil types
shown in figure 3 as Types 1–6 are discussed here. Type
1 is the conventional window-type iron core steering
magnet similar to that in figure 1b, for mesh normalised
comparison. All models have 1 A mm−2 current density.
Intentionally, Types 1, 4, 5 and 6 coils can also be made
from 1.5 × 3.5 mm2 strip or with 10 SWG enameled
copper conductor. The gaps have to be fine-tuned. The
2D ANSYS mesh of the steering magnet with modified
Type 6 coil shape is shown in figure 3. This mesh can
represent all coil types. Only for Type-2 coil, some local
re-meshing at coil-taper region was done. In Types 2 and
5 steering magnets, the coil area (∼ NI) of the central
and the outer coils is in the ratio 2:3. The Type 4 magnet
has an intentional gap between the inner coil and the
core to show its detrimental effects in 3D only. The 2D
solution for the fine mesh was done with POISSON’s
non-linear permeability of iron. The effective GFR with
2D |sextupole|(≤ 5 × 10−3 ) is given in table 2 and also
shown as an arrow ↑ along the y-axis in figure 3.
The 2D dipole and sextupole to dipole ratio in GFR
of 14.7 mm radius are also given in table 2. In figure 4, B/B0 with range ±15% and ±1.5% along the
x- and y-axes is shown for coils of Types 1–6. Here
B = B y (x/y) − B y (0,0) and B0 = B y (0,0). The zone

Figure 2. Variation of dipole, sextupole and other higher harmonic fields due to individual turns 1 to 8 (left to right) in
conventional steering magnet with circular turns as in figure 1c with their relative y coordinate position with respect
to the radius of iron aperture in %. The sextupole field pattern follows the dipole field. Turns near the x-axis produce
more dipole as well as sextupole. The sextupole-to-dipole
ratio B3 /B1 is positive to negative from turn 1 to 8. All multipoles are negligible for turn 5.

with |B/B0 | ≤ 0.005 is shown as a red dashed rectangle. The small GFR of Type-1 coil shape is seen in
figures 3 and 4. From table 2, except for coil shape of
Type 1, all coil shape Types 2–6 have 2D harmonic sextupole ≤ 2 × 10−3 but only Types 2, 4 and 6 are strong.
The conventional Type-1 coil shape has small 2D GFR
of radius 6.5 mm (∼ 17.6% of the aperture radius = 37
mm). In Types 2–5 new coil shapes the 2D GFR fills the
available aperture with the coil (90–94% of the iron aperture). The simple Type-6 coil shape has a GFR of 19 mm
and has strong dipole. After 2D POISSON analysis, the
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Figure 3. Steering magnet of the conventional Type-1, and modified coil shapes Types 2–6. Typical ANSYS 2D/3D mesh
for all types. Dimensions are in mm. Magnetic field B(T ) in Type 1 by ANSYS-2D.

Pramana – J. Phys.

(2020) 94:155

Page 7 of 11

order of the lowest to highest 2D sextupole is Types 2-34-5-6-1. The reference radius in POISSON and ANSYS
was taken as 14.7 mm because it was the radius of the
centroid of the mesh elements at the boundary of the
circular sector GFR in ANSYS (with GFR element’s
outer edge at radius 15 mm) shown in figure 3. ANSYS,
a finite element code is more accurate at element centroids. It is worthwhile to caution here that any cubic
spline interpolation of fields from element centroid to

Figure 4. Field error B/B0 along the x-axis (black) and the
y-axis (blue) in steering magnet of conventional Type-1, and
new coil shapes Types 2–6. Additional plots are explained
later.

boundary nodes is too inaccurate to capture multipoles
higher than the cubic order!

Figure 5. The normalised sextupole B3 /B1 for 2D by POISSON, integrated sextupole ∫ B3 dz/ ∫ B1 dz for 3D by ANSYS
and core/fringe dipole fraction in steering magnets of conventional Type-1, and new coil shape Types 2–6 in figure 3. The
2D sextupole is much less in new coil shape Types 2–6 than
in conventional Type 1 due to the new optimised coil shapes.
The 3D sextupole is low in Types 2, 3, 5 and 6 as they have
small negative sextupole inside the magnet, opposite to the
sextupole in fringes. The Type-4 steering magnet with gap
between the coil and the core introduces strong positive sextupole inside the magnet adding to similar sextupole in the
fringe, which is missing in 2D simulations.

Table 2. New coil shape window core steering magnets.
Type of coil
shape in
figure 3

Dipole B1
POISSON
2D (G) and
GFR (mm)

Sextupole to dipole in GFR
2D
3D ANSYS ∫ B3 dz/ ∫ B1 dz
POISSON
B3 /B1
Full model Inside the core Outside the core

1

30.9 G
6.5 mm
46.3 G
30.5 mm
39.8 G
39.8 mm
46.1 G
30.1 mm
33.8 G
32.9 mm
5.9 G
19.2 mm

2.5 × 10−2

7.77 ×10−3

− 2.97 ×10−3

+2.55 ×10−2

3.0 × 10−4

1.31 ×10−3

− 4.02 ×10−3

+5.33 ×10−3

3.3 × 10−4

1.65 ×10−3

− 3.02 ×10−3

+5.15 ×10−3

5.4 × 10−4

8.11 ×10−3

+7.95 ×10−4

+6.75 ×10−3

9.1 × 10−4

1.21 ×10−3

− 3.65 ×10−3

+4.85 ×10−3

1.8 × 10−3

2.75 ×10−3

− 2.96 ×10−3

+5.77 ×10−3

2
3
4
5
6
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Figure 6. Flux lines and B1 to B7 by POISSON in 1/2 model
of an ideal steering magnet Type-2 modified by two more
tapers but same coil area (NI). See Type 2 in figure 3 for
other coil dimensions as they are the same. The sextupole
is vanishingly small in GFR (R = 30 mm). At full aperture
(R = 30.5 mm) the harmonic sextupole B3 /B1 is 1.8 × 10−5 .
Same set of coils can be wound on top/bottom core arms for
Bx field. B/B0 is added in figure 4 before and is similar to
Type-2. But the harmonic B3 vanishes only for this model by
POISSON in GFR.

The ANSYS 3D mesh was extruded from 2D mesh
along the axis so that the GFR, full model size and
mesh were kept identical in all models to remove meshsensitive variations in the results. We managed with
reasonably few 2D elements so that the extruded 3D
models could be made, solved and analysed for harmonics, one type in two days in a 1.5 GHz, 64 GB RAM
4-core Linux server. The magnet was studied in three
ways. First the full model axially integrated magnetic
field (Bx and B y along 26 equiangular centroid points,
at radius 14.7 mm, in 0 to 90◦ , expanded to 360◦ using
symmetry) were analysed for normal field harmonics
(as in 2D). The skew components were insignificantly
small. Then it was repeated for axially just within the
iron core, and then again, axially outside the iron core
(fringe to far boundary) all within the GFR. The results
are shown in figure 5. Note from table 2 and figure 5
that all models except Type-4 excite a small negative
3D sextupole inside the core which reduces the effect
of large positive 3D fringe sextupole. This shows the
basic cause of a lower sextupole in 3D than in 2D for
iron core window-type steering magnets. The negative
sextupole inside the core and large positive sextupole in
fringes are due to the axially short core with 60–85%
field in fringes. In 3D the Type-5 coil shape has the lowest sextupole because it has minimum fringe sextupole
(= 1.21×10−3 ). The Type-4 coil shape steering magnet
seems useful from 2D analysis but from 3D analysis, it
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Figure 7. The 1/4th 2D model of a single-axis (horizontal)
steering magnet with optimal core and coil shape for good
(vertical) dipole field homogeneity. The GFR (with sextupole
B3 /B1 < 5.0×10−3 ) is of a radius 28.4 mm, which is 77% of
the aperture (37 mm). B/B0 along x- and y-axes is shown
in figure 4 before.

is worse than Type-1 coil. When the core is axially short,
the gap between the iron core and the wrapped around
surface of the coil makes the coil’s field dominant inside
the GFR, introducing a small positive sextupole axially within the core. This adds to the already positive
sextupole outside the core, thereby increasing the total
sextupole. This would be similar for the design [10] if
it were used as an axially short core steering magnet. It
is seen that the 3D design of Types 5 and 6 coil shapes
is closer to the 2D design. These values are for the core
length to aperture ratio of 62% (46 mm/74 mm). For a
longer core the fringe contribution would further reduce,
thereby further reducing the sextupole. The lower limit
of the core length is about 30% of the aperture for a GFR
which is 40% of the aperture.
For the given new coil shape types 2–6, the 2D
sextupole significantly reduces for coils parted in suitable ampere turn ratio with/without a taper or with
another coil layer and with a fine-tuned coil-to-core
and coil-to-coil gap. The 3D field quality is not predictable from 2D and hence 3D analysis is required.
The Type-6 coil shape is easy to make and can be made
using 10 SWG round conductor. If very high dipole
strength is needed in a small space, one can consider
cryogenic steering magnet with nested combination of
cores of materials like high saturation field iron and
holmium/dysprosium/gadolinium [22,23]. The core
saturation field can be enhanced from 2 T to 4 T below
20 K in holmium. The required dimensions are to be
met at the low temperature.
3.2 Coil shape of an ideal dual steering magnet
Figure 6 shows that with just a little change in shape from
Type-2 (figure 3) with two more tapers in the coils (with
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Figure 8. (Top right) The steering magnet Type-6 coil built for IR-FEL undulator, (top left) 3D axially half ANSYS Model,
(bottom left) 3D 1/8th ANSYS FE model and (bottom right) magnetic flux density in GFR from centre to 7 cm axially showing
3D homogeneity of the field.

the same area) and 25 mm core width, 2D sextupole vanishes! This proves the improved coil shape-based design
in principle and can be seen as an equivalent counterpart
of the air–core square aperture dipole in [5] and as an
improvement over the present theoretical design [19] for
short core length. B/B0 along x/y-axes is also shown
in figure 4 as ideal Type-2 steering magnet. In 3D, for
short cores, the sextupole would be better but not vanished due to improper mixing of fringe sextupole. The
coil dimensions are such that coils for both x and y
dipole field can be wound. This design can be useful for
high precision x/y dipole scanning magnets with the
length of the core 1.5 times longer than the aperture or
more.

there is ample axial space. The 2D dimensions and flux
lines using POISSON are shown in figure 7 in the 1/4
model. The horizontal aperture, coil width, coil-to-core
gap and the core widths in the horizontal and vertical
arms have all been optimised for 71 G dipole field at 1
A mm2 current density. The tolerable sextupole B3 /B1
of 5.0 × 10−3 is in a GFR of radius 28.4 mm, which
is 77% of the aperture (37 mm). B/B0 along x/yaxes is shown in figure 4 before. Further refinements
are possible with 3D simulations.

4. Applied models and measurements
4.1 Type-6 coil shape

3.3 An optimised single-axis steering magnet
For completeness, an optimised single-axis steering (in
horizontal plane) 2D magnet design with a simple, single
coil was also studied for its simplicity and used where

Steering magnets with Type-6 coil with 46 mm and 24
mm core lengths were developed. As in figure 8 the
1/2 model, 1/8th 3D FE model, field B(T ) in GFR
using ANSYS-3D (with B–H data and accurate up
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Figure 9. The steering magnet like Type-2 after electron gun in IR-FEL (top right). Conventional Type-1 steering magnet
like figure 1g, with short coil and a large gap from core (top left). Flux lines are shown below the magnets. 2D sextupole B3 /B1 = 1.2 × 10−1 and measured 3D sextupole ∫ B3 dz/ ∫ B1 dz = 5.5 × 10−2 (bottom left) and 2D sextupole
B3 /B1 = 1.5 × 10−2 and measured 3D sextupole ∫ B3 dz/ ∫ B1 dz = 4.4 × 10−3 (bottom right).

to B7 ) and the real model are shown. This mesh was
denser and fully hexahedral than figure 3 mesh used
for iterations. The Danfysik Harmonic Bench-690 [24]
with custom rotating coil of 15 mm radius was used
for measurement of multipoles using a spectrum analyser. The magnets were cycled. The field harmonics
were scaled from 15 to 14.7 mm radius. The measured sextupole (3.53–3.61)×10−3 was close to the
simulated values of ∼3.26×10−3 by POISSON and
3.22×10−3 by ANSYS-3D. The 2D/3D sextupole is
more than Type 6 in table 2 as actual winding turn
positions were taken and thinner 12 mm core of indigenous TATA-A-Grade was taken. Using both Bx and B y
did not degrade the field quality, rather improved it to
3.16×10−3 due to a higher dipole (than sextupole) due
to higher permeability of iron core driven by both the
coils.

4.2 An early test of 2D and 3D sextupoles and coil
shape
In an old Type-1 conventional steering magnet [25] similar to the short coil with a gap from core as in figure 1e,
the 2D sextupole (∼1.2×10−1 ) was large in GFR. It was
modified into somewhat Type-2 magnet (NI ratio = 3:4
instead of 2:3) as shown in figure 9 with lower 2D sextupole (1.5×10−2 ). Figure 9 depicts the difference in 2D
dipole flux slope by POISSON in the two magnets with
the same core but different coils. The two yellow windings (coil-to-coil gap) are dummy without current. The
measured 3D inhomogeneity ∫ B3 dz/ ∫ B1 dz reduced
drastically from 5.5 × 10−2 to 4.4 × 10−3 for 14.7 mm
radius at 5 A. This comparison between 2D simulated
sextupole and 3D measured sextupole, done at the onset,
encouraged us for a detailed study.
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5. Summary
Novel and practical coil shapes in window-type iron
core x/y symmetric steering magnets are given that
can enhance the 2D GFR with |sextupole to dipole| <
5× 10−3 , from 18 to 94% of the aperture. The optimised
coil shapes improve the efficiency (dipole strength to
current) by reducing the dipole-fringe contribution from
85 to 60–65% and increasing the 3D GFR to about 40%
of the aperture: for core’s axial length 30 to 60% of
the aperture. Axially longer cores will further reduce
the sextupole fields. A low sextupole 2D design of a
window-type steering magnet with a gap between the
iron core and the coil inside the aperture can lead to
the degradation of 3D field quality. An ideal new 2D
coil shape is also given with a vanished 2D sextupole in
GFR. An asymmetric single-axis steering magnet core
and coil design is given with high dipole field homogeneity. Two coil shapes that are simple to make have
been built, tested and successfully used in the IR-FEL
beam line. Symmetric x/y steering can be used from the
same steering magnet without degradation of individual
steering field quality. They are suitable when placed in
limited space close to the solenoid, quadrupole or dipole
magnets with similar or better field quality, for focussed
beam injection to linac or undulator. Or they can be used
where large GFR is needed in a compact magnet.
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