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Fringe fields in multipole magnets can have a variety of effects on the linear and nonlinear dynamics of
particles moving along an accelerator beam line. An accurate model of an accelerator must include realistic
models of the magnet fringe fields. Fringe fields for dipoles are well understood and can be modeled at an
early stage of accelerator design in such codes as MAD8, MADX, GPT or ELEGANT. Existing techniques for
quadrupole and higher order multipoles rely either on the use of a numerical field map, or on a description
of the field in the form of a series expansion about a chosen axis. Usually, it is not until the later stages of a
design project that such descriptions (based on magnet modeling or measurement) become available.
Furthermore, series expansions rely on the assumption that the beam travels more or less on axis throughout
the beam line; but in some types of machines (for example, Fixed Field Alternating Gradients or FFAGs)
this is not a good assumption. Furthermore, some tracking codes, such as GPT, use methods for including
space charge effects that require fields to vary smoothly and continuously along a beam line: in such cases,
realistic fringe field models are of significant importance. In this paper, a method for constructing analytical
expressions for multipole fringe fields is presented. Such expressions allow fringe field effects to be
included in beam dynamics simulations from the start of an accelerator design project, even before detailed
magnet design work has been undertaken. The magnetostatic Maxwell equations are solved analytically
and a solution that fits all orders of multipoles is derived. Quadrupole fringe fields are considered in detail
as these are the ones that give the strongest effects. The analytic expressions for quadrupole fringe fields are
compared with data obtained from numerical modeling codes in two cases: a magnet in the high luminosity
upgrade of the Large Hadron Collider inner triplet, and a magnet in the nonscaling FFAG EMMA. In both

examples, the analytical expressions provide a good approximation to the numerical field maps.

DOI: 10.1103/PhysRevSTAB.18.064001

I. INTRODUCTION

Fringe fields represent regions that lie at the edges of a
magnet where there is a transition from the nominal field to
zero field, or to the field in an adjacent magnet. In multipole
magnets, the nominal field has no longitudinal component.
However, in the fringe field region where the fields vary
with longitudinal position, Maxwell’s equations require the
presence of a nonzero longitudinal field component. For
dipoles, the nominal field has only a single component. In
dipole fringe fields, therefore, the field has only two
components, and (assuming that the fields are independent
of the horizontal transverse coordinate) analytical expres-
sions for the field can be obtained by solving the two-
dimensional Laplace equation. For quadrupoles and
higher-order multipoles, however, the fields in the fringe
region have three components, and analytical expressions
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for these fields must be obtained by solving the three-
dimensional Laplace equation. Fringe fields can impact the
motion of particles passing through magnets in a number of
ways. For example, they can introduce nonlinearities in the
equation of motion, or they can make a substantial
contribution to the desired effects of the nominal field.
The latter situation is the case in EMMA, for example,
where the large aperture of the quadrupoles compared to
their lengths means that the fringe fields dominate the
focusing effects of these magnets. Nonlinearities from
fringe fields can become important if the transverse size
of the beam is large, or if the beam traverses a multipole at
an angle and some distance from the magnetic axis: this is
often the case in final focus quadrupoles in colliders. The
implementation of fringe fields is also important in some
tracking codes which include effects such as space charge,
as is the case in GPT (General Particle Tracer) [1], for
example. This requires that all fields be continuous so that
there are smooth regions where the fields transit from their
maximal value to zero and vice versa.

There are several models available for the study of fringe
fields for multipoles, see for example [2—7] and references
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therein. However, existing models are usually limited to on-
axis and midplane approximations, meaning that the field
in the full space of the multipole typically has to be
computed with elliptic integrals. Therefore, for simple
but accurate particle tracking, a significant amount of effort
and computing power goes into just the calculation of the
fields that particles see. The results obtained in this paper
make possible an alternative method, based on analytical
expressions for the fields as functions of position, which
provide exact solutions to the static Maxwell equations in
three dimensions. This allows for arbitrarily smooth fields
to be constructed and used in tracking codes as well as
the possible creation of transfer maps. The fringe fields
considered here have associated scalar and vector poten-
tials. From the scalar potential it is possible to inspect the
shape of the pole face for an iron-dominated magnet
generating the given field. Using the vector potential it
is possible to perform symplectic integration of the equa-
tions of motion for a particle in the field, leading to the
construction of transfer maps for the fringe region. Further,
it may be possible to improve the efficiency of the magnet
design process by making some initial assumptions based
on the formulas presented in this paper. However, a full
three-dimensional numerical field map will ultimately be
needed (obtained from a numerical magnet modeling code)
in order to achieve the accuracy that is needed for validating
the design of many accelerators.

This paper develops the mathematical framework that
was initially presented in [8], gives further details and
results, and presents two examples. In Sec. II, fringe fields
for dipoles are briefly reviewed. The formalism used for
dipoles is extended to fully three-dimensional fields in
Sec. III. A complete solution to the static Maxwell
equations, in a form suitable for application to multipole
fringe fields, is derived and presented. Expressions for
fringe fields in multipoles of arbitrary order are then given
in Sec. IV. A particular case of a quadrupole fringe field,
with a simple falloff in the form of an Enge function [9], is
then presented in Sec. V. All the salient properties are
described in order to demonstrate that the field behaves in
the way expected of a quadrupole, first inside the magnet,
then in the fringe field region, and finally at a large distance
from the magnet (so that the field effectively falls to zero).
In Sec. VI, the scalar and vector potentials for fringe fields
in the case of a multipole of arbitrary order are discussed. In
Sec. VII, two quadrupole examples are presented. The first
is the high luminosity upgrade of the Large Hadron
Collider (HL-LHC) inner triplet, where the beam size
and trajectory in the quadrupoles providing strong focusing
close to the interaction point make fringe field effects
significant. The second example is based on the quadrupole
magnets in the nonscaling Fixed Field Alternating Gradient
(FFAG), EMMA. The large aperture of these magnets
compared to their length means that the fringe fields make a

dominant contribution to the focusing effects. Conclusions
are given in Sec. VIIL

II. FRINGE FIELDS FOR DIPOLES

The goal is to derive expressions for multipole fringe
fields that satisfy Maxwell’s equations. To ensure the
validity of the solution and the corresponding assumptions,
it is important to write all equations explicitly. For static
fields in the absence of any electric current, the equations
for the magnetic field B are

VxB=V-B=0.

For dipole magnets, it is sufficient to consider a two-
dimensional version of the equations. Taking B, = 0, we
are left with

0,B, +09.B, = 0,B, —0.B, =0, (1)
together with
0,B, =0,B, =0, (2)

which excludes all dependence on x. Maxwell’s equa-
tions (1) imply
A

B,=A,. B, =0,

y,.z=y y,2z

where A, . = 9; + 0. Both equations (for B, and B,) can
easily be solved:

B, = f,(z+iy) + g,(z = iy),
Bz :fz(z + iy) +gz(z - iy)7

for arbitrary functions f, g,, f. and g.. Requiring that
equations (1) be solved as well, we end up with

By = f(z+iy) +g(z—iy),
B. = —if(z +iy) + ig(z — iy),

for arbitrary functions f and g. If we further restrict
ourselves to real magnetic fields, we obtain

B, = f(z+iy) + f(z = iy), (3)

B, = —if(z+iy) +if(z—iy), (4)
where the function f is the complex conjugate of the
function f. B, and B, are given by twice the real and
imaginary parts of the function f(z + iy), respectively.

As an illustration of these results, consider the following
form for dipole fringe fields (that is used, for example, in
the code GpT [10]):
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T

B
B, == {ﬂ—arctan( ¢ > —arctan< < )] (5)
2 a+y a—y

B.= 2 {Infe? + (a+ )] =l + (= )]}, (6)

where B is the nominal strength of the dipole field, and « is
a parameter (related to the aperture of the magnet) affecting
the precise shape of the fringe field. Using the result

z+ilaLy)z—ilaty)] =22+ (a+y)?

the expression for B, in (6) may be rewritten as

B, =22 {nfz +i(a + )] + Inlz — i(a+ )]
—Infz +i(a—y)] —In[z —i(a = y)]},
whence f(z + iy) has the form

iB,

i [In(z + iy + ia) — In(z + iy — ia)].

flz+iy) =

Then, using Eq. (3) we find B, to be given by

B, = lf;ﬂ(_){ln[z +i(a+y)| —Inz —i(a+y)]
+1In[z+i(a—y)] —In[z—i(a—y)]},

which may be converted into the same form as B, given
in (5).

As a second illustration, consider a magnetic field in
which the B, component varies along the z axis as an Enge
function [9]:

1
By, o =7 (7)
S

with E(z) given by

s=> a(5)" ®

n=0

for some set of N coefficients a,. D is the aperture of the
dipole, and for simplicity we consider a magnet with unit
field strength (i.e., By = 1 in the body of the magnet). In
general, the number of terms in the summation (8) can be
chosen to customize the shape of the falloff of the field,
with the values of the coefficients determined by modeling
or measurement. For example, a six-parameter Enge
function is used in [11]. The main advantage of the
Enge function is that it is analytic and can be made to
tend to asymptotic values arbitrarily fast. The main dis-
advantage is that, if several coefficients a,, with N > 1 are
included, features of the fringe field cannot readily be
associated with particular coefficients. For example, the

“hardness” of the fringe field (the distance taken for the
field to fall below a given value) depends on the combined
effect of all the coefficients. Other functions that decay
sufficiently rapidly may be used instead of the Enge
function [12,13]. For simplicity, we consider in this paper
only Enge functions where a; # 0 and all other coefficients
are set to zero. Because we only have one nonzero
coefficient, we can normalize it to unit magnet aperture
(effectively replacing a; with a;/D) in (8) without loss of
generality.

Given a dipole fringe field (7) with Enge-type falloft on
the z axis, the results (3) and (4) imply that the dependence
of B, on coordinates y and z can be written

1 1

B = sireme) o s ey O

Furthermore, B, has the form

—i i
BZ = 2(1 + eE(z+iy)) + 2(1 4 eE(z—iy)) ’ (10)

where the complex function E(z + iy) is obtained by
replacing z with z + iy in (8). If we consider the simple
case E(z+iy)=z+iy (i.e., a single-parameter Enge
function with a; = 1) then Egs. (9) and (10) simplify to

_ 1+ e“cosy (11)
Y 14 2e%cosy + X’
—etsiny
: (12)

1+ 2efcosy + e

This may be extended to include as many parameters
of the Enge function as desired. So, if E(z +iy) =
a,(z +1iy) + ay(z + iy)?, with a; and a, arbitrary con-
stants, we have

B 1+ e cosy
Y1+ 2% cosy + 2
—e? siny

T 1+ 2e%cosy + e’

Z

where 0 = a,z + a,(z* — y?) and w = y(a; + 2a,2).

We can plot the fringe fields (9) and (10) in the simplest
case E(z+ iy) = z+ iy, as shown in Fig. 1. Each field
component has singularities, of which two are visible in the
plots. From the denominator of (9) and (10), it can be seen
that the singularities appear when (reintroducing the
arbitrary aperture diameter D)

1 +2e¥/P cos(y/D) + /P = 0.

Hence, singularities occur at vertical positions:
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FIG. 1. \
y =0 is given by a single-parameter Enge function.

y = =£nD,

where ¢ is an odd integer. The presence of singularities
does not cause any problems for modeling the field in
practice, as it is always possible to arrange that the
singularities are located outside the region of interest. It
is not possible to avoid the appearance of singularities since
any solution to Laplace’s equation that is bounded at
infinity either has singularities or is constant. In practical
terms, the singularities can be associated with the currents
acting as sources of the magnetic field. The singularities
have a tanlike behavior: at the exact point where z = 0, the
value of the field is precisely half of the maximum and
everything is smooth. This can be verified by setting z = 0
in the expressions for the dipole fringe fields above and
using I’Hopital’s rule.

Locally, it is possible to find potentials for the dipole
fringe fields. For magnetostatic fields in the absence of
currents, the field can be derived from a scalar potential ¢, by

(13)

The scalar potential exists because V x B =0. For the
simple case discussed above, the scalar potential is given by

p=y+ %ln(l + ety — %ln(l +e¥ ) +constant,  (14)

with the only gauge freedom being given by the constant.
From the scalar potential, it is possible to obtain a description
of the pole-face geometry, since this is given by surfaces

where ¢ is constant. This is shown in Fig. 2 where two
profiles of the pole face can be seen. It should be remembered

Field components B, and B, in the fringe field region of a dipole magnet. The falloff of the field in this case in the plane

that there is a scale invariance in the expressions depending
on the dimensions of the dipole. Figure 2 also shows that the
pole-face profiles encompass the singularities: this is con-
sistent with the assertion made earlier that the singularities are
associated with currents acting_as sources of the field.

The usual vector potential A is related to the field by

(15)

-
(o
oo

FIG. 2. Scalar potential ¢ in the fringe field region of a dipole
magnet. The field has a falloff in the plane y = 0 described by a
single-parameter Enge function, the contours of constant ¢ showing
possible pole-face profiles.
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The existence of the vector potential is ensured by the

Maxwell equation V - B =0. The vector potential has
extensive gauge freedom, but in one of its simplest forms
the vector potential in a dipole fringe field can be given as

1 : 1 ,
A, =z- Eln(l + ett) — Eln(l + ), (16)
with the other components of A set to zero.

III. ELEMENTARY SOLUTION
IN A FRINGE FIELD

General expressions for the fringe fields in a dipole
followed from writing Maxwell’s equations in the form (1).
In a dipole, we only needed to consider two field compo-
nents (B, and B.) as functions of two coordinates (y and z).
For higher order multipoles, it is necessary to consider the
dependence of all three field components on all three
coordinates. One approach might be to look for solutions to
the three-dimensional Laplacian:

Ax,y,z[p = 3)2640 + 83(/7 + 6290 =0,

and obtain the field components from B= V. A formal
solution (due to Whittaker [14—16]; also given, for exam-
ple, in [17]) is known, and can be expressed as

@(x,y,2) = f(z+ ixcosd + iysin9), (17)

where f is an arbitrary analytic function, and ¢ is an
arbitrary parameter (that can take complex as well as real
values). Of course, it is possible to superpose solutions of
the form (17) with different values of d to obtain solutions
to Laplace’s equation in particular cases. For example, the
potential

( ) 1/27: dd 1
X, ¥, -5 . . . -
P = 0 ztixcosd+iysing \/x24y2 42

represents the electrostatic potential around a point charge.
It is also possible to use (17) to construct potentials from
which fields may be derived with the properties expected of
fringe fields in multipole magnets. In this paper, we give a
derivation of suitable expressions for the fields in such
cases; however, rather than starting from (17) we start from
Maxwell’s equations for magnetostatic fields in free space.
This leads to somewhat different expressions for the fields
than would naturally be derived from (17), although it is
straightforward to show that the expressions resulting from
the two starting points are directly related: this is discussed
further in Sec. VI A. It is possible that different forms of the
expressions for multipole fringe fields will be convenient
for different cases. The examples that we consider in

Sec. VII are based on implementation of the expressions
derived from solution of Maxwell’s equations.

Our goal is to find solutions to Maxwell’s equations that
describe the field in the fringe field region of a multipole
magnet. The basis of our approach is to define new
variables in terms of which Maxwell’s equations can be
written for a general three-dimensional magnetostatic field
in a form very similar to (1). This raises the possibility of
finding expressions for fringe fields in higher order multi-
poles by applying similar techniques to those described in
Sec. II for dipoles. To begin, we define new variables:

1 .
u :\/—E(xﬂy), (18)
1 .
v Zﬁ(x— iy), (19)
=2z (20)

We express the magnetic field in terms of components:

1 .
Bu=5(B.+iB,). (21)
1 .
By =5 (B iB,). (22)
B, = %Bz. (23)

In terms of the new variables, the magnetostatic Maxwell’s
equations can be written:

9,B, + 0;B; =0, (24)
9,B, + 0;B; =0, (25)
0;B, —0,B; =0, (26)
0:B, —0,B; = 0. (27)

From (24) and (25), one can see immediately that, in the
absence of any fringe fields, the general solution of
Maxwell’s equations for any magnet, acting transversely
only and without fringe (B, = 0) is given by

B, = Bu(v)v

B, = B, (u).
for any function B, (v) (that is a function of v only) and
B, (u) (that is a function of « only). The case of a multipole

of order n (n =0 for a dipole, n = 1 for a quadrupole,
n =2 for a sextupole, and so on) is given by
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B, = iv", (28)
B, = —iu", (29)
B, =0. (30)

Using (18)—(23), we find that the transverse components of
the field in this case in Cartesian coordinates are

where @ is the azimuthal angle with respect to the x axis. In
cylindrical polar coordinates, the radial field component is

B, = 27"sin((n + 1)),

from which we see that the field given by (28)—(30) has the
behavior of a multipole of order n.

To describe a multipole fringe field, we need to include a
dependence of the fields on the longitudinal coordinate (.
One way to proceed is to write down expressions for the
fields (as functions of u, v and ¢) with a high degree of
generality, but with a structure based on a generalization of
the fringe fields for the dipole case. Substituting the
assumed expressions into Maxwell’s equations leads to
explicit constraints on the form that the expressions for the
fields can take: however, if the initial assumption is
sufficiently general, the constraints allow the description
of a field that represents a multipole (of any given order) in
the body of a magnet, but that decays in any desired fashion
along the axis of the magnet with increasing distance from
the magnet (i.e., with increasing {). Details of this process
are given in the Appendix. The result is a solution to
Maxwell’s equations of the following form:

= ibf({ + ih) — ibg(¢ — ih), (31)
= f(C+ih) 4+ g(¢ - ih), (33)

where f and g are arbitrary functions, b is an arbitrary
parameter (which can take real or complex values), and # is
defined by

h="=+bo. (34)
b
For the field (31)—(33) to describe a physical fringe field for
a multipole magnet, additional constraints must be imposed
on the functions f and g. Furthermore, it will be necessary
to superpose solutions with different values of the param-
eter b. We therefore refer to (31)—(33) as the “elementary”
solution (in the sense that it provides the basic elements for
constructing physical multipole fringe fields). In the fol-
lowing sections, we discuss how physical multipole fringe
fields can be constructed based on the elementary solution,
and provide some examples.

IV. MULTIPOLE FRINGE FIELDS
WITH ARBITRARY FALLOFF

From inspection of the elementary solution (31)—(33) we
see that B, « B,: no physical magnetic fields can be
represented this way. However, because of the linearity
of Maxwell’s equations, any linear combination of elemen-
tary solutions gives a solution to Maxwell’s equations.
Physical solutions corresponding to multipole fields can be
constructed by taking appropriate combinations of elemen-
tary solutions. Further (physical) constraints are that the
field decays to zero as { — oo and that the field matches the
nominal multipole field inside the magnet. In this section,
we describe in detail the procedure for constructing an
expression for the fringe field in a quadrupole, and then
generalize our results to multipoles of any order.

To obtain the correct behavior of the field as a function of
¢, the functions f({ + ih) and g(¢ — ih) are each written as
a product of two factors. The first factor, (¢ + ih)" and
({ —ih)" for f and g respectively, represents the (nominal)
multipole for some constant n. The second factor,
F(¢+ih) and G({ —ih) for f and g respectively, is a
multiplicative function that is chosen to give the desired
decay as ¢ becomes large ({ - o), and to give the correct
field in the body of the magnet ({ - —o0). Thus, we write

F(&+ih) = (¢ +ih)"F (¢ + ih), (35)

9§ —ih) = (£ -

Following the form of (31)—~(33), let B,,, B, and B, be given
by linear combinations of the elementary solution:

ih)"G(¢ - ih). (36)

= ¢ilibi (¢ + ihy)"Fi(C + ihy) — iby(C = ih)"G, (¢ = ih))], (37)

J=1

Z: L’— C o+ ihy)" (¢ +ihy) = (=

ih;)"G;(¢ — ih;)|, (38)
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Be= 3 e (€ i) (C 4 i)+ (E i G (i)

_ (39)

where

u

J

and m is a constant determined by the number of copies of
the elementary solution needed to construct a physical
multipole of the desired order. The constant n determines
the order of the multipole. Within the body of the magnet
(i.e., in the limit { - —0), B, = iv", B, = —iu", and

= (: these conditions impose a number of constraints on
the constants b j and ¢ s which are discussed in the
remainder of this section. We first consider in turn quadru-
pole, sextupole and octupole magnets. The results in these
cases establish a pattern that is readily generalized to
multipole magnets of arbitrary order.

A. Quadrupole magnets

A quadrupole field is obtained by putting n =1 in
Egs. (35) and (36). Within the body of the magnet (far from
any fringe field) F;({ + ih;) = G;({ — ih;) = 1 for any j.
The required behavior of the fields in the body of the
magnet can be obtained by taking m = 2 (larger values of
m can be used, but are not required). Then, putting B, = iv,
B, = —iu and B; = 0 gives

ieby [E+ it tibw) —icyby (=it —ibyw) +icoby &+ it ibyw) —icyby (¢ — it —ibyw | = iv,
b, b b, b,

1

.Cq u Cy u
+—+b —i—({—i——ib +— —|——+b —i—=({—i——ib
<Z_,’ lbl 1111> 1b1<C Lbl 1111> i (Z_,’ 1b2 lzl)) zb2<cj lb2 12v>

—iu,

elcrilaibw)ve(c—iLibw)+ectityivw)te(c—it—ibw])=o0.
b, b, b, b,

Thus, we have three equations to satisfy:
2¢1b% +2¢,b3 = -
‘2ﬁ B 2? g
c1+c¢,=0.

Therefore, inside the magnet, the coefficients b; and c;
must satisfy the following constraints:

i

S 41
“ AR 0
i (42)
=55
23—y
1
b=t (43)

We are left with the freedom of choosing one constant,
which we take to be b,. We shall consider the significance
of this constant in more detail later, but for now we note that
to avoid b; becoming singular, b, must not be equal to 0;
and to avoid ¢; and ¢, becoming singular, b, must not be
equal to £1 or +i. Also, the field is unchanged if we
replace b, by 1/b,.

The results for fields in quadrupole magnets can be
extended to higher order multipoles in a straightforward
way. However, the higher the order, the more copies of the
elementary solution are needed to construct fields with the
required properties. In the following subsections, we shall
consider explicitly the cases of sextupole and octupole
magnets, to establish a pattern from which the results for a
general multipole magnet can be written down.

B. Sextupole magnets

A sextupole field is obtained by putting n =2 in
Egs. (35) and (36). To obtain the constraints on the various
coefficients ¢; and b;, we can proceed in close analogy with
the case of the quadrupole magnet. In particular, within
the body of the magnet (far from any fringe field)
Fi({+ih;) =1 and G,;({—ih;)=~1 for any j, and
the field is given by

B, = iv?,
B, = —iu?,
B =0

The corresponding constraints are
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lCl <C+lb—+lb1’l}) +iC1b1<ZJ
1

u 2 u 2
— lb— — ibl”) =+ iCzbz (Z: +i—+ ibzl]) + iC2b2 (C
1

u 2
b, —zb—z—lbzv>

u 2 u 2
+iC3b3 (C + lb— + ib3l)> + iC3b3 (g - lb— - ib3l)> = il)z,
3

u
—— =

+z— b,

b (‘: ”’”)

(é’+zb—1+lblv>

2 2 2
Critqibw) —e(c—ioibw) +e(ctitribw) —e¢
b, b, b,

+z—
by

+lb—2

u 2
(—i——ib v)
( by

(C+zb—+zb21)>

. u 2 2
—|—l <é’—|—lb —|—lb31j) +lb3 (é’ lb3 lb31j) iu-,
2
—ll—lbﬂ))
2
2 u 2
+c3<C+l +1b3v> —c3<{—l——lb3v> =0
b b

There are four equations to satisfy, namely,

2¢1b3 + 2¢,b3 + 2¢3b3 = —1,
—2ﬁ—2ﬁ—2b3 —1,
C]bl + C2b2 + C3b3 =0,

Cq Cy
— =0.
bt b

Finally, the constraints on the coefficients b; and ¢; may be

written
C bl
1= )
2(bt = b3) (bt = b3)
& b2
2= - s
2(b3 = b7) (b3 - b3)
by
C3 = — s
2(b3 = b7) (b3 - b3)
bl — i !

byby”

For a sextupole, there are two free parameters, which we
can take to be b, and b;.

C. Octupole magnets

An octupole field is obtained by putting n =3
in Egs. (35) and (36). Within the body of the magnet

Fi({ +ih;) = G;({ —ih;) =1 for any j, and the field is
given by

B, = iv3,

B, = —iu’,

Following the same procedure as for the quadrupole
and the sextupole, the constraints on the coefficients c;
and b; are

3 u 3 u 3 u 3
icib C+L—+lblv —icth | {—i——ibjv) +icoby|{+i—4ibyv | —icoby| {—i——ibyv
b, b, b, b,

3
+iC3b3 <C+lb—+lb31]> —iC3b3 (g
R 3

Cy u
A
+l—<§+l—+lbgﬂ)%— <é’ —ib3v>

bs

+lb—2

3 3 3
cle+iivivw) e (c=iLibw) +e(c+ittibw) +ef¢
by by b,

U 3 LU 3 U
43| C+i—+ibsv) +c3({—i——ibsv | +cy|{+i—+ibyw
b b b,

u 3 u 3
—ib——ibw) +iC4b4(C+ib—+ib4”> —iC4b4<§

—I—z—

3
. u . ,
—i——ibgw | =iv?,
by

3 ¢ u 3
<C+tb—2+lbzv> —zb—z(ij—zb—z—lbyj)
<é’+l—+zb4v)% —is <§— ii—ib4v>3 = —id,
by b by by

3

u 3
+c4<c— i — ib4v> = 0.
b,
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There are five equations to satisfy, namely,

2C1bél¥ + 262[9‘2‘ + 2C3b§ + 2C4bi = i,

Cq Cy C3 Cyq .
—2;-2-5-25-22=1i
bt “b3 by T bi
c1b? + cyb3 + ¢33 + c4b3 = 0,

C1+C2+03+C4:O,
Cq CH C3 Cy
—+S+5+5=0.

2R TR TR

The constraints on the coefficients b; and c¢; can be written

. ibi

LT 2(b] - B3) (B - 3) (] — 1)
o ib3

P26y - ) (03~ b3)(B3 ~ b))
o ib3

P03 - ) (B3 - B3)(B3 - B3)
o ib3

P03 BB - B3)(B; — B)

1

b, = ib2b3b4'

n

ic\b, <i;t~|— iblv+C) 1 icyb (ib”+ ibyv —g)
1 1

+icyb, <i: + ibyv + C) T icyb, (i
2

For an octupole, there are three free parameters, which we
can take to be b,, b3 and by.

D. General multipole magnets

The derivation of the constraints on the coefficients c;
and b; in the case of quadrupoles, sextupoles and octupoles
can be extended to any order of multipole. In the body of
the multipole, the components of the field are

B, =",
B, = —iu",

The falloff functions F;({ + ih;) and G;({ — ih;) satisty
for any j:

im G, (¢ = ihy) = (-1,
and

lim F({ + ihy) = lim G;( — ih;) = 0.

(-

Substituting into (37), (38) and (39) gives

u

5t ibyv — g)

u n u n
+"'+icn+1bn+1(ib—+ibn+1”+C> +icn+1bn+1<ib—+ibn+1v—5> =",

n+1

by \ b b,

C
SRR s (i
bn+1

bn+1

n+1

i il i) i (i b)) i (it ribre) Fi2 (i vibw—¢
b, by \ b, b,

by

. " Cpyr1 . U . " .
+ib, g v+C) +i i—+ib,v—-¢ ) =—iu",
bn+1 bn+1

clitribw+e) —cistibw—C) +erlimtibyw+C) —erlie+iby—C
by by b, by

+--~+c,,+1<i

There are n + 2 equations to satisfy. Two of the equations
can be written

20107 4+ 20,05 + -+ 20, b = (i),

) 1 I N A o (=i)"
n+1 n+1 n+1
bl b2 bn+1

The remaining equations have the form

u

bn+1

anrl

|
obf + b5 + -+ Cn+1bg+1 =0,

where, for convenience, we have defined = n — 2p with
p a positive integer. The number of equations is determined
by the order of the multipole, and is expressed in the
restriction that —n < a < n. Solving the equations leads to
the following constraints on the coefficients b; and c;:
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( ) bn 1
c -~ /-
1= 2Hn+l (b2 )
( ) b" 1
€= n ’
2H1+llj;é2( b?)
(=i) by
Cn = n )
2 jill,j;én (b — b?)
l'n+1
by =t
jiz b

With these relationships between the parameters, the field
in a multipole magnet (including the fringe field region) is
described by (37)—(39). The parameters b; for j > 1 can be
chosen arbitrarily. The dipole case is given by n = 0; there
are no free parameters, and the coefficients c¢; and b are

1
=— 44
Cq 2bl ’ ( )
by = =+i. (45)

For any order multipole, apart from the constraints on the
behavior of F;({ + ih;) and G;({ — ih;) for large negative
and large positive values of {, there is a great deal of
freedom in choosing the functions F;({+ih;) and
G;(l —ih;) to best describe the field falloff in any
particular case.

E. Significance of the free parameters
The solutions (37)-(39) with F;({+ih;) - 1 and
G;(¢ —ihj) > (=1)"™" as { - —oo describe magnets that
have “pure” multipole fields within the body of the magnet

(where the order of the multipole is specified by the value
of n). In the fringe field region, because of the additional

0.8

0.6
>

0.4

0.2

0.6
>
0.4

FIG. 3.

dependence on the transverse variables introduced by the
functions F;({ +ih;) and G;({ — ih;), the field is not a
pure multipole. As a consequence, if we evaluate the
multipole gradient at a given longitudinal position in the
fringe field region we will obtain a different value away
from the axis of the magnet compared to the value we
would obtain on the axis. This raises the possibility that,
even when the falloff of the multipole gradient along the
axis of a magnet is specified, there is some freedom to
allow variation in the falloff of the multipole gradient away
from the axis. This freedom is associated with the param-
eters b; (with 2 < j<n—+1).

As an example, consider a quadrupole magnet (n = 1)
with an Enge-type falloff in the gradient along the axis:
the appropriate forms for the functions F;({ + ih;) and
G,(£ —ih;) in this case will be given in Sec. V B. We can
plot the quadrupole gradient g; defined by

0B, 0B,
ox oy’

g1 =

as a function of z for different values of x and y, and for
different values of b,. An example is shown in Fig. 3.
The falloff of the quadrupole gradient along the axis of
the magnet is determined by the form of the functions
F;({ +ih;) and G;({ - ih;), and is independent of the
parameter b, (since h; = 0 for x = y = 0). Away from the
axis of the magnet, the falloff of the gradient depends on
the value of b, as well as on the values of x and y.

In general, there will be singularities in the field that can
be associated physically with sources of the magnetic field
(e.g., the coil windings in an electromagnet). In Sec. VA we
shall give an explicit expression for the locations of the
singularities in the longitudinal field component in the case
of a quadrupole with Enge-type falloff of the quadrupole
gradient. We shall see that the transverse locations of the
singularities depend on the value of the parameter b,: this is
consistent with the parameter b, influencing the falloff of

0.8

0.2

Quadrupole gradient evaluated as a function of longitudinal position z along the axis of the magnet (black line), and away from

the axis for two different values of the parameter b, (red and blue lines). In the left-hand plot, the off-axis gradient is shown for

x=1/4/2, y =0; in the right-hand plot, the off-axis gradient is shown for x = 0, y = 1/v/2. In each case, the red line shows the
gradient for b, = 2, and the blue line shows the gradient for b, = 4. The gradient along the axis of the magnet is independent of the
value of b,.
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the gradient (as a function of longitudinal position) away
from the magnetic axis.

We also observe in Fig. 3 that there is an asymmetry
between the dependence of the gradient on the coordinates
x and y. That is, the falloff in the gradient (as a function of
z) changes if we interchange x and y. However, we see from
(37)—(39) that in general, the dependence of the field on the
transverse coordinates is contained in the quantities /; (40),
given in Cartesian coordinates by

1 1 i 1
LY (L ML LA
! \/§<bj 'l> \/E(bj .,>y

Therefore, for an elementary solution (i.e., selecting a
single j), changing the value of b; corresponds to rescaling
the coordinates x and y (with some associated rescaling of
the field). Furthermore, in the case of a quadrupole-type
field (n=1), replacing b, with i/b, corresponds to
interchanging x and y. Quadrupoles are often constructed
with symmetric geometry so that B, <> B, under x<>y.
Although this symmetry does not appear in the expressions
(37)—(39) for the full quadrupole solution (with n = 1 and
m = 2), symmetry under interchange of the transverse
coordinates can be imposed, if required, by appropriate
superposition of full quadrupole solutions. This issue is
discussed further in Sec. V B, but for now we simply stress
that, although the symmetry B,<>B, under x<>y can be
imposed if required, the solutions we have found for
quadrupole fringe fields allow modeling of cases where
this symmetry does not appear.

Finally, we note that the number of free parameters b;
increases with increasing order n of the multipole. This
corresponds to additional degrees of freedom associated
with the larger number of poles (and corresponding sources
of the magnetic field) in multipoles of increasing order.
Again, a symmetry on the field representing symmetry in
the geometry of the magnet can be imposed if desired, but is
not essential.

V. MULTIPOLE FRINGE FIELDS
WITH ENGE-TYPE FALLOFF

Having constructed general expressions for fringe fields
in multipole magnets, it is worth investigating these
expressions further, to show that the field has the appro-
priate behavior. For a multipole magnet of arbitrary order,
the expressions for the field can be rather complicated:
therefore, we consider in detail only the case of a quadru-
pole. In this section, we shall discuss the behavior of the
fields in a quadrupole, first for the elementary solution, and
then for the full solution (in which the fields are given by
real numbers) obtained by adding two versions of the
elementary solution. In order to plot the field, we need to
make some assumption for the form of the falloff of the
gradient along the axis of the magnet: we shall consider the

case that the falloff is described by an Enge function. At the
end of the section, we shall generalize the expressions for a
full quadrupole solution with Enge falloff of the gradient to
higher order multipole magnets.

The appearance of singularities in the magnetic field is of
some interest. Singularities are expected from the proper-
ties of Laplace’s equation: in two dimensions, solutions to
Laplace’s equation that are bounded at infinity are either
constant everywhere, or have singularities somewhere. Our
expressions for multipole fringe fields have been obtained
by extending the two-dimensional case to three dimensions.
Mathematically, it is no surprise that singularities appear,
but if the expressions we have derived for the fields are to
be applied in physical situations, we should understand the
position and nature of the singularities.

A. Elementary solution for a quadrupole
with Enge-type fringe field

The full solution for a quadrupole can be constructed by
combining elementary solutions with n = 1. We shall
consider in Sec. VB the full solution for a quadrupole
in which the gradient falls off as an Enge function along the
axis of the magnet; but to begin with, in the present section,
we examine the behavior of the elementary solution with
n = 1. The field components are given by (31)—(33), with
f(&+ih)and g({ — ih) given by (35) and (36). To produce
an Enge-type falloff in the quadrupole gradient, the
functions F({ + ih) and G({ — ih) must have an appro-
priate form. For simplicity we assume that G(&) = F(&) for
any (real or complex) argument &. The field components
then become

B, = ib({ + ih)F(¢ + ih) — ib(C — ih)F(C — ih),
B, = (¢ +MF(C +ih) =5 (¢ — ih)F(E — ih),
B = (C+ ih)F({ + ih) + (§ — ih)F (L — ih).

Although the elementary solution does not represent a
physical field, we can characterize the gradient in terms of
the derivatives of the transverse components B, and B,
with respect to v and u (respectively) along the { axis:

0B, B ) ,
Ge| =R +er @)
0B, B _3 ,
au u=v=0 B b2 [F(g) + CF (C)]’

where F'({) is the derivative of F({) (with real argument
£). We consider the case where the quadrupole gradient is
described by a single-parameter Enge function, so that

1

F(C)+§F1(C):1+eg'

(46)
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This has solution

In2 In(1+ ¢€%)
¢ ¢
where we have chosen a constant of integration so that F({)
remains finite at { = 0.
The components of the field in a Cartesian basis can now
be written:
(1+0%)

B, =-— 2h+iln(1+eV2Hihy —iln(1 4 eV2ih)],
) ot i1 V) (1 -+ )
(1-0?%)

=—i

y \/ib
B, =V2[2v/2z42In2 - In(1+ eV2+ih) —In(1 + V%)),

FQ) =1+ “7)

[2h+iln(1 4 ¢VZHm) — jIn(1 + V%)),

where, from (18), (19) and (34) the quantity # is expressed
in terms of the Cartesian coordinates:

1 /1 i (1
h=—7|-+b|x+—=(-—0b|y.
V2 (b > ¥ (b >y
Along the axis of the magnet (x = y = 0), the transverse
components of the field vanish and the longitudinal

component of the field is purely real. The gradient of
the field along the axis of the magnet is

OB,
Ox

~ 0B,
x=y=0 ay

(1=b% 1
b? 1+eﬁz.

x=y=

This has the form of a single-parameter Enge function, as
desired.

A physical magnetic field (with real components) can be
constructed by adding together elementary solutions with
appropriate coefficients; however, for now we identify the
physical magnetic field with the imaginary parts of the
elementary solution. In that case, the longitudinal compo-
nent of the field vanishes along the axis. Singularities in the
field occur when

V2z +ih = itn, (48)

where ¢ is any odd integer. If b is real, then in terms of the
Cartesian coordinates, the singularities occur at

\/Efﬂ' 2z
(x,y)=<1 LE1 )
F+b T i-b

Note, however, that the singularities in the different terms in
the transverse components of the field cancel out
when z = 0.

The behavior of the field can be seen in Fig. 4, which
shows the imaginary parts of the B, and B, components of
the magnetic field as functions of the transverse coordinates

at various z locations. As noted in Sec. IVE, for an
elementary solution a change in the constant b; amounts
to a rescaling in the coordinates and the field; therefore, we
show plots for only a single value b = 0.1. Also, since no
new features occur in the behavior of B, compared to the
behavior of B,, we only show plots for B, and B, . The plots
in Fig. 4 show that the field has the expected behavior for a
quadrupole: in particular, within the body of the magnet, B,
is linear in the coordinate y, and independent of x. At
increasing values of z, the slope of B, versus y decreases (the
gradient falls off); at z = 0, the quadrupole gradient is half
the value at large negative z, by construction. As z increases
further, the gradient (and the field itself) falls to zero. The
singularities in the field have the behavior expected from
(48). At z =0, the singularities in the transverse field
disappear completely, again, by construction.

Note that it was not necessary to demand that G(&) =
F (&) in the falloff functions above. This was only done for
simplicity and it could well be the case that a nonsymmetric
falloff is desired, which would require F (&) and G(&) to be
different from each other. As they are just functions that
dictate the behavior of the field in the falloff (fringe) region,
nothing changes inside the quadrupole and the magneto-
static Maxwell equations are still satisfied.

B. Full solution for a quadrupole
with Enge-type fringe field
We can construct physical (real) fields in a quadrupole by
adding two versions of the elementary solution with n = 1.
For simplicity, we assume that F;({) = G;({) = F({) for
all j(=1,2). The field components are then written:

2
§j J(E+ih)F(E+ihy) = ({ = ihj)F(E = ihy)),
(49)
2
By =3 i E i) FE+ i) = (6= i) F(E = ih)
(50)
2
By = ¢;[(C +ihj)F(¢ + i) + (£ — ih))F(C = ih))],
j=1
(51)

where h; is given by (40) and the parameters b; and c;
satisfy the relationships in (41)—(43).

The quadrupole gradient on the axis of the magnet
(u = v =0) is given by

OB,
9(¢) = —i 5

0B,

Bt =FQ)+LFQ).

u=v=0

u=v=0
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FIG. 4. Elementary quadrupole-like fringe field components B, (left) and B, (right) at (top to bottom) z = —4.0, z = =2.0, z =0,
z=12.0 and z = 4.0.
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A conventional model for the fringe field in a quadrupole
magnet describes the gradient as an Enge function [18].
Again to keep the analysis as simple as possible, we
consider the case that the gradient varies as a single-
parameter Enge function, so that the function F({) satisfies

(46). Writing the gradient in this way determines ¢ = 0 as
the location along the axis at which the quadrupole gradient
falls to half its nominal value within the body of the
magnet. Integrating (46) gives the expression (47) for the
function F({).

The components of the field can now be written (in Cartesian coordinates):

Bx =y + m [ln (1 + e\/zz+ih) —In (1 + eﬁz—ih) + In (1 + eﬁz—iﬁ) —In (1 + eﬁz-&-iﬁ)]’ (52)

By=x+ = ﬁ(’lb+ = [In (1 4 ¥2#) —In (1 + eV2") —In (1 + eV%7h) 4 In (1 4 eV2Hh)], (53)
.b2 ) } - -

B, = —m In (1 4 eVZFt) 4 In (1 + eV2=h) —In (1 + ¢V%=h) —In (1 4 eV2Hit)], (54)

where b = b, is a free parameter, i = h, (with &, given by
(40) in the case that j = 2), and & is given by

56) )

vz ) e )
If b is real, then £ is the complex conjugate of /4, and (since
terms in the above expressions for the field components
appear in complex conjugate pairs) the field components
are purely real.

We observe that in the solution (52)—(54), the depend-
ence of B, on the parameter b is different from the
dependence of B, on b. As a consequence, if we plot
B, as a function of z along a line x =0, y = ry, we see a
different variation compared to a plot of By as a function of
z along a line x = ry, y = 0. In other words, as already
noted in Sec. IV E, there is an asymmetry in the field in this
case that would not be expected from a quadrupole magnet
constructed with fourfold rotational symmetry about the z
axis. Such a magnet would generate a field with symmetry
B, < B, under x <> y. Although the solution (52)—(54) does

h

{ - sinh (v/2z) ]
cosh (v/2z) + cos (v/2x)
_ {3 B sinh (v/2z) ]
. cosh (v/2z) + cos (v/2y)
B — _[ sin (v/2y) ] X
: cosh (v/2z) 4 cos (v2y)] 4

B,

B

not display this symmetry, it can be imposed by adding
equivalent expressions to B,, B, and B, with x and y
interchanged but keeping b, the same, and dividing the
result by 2. We refer to such a solution as a “full
symmetrized solution.” Figure 5 shows the behavior of
the field components B,, B, and B, for the full sym-
metrized quadrupole solution, with the fixed value of the
parameter b, = 0.1. Within the body of the quadrupole
(large negative z) we see that, as expected, B, « y, B, o x
and B, = 0. At z = 0 the quadrupole gradient falls to half of
its value within the body of the magnet. At a large distance
from the quadrupole (large positive z), the field
approaches zero.

The full symmetrized solution has the interesting prop-
erty that the field components remain finite in the limit
b — 1. The expressions for the field components then take
a relatively simple form, although we lose a degree of
freedom (provided by the parameter b) allowing some
control over the variation of the fringe field with transverse
position. However, the expressions may be useful in some
cases, so it is worth stating the results:

Q arctan < sin(v/2y) )
4 V% 4 cos(V2y) )
V2 arctan ( sin(v/2x) )
e V% 4 cos(v/2x) ’
[ sin (v/2x) }
cosh (v/2z) 4 cos (v/2x)

Y
T
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S
0.5

-0.5

FIG. 5. Quadrupole fringe field components B, (left), B, (center) and B, (right) at (top to bottom) z = —4.0, z = =2.0,z =0,z = 2.0
and z = 4.0.
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C. Full solution for a multipole magnet with Enge-type fringe field

Using (37)-(39), the full solution for a multipole of order n with Enge-type falloff of the gradient can be written:

n+1

B, = Z lb}c][(é:'f' ihj)nF(n;C—f— ll’l]) — (_1)11+1(C_

B, :Ziﬁ[(éﬂh )"F(n;¢ + ih;) —

j=1 bj

B =" ol(C + i) F(mg + i) +

=

where the parameters b; and c; satisfy the relationships

(41)—(43), and we have chosen for all j:

F(C+ ihj) = F(n: + ih)),
G, —ih;) = (1) F(n; = ih;).

The function F(n;&) with complex argument & is con-
structed so that the multipole gradient has an Enge-type
falloff in the fringe field region. This is achieved if

1

Fo =

(55)

and the functions F(n;¢&) for n > 0 are then obtained by
induction, as follows. We define (for real {)

é‘n ' B ¢ C/n—l
EF(",C) —A

(56)

For any (positive integer) n and (real argument) ¢, F(n;{)
can be written in the form

Fn:0) = 14+ 2oL (=)

; 2: |§ggx 1), (57)
]71

where Li,({) is the polylogarithm (or Jonquiére function
[19]) of order n. The functions F(n;{) have the limits
F(n;{) - 1 as { - —o0, and F(n;{) - 0 as { - oo. The
domain of F(n;{) is extended to the complex plane by
substituting a complex variable & for £ in (57). The
multipole gradient on the magnetic axis (u = v =0) is
given by

1
e

—i 9B,

n! ov"

i 0"B,
T n! du

u=v=0 u=v=0

which is a single-parameter Enge function, as desired.

i) F(n; = ih;)],

(=1)"*H(E = ihy)"F(n: { = ihy)],

(=1 = ihy)"F(n; ¢ — ihy)),

VI. POTENTIALS FOR MULTIPOLE
MAGNET FRINGE FIELDS

For some applications it may be useful to have analytical
expressions for scalar and vector potentials from which the
fringe fields in multipole magnets can be derived. For
example, in an iron dominated magnet the pole faces
correspond to surfaces of constant scalar potential; this
makes it possible to inspect the geometry of a magnet that
would have a fringe field of a given form. The vector
potential can be useful for symplectic tracking of particles
through the field (see, for example, [20]). In this section, we
state expressions for the scalar and vector potentials for
multipole magnets with arbitrary falloff of the gradient in
the fringe field region; we then consider the particular case
that the multipole gradient has a falloff that can be
represented by an Enge function.

A. Scalar potential

The magnetic scalar potential ¢ = ¢(x,y, z) is defined
so that

In terms of coordinates u, v, {, this can be written

dp Op Op
B, B, B =|—,—"%,—
(B, By, By) <av’au’a§>

The elementary solution (31)—(33) can be derived from the
potential
= f(¢+ih)+g(¢ — ih), (58)

where the functions f(¢) and §(¢) for real argument ¢ are
the integrals of f({) and g({):

- [Frene.

§@>=[fmawa
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The integrals are performed on the real axis, and the
functions thus obtained are then extended to the complex
plane simply by substitution of a complex argument.

As an example, in the case of a multipole field (of order
n) with an Enge-type falloff in the gradient, the function

f(&) is
f(Q) =C"F(n: ),

where F(n;({) is given by (57). Using (56), and replacing
the real variable { by a complex variable £, we then find that

- é:n-&-l
7@ = S Fn+ 13, (59)
Similarly
~ - . é:n-s—l .
9(&) = (-1) Hn—HF(’? +1;4). (60)

The scalar potential is therefore given by

1 n+1 ' .
= m;Cj[(C‘F ih;)""'F(n + 1, + ihy)
+ (=1)" ¢ = ih)" T F(n + 156 — ihy)), (61)

where the coefficients ¢; and b; (implicit in &;) satisfy

(41)—(43).

FIG. 6. Surface of constant scalar potential in a representation
of the HL-LHC inner triplet quadrupole, with the gradient falling
as an Enge function in the fringe field. The overall length scale is
arbitrary. The parameters of the Enge function (63) correspond to
the first line in Table I.

In the case of a dipole (n = 0) with Enge-type falloff of
the field in the plane y = 0, the on-axis field is

2
Byl _, :L,
4 1—|—e‘/EZ

where the factor \/§ in the numerator ensures consistency
with (28)—(30). Putting n =0 in (61), and using (44)
and (45) for ¢, and b, we find

Q= \/Ey + %ln (1+ e\/i(zﬂ'y)) - %m 1+ e\/i(z—iy))’

which corresponds to (14) with suitable rescaling of the
coordinates and field strength. The field obtained is then

B, =0,
VA1 + ¢V cos(v/3y)
YT + 2eV% cos(v2y) + €2V
B - \/Eeﬁz sin(\/iy)

T 14 2eE cos(V2y) 4 V=’

in agreement with (11) and (12) (again with suitable
rescaling of the coordinates and field strength).

For the particular case of a quadrupole (n = 1) with
Enge-type falloff of the gradient, the scalar potential can be
written in Cartesian coordinates:

=X +L[Li (_e\/fz-&-ih) +Li (_e\/fz—ih)

@ =Xy B (1 — b4) 2 2

_ Liz(_e\/iz—iﬁ) _ Liz(_eﬁzﬂﬁ)], (62)

where b = b, is an arbitrary parameter, and & = h,.

In an iron dominated magnet, the pole faces can be
identified with surfaces of constant scalar potential: an
example of such a surface (based on an inner triplet
quadrupole for the HL-LHC) is shown in Fig. 6. The
surface has the geometry expected of the poles in an iron
dominated quadrupole. Within the body of the magnet, the
intersection of the pole face with a plane of constant z forms
a hyperbola. As a function of position along the axis, the
pole face has little dependence on z for large negative z; but
in the fringe field region the pole face abruptly “flattens”
off to lie close to the plane z = 0.

It is worth noting that the form for the scalar potential
(58) for the elementary solution provides a direct con-
nection with Whittaker’s form (17) for solutions to
Laplace’s equation in three dimensions. In Cartesian
coordinates, the potential for the elementary solution can
be written

@ = f(V2z+ih) + §(V2z — ih),
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where, using (18), (19) and (34),

h :% (%%—b)x—i—% <%—b>y.
If we define a parameter 9 such that
b=e,
then we can write

h =/2xcos 9 + v2ysin 9,

and the potential for the elementary solution is

¢ = F[V2(z + ixcos 9 + iysin )]
+ §[V2(z = ixcos § — iysin )],

which is in the form of a sum of two of Whittaker’s
solutions (17) (to obtain the second term, we need to
replace & by 9 + x in Whittaker’s solution). In Whittaker’s
form, it is natural to take J as a real parameter, which
corresponds to a complex value for b (lying on the unit
circle). In general, however, it is possible for J to take any
complex value. In the expressions presented in this paper,
on the other hand, it is natural to take real values for the
parameter b (corresponding to b, for quadrupoles; for
higher-order multipoles there are additional parameters,
corresponding to additional terms in Whittaker’s solution).
However, it is of course possible to choose complex values
for b. In the examples presented in Sec. VII, we find it
convenient when fitting “real” quadrupole fringe fields to
choose real values for b lying off the unit circle.

B. Vector potential

It can be useful to know the vector potential for a given
field for symplectic integration of the equations of motion
for a charged particle moving through the field: see, for

example, [20]. The field B is derived from the vector
potential A by the usual relationship:

B=VxA.

It is possible to make a choice of gauge in which any one of
the components of A vanishes: we choose to work in a
gauge in which A, = 0. In the coordinates u, v, (, this
gauge choice is expressed as A, =0, and the field
components are obtained from the vector potential by

0A,

B, =2i ac
0A,
Bv ——\/Ela—c,

B, — 1 [0A, O0A,
¢ V2i\ou Ov )
For a field described by the elementary solution (31)—(33),
it is readily verified that the vector potential is given by

A, = % F(C + ih) - 5(¢C — i)

1 - . - )
Ao = = P+ i) =3¢ = )],
A; =0,

where, as before, f(£) and §(£) are the integrals of f(&) and
g(&). This potential satisfies the Coulomb gauge condition:

0A,  0A, DA,

VA=3 5 a

0.

For the particular case of a multipole magnet with Enge-
type falloff of the gradient, the functions f(&) and g(&) are
the same as in the case of the scalar potential, (59) and (60).
The vector potential is then

1 Wb, . . . .
A= ;%[(H ih))" " F(n+ 1:8 4 ihy) — (1) = ih;)"™ ™ F(n + 1: ¢ — ih;)],
1 & ¢ . . . .
A, = —n—H; \/ijbj [(C+ih))" " F(n + 1:¢ + ih;) = (=1)" T = ihy)" T F (n + 1:¢ — ihy)],
Ag:o,

where (as usual) the coefficients c; and b; satisty (41)—(43).

For a dipole the vector potential is obtained with n = 0, and with ¢; and b; given by (44) and (45) respectively:

0
0

N
|

y
Z

El
El

1 o .
L =V2z— i (1+ V2 i)y — S (1+ ¢V21)) 4 In2,
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in agreement with (16) with suitable rescaling of the coordinates and field strength (and with an additive constant, that

vanishes when taking the curl of the vector potential).

For a quadrupole (n = 1), the vector potential can be expressed in Cartesian coordinates as

A :xz+yx——ib
* V2§ 41+ b?)
A=y 2 b
TR -

where b = b, is an arbitrary parameter, and & = h,.

VII. EXAMPLES

To illustrate the application of the methods and results
described in the previous sections, we consider two
examples: a quadrupole in a final focus or “inner triplet”
region of the high luminosity upgrade of the Large Hadron
Collider (HL-LHC), and a quadrupole in the EMMA
nonscaling fixed-field alternating gradient accelerator.
These magnets are chosen to provide two contrasting cases
in terms of magnet technology and parameter regime. The
HL-LHC inner triplet quadrupole is a superconducting
magnet with large aperture and gradient (respectively,
150 mm diameter and 140 T/m). Design studies are still
in progress; some field maps are available, but the impact of
the fringe fields on the beam dynamics are still under
investigation. The EMMA quadrupoles are normal-
conducting electromagnets with more conventional gra-
dient. Here, we consider one of the two types of EMMA
magnets, namely the F quadrupoles [21]. These magnets
have large apertures (74 mm diameter) given the length of
the iron poles (73 mm); as a result, the fringe fields make a
dominant contribution to the focusing effects. The specified
integrated gradient is 0.387 T. Although it is possible to
represent an EMMA quadrupole by a hard-edge model,
beam dynamics studies (supported by experimental results)
[22] indicate the need for a more realistic representation in
order to give an accurate description of the longitudinal and
transverse dynamics in the machine.

We should emphasize that the purpose of considering
these illustrative cases is not to demonstrate close agreement
between the numerical and analytical field models, but
simply to show that it is possible, using analytical formulas
from the previous sections, to construct a model of the fringe
field in each case that satisfies Maxwell’s equations, and is
closer to reality than a simple hard-edge model.

For the HL-LHC inner triplet quadrupole and for the
EMMA F quadrupole we use the full solution for a
quadrupole with Enge-type fringe field, presented in
Sec. V B. The numerical field data in each case are fitted
using a falloff function such that the quadrupole gradient
has the form of an Enge function:

[Lin(—eY24M) — Lip(—eY2ih) — Lip (= V%) + Liy (—eV2+M],

[Liz(_e\/izﬂh) _ Liz(—eﬁz_ih) + Li2<_e\/§z—iﬁ) _ Liz(—eﬁZHF')},

o

o) = (63)

The fit is optimized by varying the parameters a,, a; and
a,. Itis straightforward to generalize the results of Sec. V B
to include the presence of additional parameters [as
compared to the simplified form given in (46)]. Note that
we use a full symmetrized solution for the quadrupole field,
so that the symmetry B,<>B, under x<>y is enforced by
superposition of appropriate full quadrupole solutions.

A. HL-LHC inner triplet quadrupoles

As a first example, we show the results of a fit to the field
in an HL-LHC inner triplet quadrupole. Field data are
obtained from a magnetic model, and the parameters a, a;
and a, describing the gradient (63) are then adjusted using
a nonlinear fitting routine (with some chosen value for the
free parameter b,: see the comments below). The fit is
performed to the radial field component along a line

x =y =r/V2, where r is the distance of the line from
the axis of the magnet. If the model provides a good
description of the field data, then the parameters obtained
from the fit should be independent of the value of r: results
for some selected values of r are shown in Table I. For the
HL-LHC inner triplet quadrupole, inspection of the values
in Table I shows changes in the fit parameters of less than
0.7%, comparing values obtained by fitting the field
along lines with r = r,/10 and r = rp, /6 (Where

TABLE I. Parameters for a fit of an Enge function of the form
(63), to the quadrupole gradient in an HL-LHC inner triplet
quadrupole. The maximum radius r,, in the field data is 75 mm.

Radius of fit ay a a,

Finax/ 10 —55.9503 —0.520120 8.98913
Foax/ 8 —55.9504 —0.521262 9.00549
Finax/ 6 —55.9505 —0.523743 9.04082
Fonax/ 4 —55.9510 —0.530875 9.14139
Frnax/3 —55.9517 —0.540984 9.28116
Frnax/2 —55.9539 —0.570142 9.66955
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FIG. 7. Radial component of the magnetic field in an HL-LHC
inner triplet quadrupole as a function of position along lines of
given radius and with cylindrical polar coordinate 8 = z/4. Each
pair of black and red lines shows the field at a different radius,
from 7. /5 t0 4rpa /S, with rp, =75 mm. The black lines
show the field obtained from the (numerical) magnetic model;
the red lines show a symmetrized form of the analytical model
(49)—(51), with fit parameters given in Table I with radius of fit
Fmax/ 10, and by, = 2.5.

Fmax = 79 mm is the maximum radius for which field data
are available).

Having obtained values for the fit parameters, we
can make direct comparisons of the field based on
Eqgs. (49)—-(51) with the field obtained by the numerical
magnetic model. An example of such a comparison, for the
radial field component, is shown in Fig. 7. Although the
analytical model does not match the numerical model
exactly, the general behavior of the field is reproduced
quite closely. The impact of the residuals from the fit on the
beam dynamics still needs to be studied; but the analytical
model does include features of the field that would be
completely omitted in a hard-edged magnet model.

Figure 8 shows the radial field component as a function
of position along lines of fixed radius and for different
values of the polar coordinate §. Again, there is reasonable
agreement between the numerical field data (black lines)
and the analytical fit (red line). Finally, Fig. 9 shows the
longitudinal field component as a function of position
along lines of given radius and with fixed 8 = = /4. Here, it
appears that there are more significant discrepancies
between the numerical field data and the analytical model;
however, there is general agreement in the main features,
especially for the region close to the axis of the magnet. The
more detailed structure that appears at larger distances from
the axis cannot be reproduced by the relatively simple
(Enge) function that is used to describe the falloff of the
quadrupole gradient in the fringe field.

It is worth considering the dependence of the field on the
parameter b,. Changing the value of b, has an effect on
the way that the fringe field varies with distance from the
magnetic axis. This can be seen by comparing the plots in

Br (T

-300 -200 -100 0 100
z (mm)

FIG. 8. Radial component of the magnetic field in an HL-LHC
inner triplet quadrupole as a function of position along lines of
fixed distance r = ry,,, /4. Each pair of black and red lines shows
the field at a different value of the cylindrical polar coordinate 9,
from /16 to z/4 (in steps of z/16). The black lines show the
field obtained from the (numerical) magnetic model; the red lines
show a symmetrized form of the analytical model (49)—(51), with
fit parameters given in Table I with radius of fit r,, /10, and
b, =2.5.

Fig. 10, which show the radial field component as a
function of position along lines with fixed polar coordinate
0 = n/4 and different distance r from the axis of the
magnet. The plot on the left in Fig. 10 shows a comparison
between the numerical field map and the analytical model
with b, = 1.5; the plot on the right compares the numerical
field map and the analytical model with b, =3.5. In
regions close to the axis of the magnet, changes in the
value of b, in the range 1.5 to 3.5 have little effect on the

1.5

B, (M

0.5

-300 —-200 -100 0 100
z (mm)

FIG. 9. Longitudinal component of the magnetic field in an
HL-LHC inner triplet quadrupole as a function of position along
lines of given radius and with cylindrical polar coordinate
6 = n/4. Each pair of black and red lines shows the field at an
increasing radius, from ry,, /5 to 4ry. /5, with rp, = 75 mm.
The black lines show the field obtained from the (numerical)
magnetic model; the red lines show a symmetrized form of the
analytical model (49)—(51), with fit parameters given in Table I
with radius of fit r, /10, and b, = 2.5.
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FIG. 10. As Fig. 7, but with b, = 1.5 (left) and b, = 3.5 (right).

field; but differences are apparent at larger distances from
the axis. The parameter b, therefore allows control over the
field behavior at large r, after the parameters ay, a; and a,
have been chosen to fit the field behavior close to the axis
of the magnet.

Although the HL-LHC inner triplet quadrupoles are
superconducting magnets, we can nevertheless inspect
the shape of the pole face that would be needed to give
the same field. Assuming poles with infinite magnetic
permeability, the shape of a pole face corresponds to a
surface of constant magnetic scalar potential ¢. In the case
of a quadrupole with gradient falling off as an Enge
function, the scalar potential is given by (62): note that
for the present case, this expression needs to be sym-
metrized so that the field has the symmetry B, <> B, under
x<>y. Figure 6 shows an equipotential surface for the
analytical field model fitted to the numerical HL-LHC inner
triplet quadrupole field data. The surface has been chosen
so that the magnetic scalar potential has the (arbitrary)
value ¢ = 0.25 Tm. We see that the equipotential surface
has the shape that might be expected of an iron-dominated
quadrupole, with the curved surface following a hyperbola
in a plane of constant negative z, and the end of the pole
being reasonably flat (close to a plane of constant z = 0).

B. EMMA quadrupoles

The quadrupole magnets in EMMA are iron-dominated,
normal conducting magnets. The unusual feature of the
EMMA quadrupoles is that the diameter of the aperture is
comparable to the length of the magnet; this allows the
accelerator to have a large transverse acceptance in a lattice
consisting of magnets packed very close together. However,
the relatively large aperture of the quadrupoles means that
the gradient falls off rapidly from the center of the magnet.
There is no appreciable distance along the axis for which
the gradient is constant, and a realistic model of the field
must include some representation of the fringe fields.

Given numerical field data from a magnetic model of an
EMMA quadrupole, we can repeat the analysis used for the

HL-LHC inner triplet quadrupole in Sec. VII A. We again
use an Enge function of the form (63) to represent the
falloff of the gradient along the axis of the magnet. The
field data cover an area closely approaching the pole tip
(the field values are given on a rectangular grid, with
transverse coordinates extending to 36 mm). The results of
fitting the parameters in the Enge function to field data
along a line parallel to the axis (at different distances from
the axis and fixed polar angle 6 = z/4) are shown in
Table II. We see that there is much larger variation in the
parameters if the fit is performed at different distances from
the axis, compared to the case of the HL-LHC inner triplet
quadrupole. This suggests that the quality of the fit will not
be as good. Making a direct comparison of the field based
on the analytical formula with the numerical field data
confirms that this is the case: see Figs. 11, 12 and 13.
Inspecting Fig. 11 suggests the reason for the poor quality
of the fit. The gradient initially falls off quite rapidly along
the axis from the center of the magnet, but there is a long
“tail” as the gradient approaches zero: this asymmetric
behavior cannot be represented accurately using an Enge
function with a small number of coefficients. Using a larger
number of Enge coefficients improves the quality of the fit
for the field at a given radius (and polar angle ), but then
performing the integral of the quadrupole gradient g(z) to
find the function corresponding to F(1,¢) in (57) becomes
difficult.

TABLE II. Parameters for a fit of an Enge function of the form
(63), to the quadrupole gradient in an EMMA F quadrupole. The
maximum radius r,, in the field data is 36 mm.

Radius of fit ay a a,

Finax/ 10 0.0138149 -0.162670 11.2914
Foax/ 8 0.0172756 —0.163023 11.3031
Finax/ 6 0.0230543 —0.16379%4 11.3286
Fonax/ 4 0.0346675 —0.166075 11.4036
Frnax/3 0.0463818 —0.169480 11.5140
Frnax/2 0.0702287 —0.180796 11.8694
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FIG. 11. Radial component of the magnetic field in an EMMA
F quadrupole as a function of position along lines of given radius
and with cylindrical polar coordinate @ = /4. Each pair of black
and red lines shows the field at a different radius, from r,, /5 to
47 max /5, with rp. = 36 mm. The black lines show the field
obtained from the (numerical) magnetic model; the red lines show
a symmetrized form of the analytical model (49)—(51), with fit
parameters given in Table II with radius of fit r, /10, and
b, = 1.8. The center of the quadrupole is at the far left of the plot,
z=—53.6 mm.

It is of course possible to plot an equipotential surface to
represent the shape of the pole in an EMMA quadrupole, in
the same way that we did for a “normal conducting
equivalent” HL-LHC inner triplet quadrupole. However,
we find that the shape of the pole is much as expected for a
normal conducting quadrupole, i.e., the plot is qualitatively
very similar to that shown in Fig. 6.

0.025

0.02

0.015

B (T)
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0.005

~50 0 50 100 150 200 250
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FIG. 12. Radial component of the magnetic field in an EMMA
F quadrupole as a function of position along lines of fixed
distance r = rp,,, /4. Each pair of black and red lines shows the
field at a different value of the cylindrical polar coordinate @, from
7/16 to n/4 (in steps of z/16). The black lines show the field
obtained from the (numerical) magnetic model; the red lines show
a symmetrized form of the analytical model (49)-(51), with fit
parameters given in Table Il with radius of fit ry,, /10, and
b, = 1.8. The center of the quadrupole is at the far left of the plot,
z = —53.6 mm.
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FIG. 13. Longitudinal component of the magnetic field in an

EMMA F quadrupole as a function of position along lines of
given radius and with cylindrical polar coordinate @ = z/4. Each
pair of black and red lines shows the field at an increasing radius,
from 7, /5 t0 4rpa /S, with ry, = 36 mm. The black lines
show the field obtained from the (numerical) magnetic model;
the red lines show a symmetrized form of the analytical model
(49)—(51), with fit parameters given in Table II with radius of fit
Fmax/ 10, and b, = 1.8. The center of the quadrupole is at the far
left of the plot, z = —53.6 mm.

VIII. CONCLUSIONS

Closed-form analytic expressions have been presented for
fringe fields in multipole magnets. For quadrupoles, the field
described by the analytic expressions was shown to have the
expected properties. The expressions can be extended to
describe multipoles of any order. For ease of explanation and
illustration, we looked in particular at fringe fields in which
the multipole gradient had a falloff along the axis of the
magnet described by an Enge function with only a single
parameter in the exponent. However, the technique can be
applied to any function with the appropriate dependence on
the coordinates (i.e., any function that depends on the
coordinates combined in the form \/Ez =+ ih). Examples
of other (non-Enge) functions that may be suitable for
describing fringe fields may be found in [12,13].

Expressions were also given for scalar and vector poten-
tials from which the multipole fringe fields presented here
could be derived. Again, the expressions for the potentials
can be extended to apply to multipole magnets of any order.
The scalar potential is of interest since, in iron-dominated
magnets, the pole faces form surfaces of constant scalar
potential. This provides a connection between studies of the
dynamics of particles moving through the fringe fields a
particular magnet, and design studies of the magnet geom-
etry. It is hoped that by having access to realistic analytical
descriptions of fringe fields at an early stage in the design of
an accelerator beam line, the design process (typically
involving many iterations between beam dynamics studies
and magnet design work) may be made more efficient.

The vector potential is of interest for particle tracking. In
particular, some techniques for symplectic integration of
the equations of motion for particles moving in magnetic
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fields are based on analytical expressions for the vector
potential (see, for example, [20]). Again, it is hoped that
there will be benefits in being able to perform symplectic
tracking through realistic fringe field models at an early
stage in the design of an accelerator.

In some types of magnets, such as those used in
nonscaling FFAGs, fringe fields dominate the effects of
the magnet. In such cases, being able to study the impact of
fringe fields at an early stage of the accelerator design is
essential for making efficient progress with the design. It
should be possible to implement the methods presented
here in standard accelerator tracking codes; this will allow
accurate modeling of fringe field effects in multipole
magnets of arbitrary order, and enhance the range of tools
available for accelerator design and simulation.

ACKNOWLEDGMENTS

This work has been ongoing for many years and B. D. M.
thanks Deepa Angal-Kalinin for giving him the opportunity
and required support to finish it. B. D. M. is also pleased to
acknowledge useful discussions on both form and content,
as well as general encouragement over the years from the
following: Jim Clarke, Chris Edmonds, Bas van der Geer,
Fay Hannon, Werner Herr, David Holder, Marieke de Loos,
Neil Marks, Giovanni Muratori Sr., Hywel Owen and Peter
Williams. The authors would like to thank Susana
Izquierdo Bermudez for the field data for the HL-LHC
Inner Triplet quadrupoles, and Chris Edmonds for the field
data for the EMMA quadrupole. This work was partially
supported by the FP7 HiLumi LHC Design Study (http://
hilumilhc.web.cern.ch).

APPENDIX: SOLUTION OF MAXWELL’S
EQUATIONS

In this Appendix, we show that a solution to the
magnetostatic Maxwell’s equations with the properties
expected for a multipole fringe field takes the form
(31)—(33). Based on a generalization of the fringe fields
for the dipole case, we start from the assumption that
multipole fringe fields will be of the form

(Ouf1 + Of265) (1 + 2f3€° + €*) +

o fl (u7 v, Z:) +f2<l/{, v, C)eg

Y+ 2f5(u, v)ef e (A1)
_ falu,v.8) + fs(u,v.8)et

U T 2w v)ef + X (A2)
:fé(bh v,0) + fr(u,v.8)et (A3)

1+ 2f3(u,v)eb + e*

where the functions f; (for i =1,...,7) are arbitrary
functions of the specified variables. As we shall see, this
provides sufficient generality that the multipole gradient
can decay along the z axis in any desired fashion.
Substituting (A1)—(A3) into Maxwell’s equations (24)—
(27) gives a set of constraints on the possible forms of the
functions f;, f, etc. To obtain useful expressions for
multipole fringe fields, we need to find solutions satisfying
the various constraints.

Essentially, there are only two types of derivative that we
need to consider. These are

Ouf1+0uf265 2(f1+f2e°)e 0, f3
A A? ’
Ocf1+0cf2e° + fret C2f1+ faef) (e f3 +e¥)
A A? '

9,B, =

O¢B, =

where A = 1 + 2f5¢° + . For the remaining derivatives,
we simply implement the following changes sequentially:

d,B,=0,B, under (u<v),
0,B,=0,B, under (f, = f4,f2— fs),
d,B, =0,B, under (u<>v),
0¢B,=0;B, under (f, = fa.f2 = fs),
0,B;=0,B, under (f; = fe.f2 = f7).
9,B;=0,B; under (u<v),
0¢By = 9B, under (f| = fe.f2 = f7).

As all equations (24)—(27) are equal to zero, we can take
out a factor of A? to give

(Oyfa+ 0, fs5€°) (1 +2f3¢° + €*)

+(0¢fo + Ocfr€5 + f1€°)(1 4 2f 3¢5 4 &%)
=2(f1 + f26°) €0 f3 — 2(fa + f5€°)e Dy f3 = 2(f + f1€°)(f3¢° 4 €*) =0,

(Oufa +0cfse°) (1 +2f 3¢5 + %) =

(Oyf1 + 0y f26°) (1 + 2f3¢° + €*)

—2(fs + f5€°)ec0uf3 + 2(f1 + f2€°)e D, f3 = 0,

(0f6 + Oxf7€°) (1 + 2f3¢* + %) —

(Ocf1 4 Ocfa€" + f265)(1 + 2f 3¢ + %)

—2(fo + [7€)€¢Duf3 + 2(f1 + f2°)(f3€" + €*) =0,

(Dyf6 + 0y f7€°) (1 + 2f3¢° + €*) —

(Ocfa+ Ocfset + fset)(1 4 2f 3¢ + )

—2(f + [7€4)€¢0uf3 4 2(fa + f5€°)(f€° + &%) = 0.
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We can now equate coefficients of e¢ giving

e O fr+0:f7—f1=0 (A4)
Opfs+0:f7—f7=0 (A5)
Ouf7=0cfs+fs=0 (A6)
Opf7=0:f2+f2=0 (A7)

e*: f20uf3+fe—fif1=0 (A8)
fs0uf3+ fe—f3f7=0 (A9)
J10uf3=fa+f3fs =0 (A10)
[20.f3=fi+f3f2=0 (Al1)

e f10ufs+ f3fe—f1=0 (A12)
f40uf3+ f3fe—f7=0 (A13)
J60uf3s+ fs—f3fa=0 (Al4)
f60uf3s+ 2= f3f/1=0 (A15)

e O,f + Ocfe =0 (A16)
Opfa+0:f6=0 (A17)
O0ufe—0cfs =0 (A18)
Oufe—0:f1 =0. (A19)

Note that we have not included all the steps and the above
equations represent the original set with all possible
simplifications taking into account the set itself. Note also
that Egs. (A4)—(A7) and (A16)-(A19) may be solved
independently of the rest and can therefore be dealt
with later. From Eq. (Al1), using (A8) and (A12), we
see that

f7(0,f30uf3 + f5-1) = 0.

Had we looked at Egs. (A10) and (A 14) instead, using (A9)
and (A13), we would have had

f6(0uf30uf3+ f3—1)=0,

with the same result from Eq. (A15). Now, f and f5 cannot
both be zero as this would mean B, = 0. Therefore, we
must have

a1ﬂf3auf3 +f%_1:0

The general solution for f3, using the method of
characteristics [14], is

f3 =sinh(u,v),

with

1
h(u, v) :Zu—i—bv—l—c, (A20)
where b and ¢ are constant. Without loss of generality and

for simplicity, we set ¢ = 0. Substituting this back into
(A8)—(A15) gives the relations

f2=bfs,
fl = b2f4-

The equations reduce to just two independent equations
that may be written as

1
Zf2005h+f6—f7 sinh =0, (A21)

1 1
f6 COS h —+ ZfQ - Efl Sil’l h = 0 (A22)

Using f, = b*f, and Eqgs. (A16) and (A17) we see that we
require

bzauf4 = 81)f4’

which can again be solved by the method of characteristics
to give f, = f4(h,z). Using this with Egs. (A18) and
(A19) we see that fs = f¢(h,z). Similarly, f, = bfs
applied to (A4) and (AS5) and, subsequently (A6) and
(A7) gives fs = fs(h,z) and f; = f7(h,z). This leaves
six equations to be satisfied from the original system
(A4)—(A19), namely (A21) and (A22) together with

Oufr+0cf7—f1=0 (A23)
0uf7=0cf2+f2=0 (A24)
Ouf1+0¢f6e =0 (A25)
0uf6 — Ocf1 =0. (A26)

After cross differentiation, Eqs. (A25) and (A26) give

Dnwfe+02f6 =0,
Dof1 + 82]‘1 =0.

Now, we can reexpress the partial derivatives in « and v
in terms of 4 only. The equations simplify to

Afl:Af6:0’

where A =92 + 5‘2. We introduce the coordinates
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w=h+1il,
w=h-ig.
Note that this operation is equivalent to complex conju-

gation in the ¢ coordinate only and the function % is
untouched. Therefore, we have the solutions

fi=pi(w) +q:(w),
f6 = ps(W) + gs(W),

where p, pe are arbitrary functions of w, and ¢, g4 are
arbitrary functions of w. Substituting this back into (A25)
and (A26), we see that the solutions are further constrained
to

fl = —ibp() + lbq6 + ky

with k constant, from which we can get f, via fy = # f1-
Subsequently, we can get f, from (A22) and hence f5 via
fs =3 f> and f5 from (A21). The general result, in terms
of ps and g¢ may be summarized as follows (with
h =+4u+ bv):

f2 = (=ibpe + ibge + k) sinh — (bpe + bqg) cos h,

(A28)
f3 =sinh, (A29)
Fom Y Cive g1k (A30)

4=\ TWPe T s Ty )

L kY]
fszz —lp6+ZQ6+E smh—B(PﬁJr%)COSh’

(A31)
f6 = Ps + g (A32)

. . . k
f7=(p¢ + qe)sinh + (—lp6 +ige + B) cosh. (A33)

We are left with Eqs. (A23) and (A24) to be solved.
Upon substitution of (A27)—(A33), these are actually seen
to be trivially satisfied with no further constraints on any of
the functions f;. In fact, the results constitute a Darboux
transformation, where, given a solution to Maxwell’s
equations expressed by (A16)—-(A19), a new solution
may be created, given by (Al)-(A3), provided
(A4)—-(A15) are satisfied. Further, the results can be seen
to imply the following solution to Maxwell’s equations:

B, = —ibf(h +il) + ibg(h —i{),

i ) i .
B, = _Zf(h +i{) +Eg(h — i),
By = f(h+i{) + g(h —i{),

with & defined by (A20). Writing the arbitrary functions f
and g as functions of ¢ &+ ih rather than as functions of
h + i leads to the form of solution given in (31)—(33). This
solution could have been arrived at by a shorter method, but
the above workings show that, for the kind of functions we
are interested in, it is the only solution that fits. We may
have been forced to consider more complicated functions
by introducing nonlinearities in the coordinate dependance,
for example. Note that the constant b is purely a scaling
constant of the coordinates, as well as giving a proportion-
ality between B, and B,,.
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