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In first approximation storage ring multipole magnets are described as simple two-dimensional magnet
structures and many linear and nonlinear beam optic features of a magnet lattice can already be derived
from this model. In contrast, undulators, and in particular variably polarizing devices, employ complicated
three-dimensional magnetic fields which may have a severe impact on the electron beam, in particular, in
low energy third generation storage rings. A Taylor expanded generating function method is presented to
generate a fast, flexible, and symplectic mapping routine for particle tracking in magnetic fields. This
method is quite general and is based on the solution of the Hamilton-Jacobi equation. It requires an
analytical representation of the fields, which can be differentiated and integrated. For undulators of the
APPLE II type, an accurate analytic field model is derived which is suitable for the tracking routine. This
field model is fully parametrized representing all operation modes for the production of elliptical or linear
polarized light with an arbitrary inclination angle or even arbitrary polarization. Based on this field model,
analytic expressions for 2nd order kicks are derived. They are used to estimate the influence of APPLE II
undulators on the electron beam dynamic. Furthermore, an analytic model for the description of shims is
given. The shims are needed for field and performance optimization. Passive and active shimming
concepts for the compensation of linear and nonlinear effects of variably polarizing undulators are

discussed.
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L. INTRODUCTION

Planar undulators for the production of synchrotron
radiation have been built for more than 30 years. The
vertical focusing is well understood and the linear term
can be compensated with an appropriate tuning of storage
ring quadrupoles. The linear term of a horizontal defocus-
ing can be compensated with ring quadrupoles as well.
Higher order terms can be minimized either by choosing an
appropriate undulator pole width or a special transverse
pole shape or by implementing additional correction mag-
nets at the undulator ends [1]. A superconducting double
helix undulator has been used already in the first FEL
experiments at SLAC [2,3]. This design provides photons
with a fixed helicity. It cannot be operated in a storage ring
where a larger horizontal aperture for injection is required.
Planar helical or elliptical devices have to be used instead.
Over the past 20 years, various permanent magnet based
undulator designs for the production of elliptically polar-
ized light have been proposed and built: The Helios design
as built at the ESRF [4] employs a functional separation
for the field production. Upper and lower magnet girders
produce pure horizontal and vertical on-axis fields,
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respectively. With the implementation of an additional
longitudinal movement of one of the girders any state of
polarization is realized. Because of the functional separa-
tion the independent focusing of upper and lower beam
produces an electron beam steering which scales inversely
with the square of the electron energy. It can be tolerated at
the ESRF 6 GeV machine. The ELETTRA design [5]
delivers circularly polarized light at all magnet gaps.
However, other states of polarization are not accessible.
Usually, elliptically polarizing devices have the drawback
of a small transverse good field region for the horizontal
field component. At SPRING-8 [6] a magnet design has
been optimized for an enlargement of the good field region
sacrificing field amplitude.

The highest magnetic field among all existing planar
elliptically polarizing undulators is produced by a so-called
advanced polarizing photon light emitter (APPLE 1II)
which has been proposed by Sasaki [7]. Today, most of
the third generation storage rings rely on the APPLE II
design for variably polarizing photon sources. The flexi-
bility of this device provides also other operation modes
such as linear polarized light with an inclination with
respect to the midplane. Any arbitrary polarization ellipse
can be produced if more degrees of freedom are introduced
in the mechanic design (see Sec. IIT A for universal mode).
The small transverse good field region of APPLE II undu-
lators has a severe impact on the electron beam dynamics
of low electron energy rings which has to be minimized.

Starting from the APPLE II design more sophisticated
undulators with even higher fields have been developed for
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the use in fourth generation light sources such as free-
electron lasers (FELs) or energy recovery linacs. These
light sources do not require a large horizontal aperture for
injection. Hence, more compact designs like the APPLE III
[8] or DELTA undulator [9] can be realized. Being single
pass machines, the multipole requirements are relaxed as
compared to a storage ring.

The operation of undulators in a low energy third gen-
eration electron storage ring requires a thorough under-
standing of the impact of theses devices to the electron
beam dynamic. In contrast to conventional accelerator
magnets, undulators have a complicated three-dimensional
field distribution and the dynamic behavior is dominated
by effects introduced by the oscillating electron trajectory
caused by the periodic undulator fields. These effects are
usually called dynamic kicks or 2nd order kicks because
they scale inversely with the square of the particle energy.
They cannot be derived from straight line field integrals
and, hence, they cannot directly be measured by moving
wires, pulsed wires, rotating coils, search coils, or Hall
probes. In contrast, the so-called vibrating wire method is
capable to measure the field integrals along a wiggling
trajectory [10]. The wire is powered with a DC current
and the Lorentz-force deforms the wire in a periodic man-
ner mimicking the electron trajectory. On the other hand,
the dynamic field integrals can be evaluated with an accu-
racy of a few percent from the measured undulator field.

The electron beam dynamic is studied in tracking simu-
lations where electron trajectories through the accelerator
magnets are evaluated for thousands of subsequent turns.
Tracking codes use one of two approaches or a combina-
tion of both to construct the magnetic field: (1) The fields
are described explicitly in terms of measured or evaluated
field maps. (2) Analytic models are used for the description
of the fields. The pure numeric approach (1) determines the
electron trajectory from a symplectic twofold integration
of the magnetic fields. This approach is adequate for
devices with only a few poles such as wavelength shifters
but it is less efficient for undulators with dozens of periods
because several integration steps are needed for each un-
dulator period. The analytic approach (2) offers the chance
to perform an analytic integration. The accuracy is deter-
mined by the quality of the model (expansion order and
integration step size). For a comparable accuracy, the speed
can be significantly faster as compared to the numeric
algorithm because the step size can be as large as many
undulator periods. This allows for a detailed scanning of a
large parameter space with a reasonable effort.

In Sec. II we review an analytic, symplectic and fast
tracking algorithm as developed at BESSY. The fast track-
ing algorithm is based on analytic field descriptions. The
analytic field model includes a full parametrization with
respect to various operation parameters of the insertion
devices (ID). Thus, tracking in a wide parameter space is
decoupled from field simulations. This is in contrast to

methods where the insertion device is represented by a kick
map [11]. These maps have to be evaluated for each
operation mode which can be time consuming in particular
for complicated magnet structures such as helical or ellip-
tical undulators.

In Sec. I1I we present analytic expressions of the fields of
a variably polarizing undulator of the APPLE II type.
Though we will concentrate on this device type, the method
can easily be adapted to other magnet designs. The analytic
field model is used in the tracking algorithm of Sec. II.

Based on the analytic field description of Sec. III we
derive an analytic model of 2nd order kicks in APPLE II
type undulators in Sec. I'V. It will be discussed that, princi-
pally, 2nd order kicks cannot be compensated with usual
shims. However, their influence on beam dynamics can
significantly be reduced.

In low energy rings such as BESSY II the dynamic field
integrals are shimmed to minimize the impact of the un-
dulators in terms of lifetime and injection efficiency. In the
beam decaying mode every several hours the undulator
gaps are opened for injection. A long lifetime keeps the
number of injections low. In the top-up mode electrons are
injected every few minutes with undulator gaps closed. A
high injection efficiency is crucial in this mode. For real-
istic tracking studies the shims have to be implemented
into the model. In Sec. V an analytical parametrization of
passive and active shims is given which is used in the
tracking scheme of Sec. II. The shimming techniques
used at BESSY II are described.

II. SYMPLECTIC PARTICLE TRACKING
BASED ON GENERATING FUNCTIONS

In this section, a Taylor expanded generating function
(GF) is presented, to generate a symplectic mapping routine
for particle tracking in magnetic fields. It is an iterative
solution of the Hamilton-Jacobi equation. This method is
quite general, extremely fast, and very flexible. It requires
an analytical representation of the magnetic vector poten-
tial, which can be differentiated and integrated. This ana-
Iytic vector potential can, for example, be derived from a
Fourier series expansion of the magnetic fields (see
Sec. III). The method shown here is a series expansion of
the GF with respect to the particle momenta. For tracking
the 2nd order is applied. It can be extended to higher orders.
The tracking routine is given in an explicit form, trans-
forming the initial canonical variables to the final variables.
This method is very well suited for fields, described by
“Halbach”-type field harmonics (see Sec. III), commonly
applied to wigglers and undulators.

The method of numerical and analytical based approxi-
mated GF is applied at BESSY II for particle tracking
passing insertion devices. This method goes back to [12],
where a numerical based GF was applied to simulate full
turn, transverse beam dynamics in fixed field alternating
gradient (FFAG) accelerators. Here we are specifically
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interested in an analytical GF over a limited section of the
ring, such as wigglers or undulators. Applications of this
method are published in several conference proceedings. In
[13,14] the GF for a planar undulator was presented. In [15]
a general method for a GF of magnetic fields was derived,
and in [16] the Hamilton-Jacobi method was applied to
derive an iterative solution for the GF. Helical undulators
are discussed in [17,18], with special emphasis on entrance
and exit poles [19]. For a numerical fit of a Taylor expanded
GF with respect to transverse position and momentum
variables, see [20]. This section is intended to summarize
the method of constructing the GF for particle tracking
from analytical descriptions of the magnetic fields. A type
of GF is chosen, commonly called F3, which results in
an explicit, approximated transformation, of very good
accuracy.

Publications of other authors on GF for particle tracking
are not discussed here. However, there are at least two early
papers which should be mentioned, which present applica-
tions of the GF. In one paper a method of symplectic
integration is derived [21], in the other one a GF expansion
in action and angle variables is applied for studying full
turn maps of a storage ring [22]. For simulations of undu-
lator and wiggler effects also a kick map is often applied, as
developed, for example, by [11].

A. A Taylor expanded generating function

We describe the particle motion in a Cartesian coordi-
nate system with x, y, and z as the horizontal, vertical, and
longitudinal direction, respectively. The Hamiltonian, a
function of the local particle variables of a particle in a
magnetic field, is given by [23]:

A = — eApc? + mic*, (1)

where p = (p,, py, p.) is the canonical particle momen-
tum and A = A, Ay, AZ) the vector potential of the mag-
netic field. A new Hamiltonian, which is the negative of the
longitudinal momentum [23], can be defined in a form,
which is more convenient for particle tracking. It describes
the transverse canonical particle variables (x, p,, y, p,) in
phase space with the longitudinal position z as independent
variable. This Hamiltonian is derived by solving the
Hamiltonian of Eq. (1) for —p, and a Taylor series expan-
sion of the square root with respect to p,, p, and A,, A, up
to second order [23],

7 -1+ (px _Ax)2/2 + (Py _Ay)2/2 _Az’ (2)
where we normalized the momenta by the total particle

I:IZ/C mgcz Px = i)x/pO’ py =
Py/Pos P. = P./Po and the vector potential by the mag-
netic rigidity Bp, A, =A,/Bp, A, =A,/Bp, A, =
Az/ Bp. These normalized expressions are in general small
quantities and can be used as expansion variables. The

H=—-p

momentum p, =

deviation of the particle from the nominal momentum is
taken into account by different Bp and p values.

Between the canonical momenta (p,, p,, p,) and the
slope of the trajectory with respect to the beam reference
axis 0, = dx/dz = x' and 6, = dy/dz = y', the following
relation holds:

pe=0./41+602+62+A, and

— 3)
py=0,/4/]1 + 63+ 65 + A,

and from the canonical momenta the kinematic momenta

(p(k) py‘), ps %) are calculated (normalized by po),

k k
pgc):px Ax’ Pg)_Py_A (4)

yielding the slopes as

X b2 _ (k)2
o, = (k)—l’x)// JRCET

P k k)2 k)2
9)’ Zk)_p§’) I_ch) _p§)

(&)

For small momenta we approximate 6, = pgck) and 0, =

(k) . The expansion of the Hamiltonian of Eq. (1) into the
form of Eq. (2) can be done with respect to five dimension-
less variables, (p,, Py An A, A,). We can summarize the
expansion by (A, A, A;) by the following trick.
We introduce a new variable x3, attached as a factor to
A,, Ay, and A, which counts the order of these vector
potential terms. For the linear terms we have A, — A x3,
Ay — Ayx3, A, — A,x;, for the second order terms, for
example, A2 — AZx}, A,A, — A A x}, and so on. We
will use x5 like an expansion variable, and in the final result
replace it by x; = 1. The components of the vector poten-
tial become part of the coefficient terms. Then, the
Hamiltonian of Eq. (2) can be derived from Eq. (1) by
expansion with respect to three variables, (p,, py, x3).
From the Hamiltonian Eq. (2) the differential increment
of the variables is given by

x' =0H/dp, y =0dH/dp,
px/ = _aH/ax pyl = _aH/ay’

(6)

where the prime indicates the change of the variable with
respect to the longitudinal z position, e.g. x' = dx/dz.
A given set of initial variables can be uniquely transferred
along a specified longitudinal distance by integration
of Eq. (6) to a set of final variables, by applying
Hamiltonian mechanics,

(X, po Y, Py) = (Xp, Pips V1o Pyy)- (7

This is a commonly applied variable transformation. Any
other appropriate subset of variables can be chosen, such as
initial position and final momenta,
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and completed (in a more complicated way) to the full set
by Hamiltonian mechanics. This last variable set is of
interest for the present discussion.

Numerical integration methods are commonly applied to
calculate the particle trajectories inside magnetic fields. To
perform the calculation, the differential steps of Eq. (6) are
approximated by various methods as difference steps, e.g.
x' = dx/dz — Ax/Az, for numerical orbit integration.
Because Eq. (6) shows differential expressions, these dif-
ference approximations could lead to nonphysical behavior
and require correction methods [21]. But in any case, a
small step length Az is required. Instead of using the
transformation of Eq. (6), one might perform first the
integration of H with respect to z and then directly derive
the new particle variables. This method is developed by
means of generating functions (GFs). In general, the GF is
not known, different to the Hamiltonian, beside special
cases. Here, we present a general, but iterative method to
construct the GF. This method requires that the fields can
be well described by mathematical functions, which can
be integrated and differentiated. The advantage of using
the GF is that it leads to a symplectic transformation for
arbitrary step lengths. However, in the presented method
the step length is still involved, it limits the accuracy of the
applied Taylor approximation, but the steps could be
chosen much longer than by the integration method. The
GF describes phase space variables of two phase spaces
which are connected by a canonical transformation. One of
the special features of the GF is that it mixes variables from
the initial phase space with variables from final phase
space. It transforms, for example, the initial position and
the final momenta to the initial momenta and final posi-
tions, independent on the chosen step length.

To derive the GF we start with the Hamilton-Jacobi
equation (HJE) [24]. This equation states that the partial
derivative of the GF, F, with respect to the longitudinal
position yields the Hamiltonian

dF/dz = —H.

(.X, pr’ Y, pr) - (-fo px’ yf’ py))

()]

This equation demonstrates that the GF is closely linked to
the Hamiltonian. There are several types of GF which
could be chosen. Here we take the GF of type F = Fj,
which is a function of the initial position and final mo-
menta, F3 = F5(x, p,s, ¥, pyr)- The reason for this choice
will become clear later on. As a property of the GF the
following particle variables can be derived from it:

Xp= —0F3/dpy vy = —3F3/dpyy
px= —0F3/0x py = —0F3/dy.
This is the corresponding form of Eq. (6), but now the
variables are derived directly from F5. Only, if the GF is

dependent on the correct set of variables, it satisfies these
relations. It is the partial derivative of F3; with respect

(10)

to z which is required for the HJE, not the total one, see
Eq. (9). This implies that the reverse operation, to construct
the GF from the Hamiltonian, would be the integration
along z at fixed transverse positions, formally written as

F3:_[Hdz

—- [ [1—(pa—A)2/2+ (p, —A,)2/2— A Jde + F,
(11)

where F = F(x, Pxf> Y» Pyy) is a z independent integration
constant, which has to be defined. All integrations are
performed over the considered step length range.

If the Hamiltonian is derived from the GF as the HJE (9)
shows, it would be also a function of the local position
and the final momenta, H = H(x, p,s,y, pys). This
Hamiltonian, expressed by these variables, is not known.
Normally, the Hamiltonian is given as a function of the
local variables, see Eq. (2), where the momenta and the
vector potential are depending on the local position varia-
bles. We can construct the Hamiltonian with the required
variables by applying the properties of F;: p, =
—dF;/dx = —F3,, p, = —9F3/dy = —F3, which gives

H(x’ Px Y py) - H()C, Px = _F3xr Y, Py = _FSy)

= H(.Xf, DPxpr Y p)f) (12)

This yields the GF and the Hamiltonian in the same,
correct variables set,

(13)

If the momenta in the HJE are replaced by F3, and F3,, we
achieve a first order differential equation for F;, by apply-
ing the Hamiltonian of Eq. (2), now including the order
counting variable x;,

H(x, Pxp> Y pyf) + 8F3()C, Pxp> Y pyf)/aZ =0.

=1+ (F3, +Ax3)?/2+ (F3y + Ayx3)? /2= A xy + F3, =0,
(14)

with 9F3/dz = F3,. This differential equation depends on
the minimal set of coordinate variables; they are indepen-
dent on each other. To solve this equation, we choose as an
ansatz a Taylor series expansion of the GF of the following

type:

Fy = Zfijkp,irpfzfxé' (15)

ijk

The fj; coefficients are functions of the local position
variables x, y, z, the expansion order is given by i + j + k.
A partial derivative of f;; with respect to the position
variables will be indicated by an additional variable index.
An algebraic routine [25] which solves an equation as in
Eq. (14) for arbitrary vector potentials (A,, A,, A;) by
iteration is given in [16] for the similar equation based
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on F,. For the present choice of F5 the algebraic routine is
given in Appendix A.

B. Transformations in drift sections

The first terms of Eq. (15) are defined by the drift
transformation. In this case there are no vector fields, there
are only f,; terms involved with k=0, and the
Hamiltonian of Eq. (2) becomes

H=—1+pi/2+ p?/2. (16)

From 0H/dx = —p,’ = 0 (and similar for p,') follows
that the momentum is constant, and we can replace
Px = Pxr and p, = p, to express the GF of Eq. (11) in
the correct variables and directly integrate over the step
length z4:

Fy=— f(—l +pi/2+ pi/2)dz + F

=zp = 2p(p2 + P2)/2 = (xpys +ypyy),  (17)

where we added the integration constant F' = —(xpys +
ypys)- This integration constant is z independent and
introduces the position variables (x, y) at the starting point.
From this solution a first set of expansion coefficients is
derived:

Sooo = lf Sio0 = —x Soio = —Yy
Sfa00 = _Zf/2 fio=20 foo = _Zf/2~

From the solution for the drift the conjugated variables are
derived,

(18)

xp=—0F3/0p,y = x + pyrzs
Py = —0F3/dx = p;
Yp = TOF3/py =3+ pyszy
py = —9F3/dy = pyy,

19)

which can be arranged to an explicit mapping routine.
These expansion coefficients are independent on the mag-
netic field, they stay unchanged if field dependent terms are
included.

C. Transformations in magnetic fields

Further f;;; terms of the GF are derived by inserting the
expanded expression of the GF of Eq. (15) into Eq. (14)
and comparing coefficients of equal order in p,s, pys,
and x3. Up to second order there will be four additional
terms, foo1> foo2s fo11, and fig;, describing the interaction
with the magnetic field. The GF is then

Fy =z = (pypx + pyry) — (P)ch + Pif)Zf/z + f101PxfX3
+ for1Pysxs + fooaX3 + foorXs (20)

and the partial derivatives become

Fy,=1=(pl;+P3)/2+ fro1:Px%3 + for1:Pyps

+ fo02:X3 + foo1:X3

F3 == Pys  f1010Pxp%3 + for11ePyXs + fo02,3 @D
+ foo1:X3

Fay==pys+ froiyParXs + foriy Py + foooy 3
+ foo1yX3.

This is inserted into Eq. (14) of the HJE and, if only up to
2nd order terms are included, the expanded form of the
HIJE becomes

= 1+ (=pus + foornXs + Aux3)?/2
+ (=pyr T fooryXs + Ayx3)?/2 — Axy

+ 1= (p3p + 23)/2+ fro1zPap¥s + fonzPys¥s

+ foo2:¥3 + foorzx3 = 0. (22)
By comparing terms of equal order we get
foor = A,
Soriz = foory T A, (23)

Sio1z = foorr T Ax
Fooze = —(foorr + AD*/2 = (foory, + A,)?/2.

By integration over the z position of the specified step
length follows

Sfoor = [Azdl fio = f(Ax + f(aAz/ax)dZ’)dz

Sfonn = f(Ay + [(3Az/ay)d2’)dz

= =172 [[(1+ [(oaamac)
+ (Ay + j (0A,/ ay)dz’)Z]dz. (24)

This yields the GF F5 up to second order. If required, the
numerical convergence can be improved, if the following
third order terms are included:

sus =3 J[a5, ([ 00) e 3 [ ([ 30e) o
o e 5ae) Jrs
+% [ [%( f A%dz)]Axdz. (25)

The fy3 term is here expressed with the special choice
A, = 0, to simplify the result. The full term can be gen-
erated by applying the routine of Appendix A. From this
GF Fj; the variable transformation is derived as shown in
Eq. (10) without x5 terms:

040703-5



JOHANNES BAHRDT AND GODEHARD WUSTEFELD

Phys. Rev. ST Accel. Beams 14, 040703 (2011)

Xp=x+ pyz— fim
Px = Pxf — fllepx_f - fOllxpyf = foozx — fooix
Yr =Y+ pyz— fou
Py = Pyr — f101nyf - fOllypyf - f002y - f001y-

(26)

The equation system is only of linear character in the
momenta, but nonlinear in the position variables. This
can be solved for the final variables. Applying the abbre-

viation p, = (I = fo11,)(1 = fio1x) = forixf101y for the
denominator, we achieve the following explicit mapping
routine:

Par = L1 = for1y)(Px + foozx + foorx)
+ forx(py + foozy + foory))/ Pa
Xp=x = fio1 T Pxs2y
=[(1 = fio1)(py + foory T foory)
+ fro1y(Px T foozx T foor))/ Pu
Yr =y = four T Pyrzs

27)

Pyy

All the f; terms and their derivatives are only dependent
on the initial position coordinates of the particle. They can
be easily calculated by numerical methods also in the case
of complex field descriptions. This was the reason to
choose the GF of type F5. A higher order expansion only
in the x3 variable will increase the accuracy of the approxi-
mation and still could be solved in a similar way. A higher
order expansion in the momenta makes the solution of the
equation system more complicated, but still could be
solved by a Newton Raphson method. A general method
to generate higher order terms is given in Appendix A.

The vector potential is a key function for the calculation
of the GF. More common is the scalar potential function of
the magnetic field. A relationship between both types of
potentials is given here. There is some freedom in defining
the vector potential; we choose a form with the gauge
A, = 0; this simplifies the formulas without limiting the
validity. The scalar potential is related to the vector poten-
tial as

A = — /(aV/ay)dz e
(28)

b
I

, [ (aV/ax)dz + C,
A, =0.

In this case the integration constants C; = C;(x, y), C; =

C,(x, y) need to be specified. They have to be defined in

such a way that the magnetic field components B

are correctly derived from the vector potential, by B=

V X A, and agree with the fields derived from the scalar

potential B = —VV. This integration is similar but
different to the first field integrals I, = [ g(av/ dx)dz or

I, = [2(3V/dy)dz. In the case of the field integrals, the

integration limits are explicitly defined and there are no
integration constants.

As a summary, the achieved mapping routines are
approximated, but still physically correct within the
Hamiltonian mechanics, i.e., the approximated expansion
of the GF is still symplectic. A further advantage of the GF
method is that a longer step length compared to integration
methods can be applied, which reduces the numerical
calculation time. This method is especially useful for
particle tracking in wiggler and undulators, where an aver-
aging over fast oscillating fields is achieved. A numerical
integration along the particle orbit would require short
steps to resolve the field oscillations, whereas the discussed
GF averages analytically over the oscillations. The re-
quired vector potential terms can be calculated from
Fourier harmonics of the magnetic field (see Appendix D
for an APPLE II undulator). Typically about 30 harmonics
yield a good approximation. One set of harmonics is
sufficient to simulate all operation modes of an APPLE II
undulator, producing arbitrary states of polarization. The
scaling parameter Bp takes different particle momenta into
account.

D. Applications
1. The undulator

To demonstrate the method we calculate the GF for a
planar undulator. For simplicity the undulator is described
by a single harmonic Halbach expansion of the scalar field
potential with a field strength parameter By,

V = —(By/k,) cos(k,x) sinh(k,y) cos(kz + ¢).  (29)

This yields the vector potential

A, =(By/k;)cos(k,x)cosh(k,y)sin(kz + ¢)
A, =[(Bok,)/(k,k.)]sin(k.x)sinh(k,y)sin(kz + ¢) (30)
A,=0.

From the scalar and the vector potential the correct
longitudinal B field is derived, if the relation k2 + k = k3

holds. By applying our formulas [Eq. (24)], we get for the
field dependent f;;; terms integrated over N multiples of a
full period A, z; = NA,,

fi01 =0
fouu =0
foor = —zsBj[kjcos*(k,x)cosh? (k,y)
+ k2sin?(k,x)sinh?(k, )1/ (2k k).

3D

This result is used to derive the transformation of the
particle coordinates applying Eq. (27),
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Pxf = Px T foor
Xp =X Pty
Py = Pyt foozy
Y=Y+ Py
foorx = 27BG2k, sin(k,x) cos(k,x)[ k3cosh? (k,y)
— K2sinh®(k, )]/ 2k, k)?
—2;B§2k, cosh(k,y) sinh(k,y)[k3cos?(k,x)
+ kisin?(k,x) ]/ (2k, k).

(32)

f 002y =

The achieved GF is independent on the phase shift term ¢;
this dependency did vanish by the integration procedure.
This phase shift becomes involved again, if one changes
from the canonical momenta p,, p, to x’,y" where the
vector potentials are required, which are still dependent
on ¢. The field integrals [ B,dz and [ [3 B,dzdz’
and similar for B, vanish only, if ¢ = 0. In this case, the
beam distortion by the undulator is minimal. The resulting
transformation depends on the number of periods N per
step length. For N = 1 the convergence in most cases is
very good. More complicated fields, composed by super-
position of higher field harmonics as discussed in Sec. III,
can be easily performed by numerical methods. A step
length of half, one or more integer periods results in
simplified expressions.

In the case of a helical undulator the handling of the
phase shift term ¢ is more complicated. A careful match-
ing by end poles is required [19]. Outside of the undulator
the reference beam orbit is a straight line with x = y = 0.
Inside of the helical undulator the reference beam orbit is a
helical orbit. The transition between these two sections of
the reference orbits is performed by the end poles. The end
poles are dependent on the tuning of the helical device. A
possible approach for the end poles is the following. The
undulator consists of the sequence of equal poles of am-
plitude factors +1 and —1. There are two poles per period.
The B fields oscillate inside the undulator periodically with
equal field shape of period length A,. The end pole en-
trance into the undulator starts with the same pole shape,
but the first pole has an amplitude strength of +1/4, the
second one a strength of —3/4. The first pole of the
periodic section has a strength of +1. The exit is done
the opposite way around. These end poles can be applied
for the helical undulators for any tuning of the phase shifts
yielding vanishing field integrals, as required.

2. Transverse dynamic kicks

In a second example the transverse momentum kicks of a
particle passing through the magnetic field of the undulator
are calculated. The vector potentials of the undulator fields
performed sinlike oscillations with vanishing average value
over multiples of a period. With the choice of A, = 0 the
remaining field dependent terms of F3 simplify to

Fron = f:"Axdz=0 forr = [:’Aydz=o, (33)

<f
for = = [ 42 + A)az/2. (34)
Applying the 2nd order expansion, only the f, term stays
different from zero. The change of the particle momenta
Ap,,Ap, for an on-axis particle (x =y = 0) is then
given as

Apxszf_px=F3x+pr=f002x

(35)
Apy=pyr—py=F3 +py =

Soo2y-

For further discussion of undulator fields we assume a
periodically vector potential similar as given in the example
of the planar undulator,

A =a,sin(kz+¢) A,=aysin(kz+¢) A, =0, (36)
where the transverse potential dependencies are included in
the factors a,(x, y), a,(x, y) and an arbitrary phase shift ¢.
The magnetic fields B, and B, are then derived as

B./Bp = —0A,/dz = —aykcos(kz + ¢)

(37)
B,/Bp = 0A,/dz = a,kcos(kz + ¢).
The coefficients a,(x, y)k and a,(x, y)k can be considered
as the peak value of the magnetic fields B, o(x, y)/Bp and
B, (x,y)/Bp along the undulator period. The integral
along the z direction of period length z; is then easily
performed,

1zy a2 B2 2
=——— =— ot B 38
foo2 > 2( 3= (2kB )2( b0 (38)
The transverse canonical momentum kicks of the particle
are derived from the transverse derivatives taken at the peak

fields,

1
2 o(a? + a?)/ox

A =
Px=fooox = 2 3
= W(ZBXOGBXO/()X+ZBV0(?By0/3x)
12 (39
Apy = fooy = _——fa(a)zc +a3)/dy
= m(sz 098, o/ay + 2By oan 0/3)’)

These canonical kicks are the same as the dynamic kicks
6, = Ax/Az and 5y = Ay/Az, because the values of the
periodical vector potential at the entrance and exit points
are the same. It will be shown in Sec. IV that these kicks
cannot be derived from 2D magnetic fields.

040703-7



JOHANNES BAHRDT AND GODEHARD WUSTEFELD

Phys. Rev. ST Accel. Beams 14, 040703 (2011)

The integrated kicks per period of Eq. (39) do agree with
results from the kick code, as presented in Eq. (5) of
Ref. [11]. However, the applied series expansion Eq. (15)
is more general and is developed within the Hamiltonian
mechanics. The achieved mapping routine Eq. (27) is valid
over a finite step length and it does include the expansion
for small initial transverse momenta p, and p,, different to
[11]. The chosen tracking step length defines the accuracy
of approximation, but it is always symplectic. Strong fields
require shorter steps, weak fields permit longer steps. For
vanishing magnetic fields the long lens turns into a drift of
equal length. This mapping routine is comparable to a
nonlinear long lens approximation whereas the kick map
approximation [11] is based on a sequence of infinitely thin
lenses and drifts in between. The speed of the two tracking
methods is comparable.

III. ANALYTIC DESCRIPTION OF THE
APPLE II UNDULATOR FIELD

In the last section, a procedure for an analytic and
symplectic particle tracking through arbitrary magnetic
fields has been presented. This method is extremely useful
for an application in complex 3D undulator magnet fields.
The procedure has been illustrated for the example of a
planar undulator. The fields of variably polarizing undu-
lators are far more complicated but the procedure is appli-
cable as well if an analytic undulator field model is
available. Starting from field descriptions of simple struc-
tures an analytic field model for an APPLE II undulator is
derived by linear superposition of permanent magnet sub-
units. The linear superposition is a good approximation
since the parallel and perpendicular permeabilities of
typical permanent magnet material of wup, = 1.04 and
Mperp = 1.17 are small and the fields are overestimated
by about 2%-3%, only. This field model is used in the
tracking algorithm as described in Sec. II.

A. Operation modes of an APPLE II undulator

An APPLE II magnetic structure consists of four magnet
rows (Fig. 1). Horizontal or vertical linearly polarized light
as well as elliptically polarized light is produced with a
parallel longitudinal motion of two diagonal rows. In this
mode the horizontal and vertical field components are al-
ways 90° out of phase and the projection of the trajectory
onto the x-y plane is an ellipse with the principle axes
parallel to the x and the y axis. This operation mode
is called elliptical mode since the emitted light is ellipti-
cally polarized. Moving two diagonal rows in opposite
directions, the horizontal field and the vertical field are in
phase. The trajectory projection is a straight line where the
inclination angle to the midplane is determined by the
amplitude ratio of the fields. This mode is called inclined
mode because now linearly polarized light with an incli-
nation angle to the midplane is emitted. We chose the

FIG. 1. Operation modes of an APPLE II undulator: In the
elliptical mode rows 1 and 2 are moved in one direction
(+¢,/2) and rows 3 and 4 in the opposite direction
(— ¢,/2) (red arrows). In the inclined mode row 3 is moved
in one direction (— ¢,) and row 4 in the opposite direction
(+ ¢,) (blue arrows). In the universal mode both movements are
combined. To cover all inclination angles between 0° and —90°,
row 1 and row 2 are moved in the opposite direction.

operation parameters ¢, and ¢, with the following mean-
ing: In the elliptical mode rows 1 and 2 are shifted by
51 =5, = *¢,/2k and rows 3 and 4 are shifted by
s3 =284 = *¢,/2k with 0= ¢, = 7, k=27/A,, and
Ay = undulator period. Alternatively, rows 1 and 2 could
be shifted by s, = s, = *¢,/k keeping rows 3 and 4
fixed. In the inclined mode row 3 is moved by s; =
—@,/k and row 4 by 54 = ¢,/k with 0 = ¢, = 7.
Beam lines operated in the energy regime below 100 eV
suffer from polarization dependent reflectivities, thus,
modifying the polarization state of the radiation in a
wavelength dependent manner. Contaminations on optical
surfaces contribute to polarization changes and may vary in
time. In other words, the state of polarization produced by
the insertion device is modified by the beam line, e.g.,
circularly polarized light as produced by the undulator is
transformed into light with a tilted polarization ellipse and
an amplitude ratio of the principle axes different from one
[26]. The characterization of this beam line effect at the
experimental station with a polarimeter [27] provides the
possibility to precompensate this effect with an appropriate
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setting of the undulator. This is accomplished with an
elliptical mode motion by ¢; and simultaneously an in-
clined mode motion by ¢, which we call universal mode
(Fig. 1) [26,28]. The movements of the individual rows are
given by s, = s, = = ¢,/2k, s3 = (F¢,/2 — ¢,)/k, and
54 = (F@1/2 + @))/k.

Various mechanical designs for APPLE II structures
have been realized all over the world. Some of them can
be operated only in the elliptical mode. In these cases it is
sufficient to move only two rows. A stiffer mechanical
layout is required in the inclined mode where strong mag-
netic forces in all three directions show up and the support
and drive system has to be capable to handle these forces.
The so far largest APPLE II undulator (5 m) employing the
strongest magnetic forces (70 kN) is the PETRA III un-
dulator UE65, which has been built by Helmholtz-Zentrum
Berlin [29,30].

Once all four magnet rows can be moved independently,
the energy tuning can be done purely by magnet array
phasing as done in an adjustable phase undulator [31].
Three degrees of freedom are necessary to adjust the
energy and the tilt and the ellipticity of the polarization
ellipse. The three independent operation parameters are
related to the individual phases of the four rows via

pp = (51 + 52)/2 = (55 + 54)/2
pa=|s; — 551/2 — |s3 — s41/2 40)
pe = (s; + 53)/2 — (52 + 54)/2.

pp describes the elliptical mode and pa the inclined mode.
The third parameter pe is used for an energy tuning if a gap
drive is not implemented. At the Swiss Light Source a fixed
gap APPLE II undulator has been built providing the full
flexibility [32,33].

The universal mode for the production of any arbitrary
state of polarization needs also four movable rows (gen-
erally, three rows are sufficient, however, more longitudi-
nal space is needed in this case). The BESSY I UE112 has
four movable rows but the motions are coupled by software
and only two independent parameters are implemented
which permit a parallel motion of two diagonal rows and
an opposite motion of the other two rows. The energy is
adjusted by a gap variation. In Sec. III C we give the recipe
to derive the gap and the phases from the energy and the
polarization ellipse.

Figure 2 shows the parameter space of an APPLE II
undulator with two movable rows. The tilt angle ¢ in
the inclined mode (0° phase difference between field
components) is limited to 0 = ¢ =< 77/2. When switching
to the other pair of magnet rows the tuning range is

changed to 7/2 < =< 7. For any magnetic field ampli-

tude ratio all relative phases between the fields can be
achieved (Fig. 2, left). The effective field which determines
the photon energy (Fig. 2, right) can be adjusted by choos-
ing an appropriate magnet gap.

~ 04 ~

< <

z Py

2 02 3

g £

3 3

5 0 5
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e 2
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=

% .04 “ .04

L e

0.5 -0.25 0 0.25 0.5 0.5  -0.25 0 0.25 0.5

shift of upper right row (1) shift of upper right row (A,)

FIG. 2. Parameter space of an APPLE undulator: phase be-
tween transverse magnet field components (left) and effective
fields (right). The field ratio B, /B, varies between infinity at
s =8, =0 and zero at s; = £0.5 and simultaneously s, =
*0.5. The data are evaluated for a period length of 56 mm and a
gap of 15 mm and they change slightly for other parameters.

B. Parametrization of the APPLE II
field in three dimensions

Halbach proposed the following general representation
for the fields of a planar vertical field undulator [34]:

Byk
B, = — ]2 = sin(k,x) sinh(k,y) cos(kz)
v

B, = B cos(k,x) cosh(k,y) cos(kz) (41)
Bk
B, = — ki cos(k,x) sinh(k,y) sin(kz)
y
— 2+ =k = 27/ A

The parameters k,, ky, and k are related via Maxwell’s
equations (last line). k, can be either real or imaginary,
representing a horizontally defocusing or focusing device,
respectively. Similar expressions can be found for a 90°
rotated planar device producing horizontal fields. In
principle, helical or inclined linear on-axis fields can be
constructed via a linear superposition of these fields.
However, the complicated off-axis field distribution which
causes the influence on the electron beam dynamics is
difficult to describe in such an approach. Furthermore,
the specific on-axis field dependence on the magnet row
movement in an APPLE undulator cannot be described.

In the following we will present an extended model
which is well adapted to the specific design of an
APPLE II type undulator and easily applicable to other
magnet designs. A parametrization of the fields of one
individual magnet row permits the extrapolation of the
fields of the complete undulator by linear superposition
of the contributions from all four rows. The parametriza-
tion of one magnet row follows the ansatz of Halbach with
an additional term accounting for the gap dependency
[Eq. (42)]. The functions on the right-hand side of
Eq. (42) form a complete and orthogonal basis for all
functions (B,, By, B,) which are periodic in the x-z plane
(B, symmetric in x) and which obey the 3D Maxwell
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equations. The row is symmetric in x and it is located
below the midplane. The field at y = O corresponds to a
given distance to the magnet surface of g,/2, where g is
the vertical distance between the upper and lower magnet
row, the so-called magnet gap of the complete device. Ag
is the deviation from the nominal gap of g,:

n m k
B, = Zo z'i P 7 sin(ky;x) exp(—k,; 7v) cos(k;z + @)
i=0 j=1"yi,j
X exp(—k,;;Ag/2)
= Z Z 5 cos(ky;x) exp(—ky; 5y) cos(ksz + @)
exp(—kyijAg/2)
= Z Z c; 7 cos(ky;x) exp(—ky; 7y) cos(k;z + ¢)
par e NN
exp(_kyi,jAg/z)
j: I+ l(.] - 1) kxi = kxli = (27T/Ax0)l

kyi; = 1/k% + k2, ki =k-J. (42)
For a list of abbreviations see Appendix B. These expres-
sions assume an easy axis rotation between subsequent
magnets of 360°/! (I magnets of identical shape per pe-
riod). It is worth noting that, in a pure permanent magnet
undulator with four blocks of identical shape per period
and under the assumption u = 1, only the harmonics 1, 5,
9, ... show up in the longitudinal field distribution [34].
Otherwise, all odd harmonics are present (1, 3, 5, ...).
Equation (42) describes magnet blocks with a symmetric
shape in transverse direction. If this is not the case (e.g. the
magnet blocks have cut outs for clamping) additional terms
have to be added (see scalar potential in Appendix C).
Equation (42) is a Fourier series expansion of the field of
one individual magnet row with respect to transverse and
longitudinal coordinates. A, is the range for the transverse
Fourier decomposition. The Fourier coefficients ¢; ; are
determined as follows: The transverse vertical field distri-
bution of a single row at the z position of maximum field
and the nominal vertical distance of g,/2 is evaluated
numerically (e.g. with RADIA [35,36]) and decomposed
into a Fourier series with coefficients C; ;. The same pro-
cedure is applied to field distributions at other distances
go/2 + Ay; yielding m sets of coefficients C;;. Using
Egs. (42) and (43) a set of (n + 1) - m linear equations

n

2
Z4cl/k etj( Sxi0CzjCppSpa Sxi0SzjSpp pa)

=1

Z4c”k

0j=

i=0

.

I|
I M=

—_

i

correlating the constants C; ; and the unknowns c; ; is set
up and solved for the coefﬁ01ents c; 5

m
Co1 = D coj
j=1

J

m
=D cuj
Jj=1

n m i ~exp< vk2j2 + k)zcn Aym)- (43)

m defines the accuracy in the y-z plane and n the accuracy
in x.

Based on the field expressions of Eq. (42), the complete
APPLE 1II undulator field is derived via an appropriate
transverse positioning and longitudinal phasing of the
four individual rows. The scalar potential of a complete
APPLE II structure is given in Appendix C. The fields as
determined by derivation are given in Appendix D. The gap
difference to the nominal gap g is included with Ag. The
fields have the following phase dependence: In the ellip-
tical mode (¢, = 0) each transverse field component con-
sists of two terms proportional to cos(¢;/2) and sin(¢,/2).
In the inclined mode (¢; = 0) the field components
are sums of three terms proportional to cos?(¢,/2),
sin®(¢,/2), and cos(¢,/2) sin(¢,/2).

In Sec. II analytic expressions of the vector potential are
used for particle tracking through undulators. The vector
potential is related to the scalar potential via Eq. (28). The
input parameters for the tracking are the gap and the phases
of the magnet rows and a table of typically 30 Fourier
coefficients describing the main undulator field. These
coefficients are evaluated numerically. A single table of
coefficients is sufficient to simulate all operation modes,
i.e., all phases and all gaps of the undulator. If needed, a
second table with the same number of Fourier coefficients
describing correction magnets (see Sec. V) is provided.
Thus, the tracking studies are very flexible and can be
performed over a large parameter space without repetitive
numeric field simulations.

C. On-axis field of an APPLE II undulator

The spectral performance of an undulator is defined by
the on-axis fields as derived from Appendix D:

AR

|\M§

2
z/ zj(cxt()cz/ pp pa + Cxt()sz/ ppspa)
(44)

el]( szoczjcppcpaspa + szOSz] pp pu pa)
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The abbreviations are defined in Appendix B. The ac-
curacy of the Fourier decomposition with n = 60 and
various values of m is demonstrated in Fig. 3 which gives
the results for the BESSY UE112 APPLE II undulator.
Even 8 mm off axis within a 20 mm gap the field errors are
below 3%. With this set of coefficients we have an accurate
and fully parametrized model for all gaps and all operation
modes such as the helical, inclined, and universal mode.
We remind that this model is based on the linear superpo-
sition of the fields from the four rows.

The user of a synchrotron radiation light source specifies
the photon energy E and a state of polarization as defined
by the normalized Stokes parameters S, S,, and S5. These
parameters, E, S|, S», and S3, have to be translated into the
undulator settings. Assuming a degree of polarization of
100% the Stokes parameters have to satisfy S + S3 +
S2 = 1 and, thus, we have three independent parameters.
The electron trajectory has to be adjusted according to the
state of polarization. The polarization ellipse is defined by
two parameters, the angle of inclination and the ellipticity.
The third parameter is the undulator gap which has to be
adjusted for the chosen energy. The inclination of the
polarization ellipse ¢ is related to the Stokes parameters
and the ratio of the vertical and horizontal electric field
component via

S
= tan(y) = tan(O.S arctans—z).
1

(45)
x0

The ellipticity of the polarization ellipse is defined by
the phase relation § = 6, — &, between the two orthogo-
nal electric field components which is related to the Stokes
parameters via

2 F

harmonic 1
UE112
[ ap = 20mm harmonics 1, 5
L5 iyp—_smm harmonics 1, 5, 9

all harmonics

magnetic induction (T)

residuals x5

AN T S SN S S SN SO S NS S S R St

-60 -40 -20 0 20 40 60
X (mm)

FIG. 3. Accuracy of field prediction from analytic model at
large vertical offsets depending on the number of Fourier
components used. The magenta curve corresponds to numeric
simulations.

6= arctan&. (46)
Ay

The ratio of the electric field components and their phase
difference defines the required electron trajectory in terms
of the ratio of the two orthogonal magnetic field compo-
nents and the phase relation between them. The third
parameter is the effective magnetic field which defines
the photon energy. These three parameters, B, /By 0o =
By,O(x = O) y= 0)/Bx,()(x = 0} y= 0)’ 63 and Beff,OU =
Begro(x = 0,y = 0), are translated into the undulator op-
eration parameters ¢;, ¢,, and Ag.

The user is only interested in photon energies. These are
related to the path length of the electrons within one
undulator period. The path length is evaluated from the
effective fields. The effective vertical and horizontal fields
are given by quadratic sums over the longitudinal Fourier
components and the total effective field is a quadratic sum
of the transverse components:

m B?. + B2

Z x,7,00 ,7,00
) ’
J

Jj=1

Beroo = (47)

where B, 5, B, ;o are the maxima of the Jjth longitudinal
Fourier component of the transverse fields. The higher field
harmonics contribute only weakly to the effective field
Betr o since (i) they are added quadratically and (ii) they
are suppressed with the factor 1/j2. Therefore, in the
following we will discuss only the first longitudinal har-
monic. Nevertheless, a Fourier decomposition with respect
to the longitudinal coordinate has to be done beforehand in
order to determine the coefficients of the first harmonic.
The field equations can be rewritten in the general form:

,,,,s,,uc + s

Bx = D(Ag)(c pp pas )

= B, o0(@1, 2, Ag) cos[kz + 8,.(¢1, )]

B, = E(Ag)(c c2.c.+s

pp-pa pp Ptl )

= By 00(@1, 02, Ag) coslkz + 8,(¢1, ¢5)]
Byzc 00 — Dz[(cppsjzm)z + (Sppcgm)z]

B\200 - Ez[(cpp pa)z + (spp pa)2]
= Z4Cisxi0iei
i=0 kyi

8, = arctan[— (s, ,c3,)/(c,,53,)]

8, = arctan[—(s,,52,)/(c,,c2.)]

(48)

n
E = Z 4Cicxi()€l'
i=0

The operation parameters ¢;, ¢,, and Ag required to
produce a specified photon energy and state of polarization
are evaluated as follows:
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1 1 [2B% (P + Q)
20 /2) = L+ L [=Peitoo _
cosi(¢2/2) = 5 = o\ 2P + D20)

cost(e, 2) = T8 (92/2) + O —cos’(gs/2)F
1 [1 — 2cos2(¢,/2)](P + Q)

P = (By,00/B..00)* Q0 = (E/D)~

These expressions of ¢ and ¢, are inserted into Eq. (50)
which is an implicit equation of the third parameter Ag:

f(Ag) = arctan[tan(¢; /2)tan*(¢,/2)]
— arctan[tan(¢, /2)/tan*(¢,/2)] — 6 = 0
5—15,— 5.

(49)

(50)

Ag is evaluated iteratively from Eq. (50) using the
Newton Raphson method. The algorithm makes use of
the first derivative of f(Ag) with respect to Ag which is
evaluated from the analytic form of Eqs. (49) and (50) with
an algebraic code like REDUCE [25]. The derivatives of D
and E with respect to Ag are given by

D &
dAg ¢

=

oE =
2¢i850kyie; = chicxiokyiei- (51D
0 i=0

dAg
In the elliptical mode the phase ¢, required to produce an
amplitude ratio of /P = |By,00/ B0l is evaluated from

P
@1 = 2arccosy|——
P+0

In the inclined mode the phase ¢, for the production of a
tilt angle between the wiggling plane and the midplane of
W = arctan(By, oo/ B, o) is given by Eq. (53). The equation
includes two solutions. Only one of them is real and
represents the desired parameter:

—-P ’ P
@y = ZarCCOS\JP ~0 * ® _QQ)z' (53)

The phases in Eqgs. (52) and (53) are gap dependent. This
dependency is included in the terms P and Q which include
Ag in the exponential factors.

(52)

IV. ANALYTIC MODEL OF DYNAMIC
FIELD INTEGRALS

The analytic field description of the last section permits
an analytic particle tracking based on the generating func-
tion algorithm of Sec. II. For tune feed forward schemes
and for the use in active shimming concepts (they will be
discussed in Sec. V), analytic expressions are needed for
the evaluation of dynamic field integrals which are related
to the wiggling motion of particles in an undulator. Static
field integrals are defined as straight line integrals which
can be measured with a wire or similar equipment. In
contrast, the straight line integrals of 2nd order kicks are

zero. Their effect to the beam is represented by so-called
dynamic field integrals. These dynamic field integrals do
not fulfill the 2D-Maxwell equations and even on a circular
disk within the free aperture they cannot be described with
a two-dimensional multipole expansion as it is usually
done for accelerator magnets. In this section we derive
analytic expressions of dynamic field integrals in two
dimensions and expressions for tune shifts and coupling
terms between planes. The discussion will concentrate on
APPLE II structures but it can be applied easily also to
other designs.

A. Definition of dynamic field integrals

Dynamic field integrals can be observed in the fringe
fields of dipole magnets. Undulators or wigglers which are
basically a sequence of alternating dipole magnets have a
strong influence on the electron beam dynamic. In
Sec. IID2 the dynamic kicks 6, and 67}, of a particle
moving through a planar undulator, represented by one
longitudinal and one transverse Fourier component, are
derived [Eq. (39)]. For a realistic model of an undulator
more Fourier components in transverse and longitudinal
direction have to be included (Sec. III). Further terms have
to be added in complex structures such as an APPLE II
undulator. The validity of linear superposition of the vector
potential terms justifies a simple summation over all con-
tributions. The complete expressions of the dynamic kicks
of an APPLE II undulator operated in the universal mode
are given in Appendix E. The contributions from the field
harmonics in longitudinal direction scale with 1/k? =
(Ao/i - 2m)?, where i is the order of the harmonic (only
odd harmonics appear). Thus, close to the midplane higher
longitudinal harmonics contribute only little to the kicks
and can usually be neglected.

We define the dynamic field integrals B, and B, (in
Tmm) such that straight line integrals with equal values
produce kicks 6, and éy with the same strength as the

dynamic kicks 6, and 5y. From the Lorenz equation
F o« § X B« (B, —B,) we find the relation between the
dynamic field integrals and the dynamic kicks:

f002x=6~x=éy/Bp f002y=§y=_§x/Bp~ (54)

B. Comparison of static and dynamic multipoles

The discussion of this section is limited to the region of a
circular disk within the free aperture in the undulator gap.
It is well known that two-dimensional (2D) real multipoles
(multipoles of a 2D distribution of straight line field inte-
grals) obey the 2D-Maxwell equations. In other words, an
analytic function F = B, — iB, can be constructed from
the static field integrals Bx/y = [% B,/,dz. The Cauchy
Riemann relations of
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_d(—-B,) 9B,
dx dy ox dy

(55)

are another formulation of Maxwell’s equations VXB=0
and V - B = 0 with B = (B, By). In contrast, the complex
function F' = B, — iB, is not an analytic function.

We examine the divergence and the rotation of the
dynamic field integrals. The kick of a particle passing
through an undulator is given in Eq. (39) as

Apx = f002x Apy (56)

= f002y'

These dynamic kicks are related to dynamic field inte-
grals via Eq. (54). With Eq. (54) the Maxwellian character
of these terms can be checked. The divergence of the
dynamic field integrals is given as
V- (B, B,) = 9B,/dx + 3B, /dy

=0,

—foo2yx + foo2xy
(57)

and the rotation is
[V X (B,, B,)]. = 0B, /ox —
# 0.

3B,/9y = fooau T foozyy
(58)

These expressions show that the divergence of dynamic
field integrals is always zero whereas the rotation is gen-
erally nonzero. To stress this difference we call the expan-
sion terms of the transverse distribution of dynamic field
integrals “dynamic multipoles” as opposed to static multi-
poles. Static and dynamic multipoles represent different
sets of functions and, therefore, it is impossible to com-
pensate dynamic multipoles with shims which are repre-
sented by static multipoles.

For an illustration of the dynamic field integrals we
examine a planar undulator. We consider only one
Fourier component and we restrict the discussions to the
relevant dynamic multipoles of an ideal undulator. These
are regular dynamic quadrupoles, octupoles, dodecapoles,
etc. We use similar names as for the static multipoles to
indicate identical exponents of the transverse coordinates x
and y though the prefactors behave differently from static
multipoles. The field integrals of the transverse field com-
ponents of the static regular multipoles are described by

[n/2]
Bg”) — Z (_1)l_layni . xn+l—21y2(l—l)
' (59)
- [n/zj . . .
Bgcn) — Z (_l)l_la_xni . Xn_2ly2(l_1)+l,
i=1
where n is the order of multipole (n = 1, 2, 3, ... means

dipole, quadrupole, sextupole, . ..). All prefactors a.,;, a,,;
have the same sign for a given n. In an ideal undulator we
have B;") =0, Vn.

The dynamic multipoles of a planar undulator with one
longitudinal and one transverse Fourier harmonic are de-
rived from Eq. (39). As usual, we have k2>0 for a
horizontal defocusing and k2 < 0 for a horizontal focusing
undulator:

- L k3
(n) _ n
B =~ Sumtnong | (ke )0
1 1 1 & i+1
X 2 (g 1)
k) ( )z< )
X 1 1 (Zk )2i—1(2k )n—2ix2i—1yn—2i]
Qi— 1) (n—2i) = y ’
(60)
_ L K22
(n) _ l+l
By = 80 modn2) =— -1
0,mod( ’2)8Bpk2|: k2 yz( ) )
) . 1 . )
X (2k 2i—2,2i—2 2/(, n—2i+1,,n—2i+1
) o R
& 1 1 2i—2,2i-2
i+ i— i—
+k Z( 1) T 2)'(2kx) x
1 . )
X 2k n+1-=2i,n+1-2i
RS

T B T ] Y
A TN ) TR |
In the following we will consider three limiting cases:
(1) The undulator focuses horizontally with —k% = k} =
k?/2 which requires a specific pole shaping in planar
undulators. With @, d,,; > 0, V n we have

~ n/z . .
B§)ﬂ) o — Zdynianrl*ZzyZ(t*l)
i=1

(62)

n/2
Efvn) o Z&xnixn—ZiyZ(i—l)+l‘
i=1
(2) The undulator defocuses horizontally and the period
length is long as compared to transverse field profile:
k2 ~ k2. With by, b,, >0, Vn the dynamic field inte-
grals are

yn

B o by ()2t B e byl (63)
(3) The undulator poles are assumed to be infinitely wide:
k2 = 0. With ¢,, >0, V n we have

B(") o Cx”yn 1.

B o 0 (64)

The prefactors dy,;, Gy b
Egs. (60) and (61).

In the first case all terms of the static multipoles
[Eq. (59)] show up also in the dynamic multipoles

yns Dins Cpy follow from
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[Eq. (62)]. However, the signs are different. In the second
case the cross terms of the static multipoles do not
show up in the dynamic multipoles [Eq. (63)] and the
remaining terms appear with different signs. In the third
case one component is always zero [Eq. (64)] which is
never the case for static multipoles. These differences
illustrate the non-Maxwellian character of the dynamic
multipoles.

C. Dynamic field integrals in the midplane

For the elliptical and the inclined mode, it has been
demonstrated numerically [37] that for a specific gap and
arbitrary row phases the dynamic field integrals in the mid-
plane can be represented with a few generic functions. In the
elliptical case two generic functions, f and f,, describe
the horizontal kicks whereas the vertical kicks are zero. In
the inclined mode three generic functions, f, f, and f/,
describe the horizontal kicks and another function, g /», the
vertical kicks. Based on the field expressions given in
Appendix D analytic expressions of the dynamic field in-
tegrals in two dimensions are derived using Eq. (39).
General expressions for the universal mode are given
in Appendix E. The following four generic functions are
special cases of the general equations: elliptical mode

(¢ = 0):

Cpa =1 Spa =0 0. = focs, + fnss,
n
ﬁy =0 0 kz(Bp 5 IZO]Z CiC; eiejkxjcxiocx,»cxjosxj
L8 n n k . k2<
Jz= kZ(Bp)Z Z Z ciceie;— k kxj Sxi0CxiSxjoSxj> (65)

i=0 j=

inclined mode (¢, =0):

c,,=1 s5,,=0

pp pp fOCpa +f77 pa +f77/20pa %m

0 g7r/2€pa %a

fap= kz(Bp)z IZOJchcje,ej
ko K3
X (le k ] Cri0SxiCxjoCxj T ky S‘)ctO‘S')ct"?)fjocm)
i yj
gqr/z kz(Bp)Zzzcijeze/

i=0j

k..
xi
X (k_kxj(sxiocxicxjosxj - cxiOSxisijij)

yi
(66)

+ kyi(—CrioCriSyjoSyj + Sxiosxicxjocxj))'

The shape of the generic functions is gap dependent
since the higher order Fourier terms decrease faster with

1
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FIG. 4. Generic functions fo, f, f /2, &> for the description
of the dynamic multipoles in the elliptic and inclined mode. The
values are given for the BESSY II UE112 at smallest gap of
20 mm in the midplane.

gap than the lower order terms. The generic functions of
the UE112 at gap = 20 mm are plotted in Fig. 4. This
representation can be used for an online evaluation of the
dynamic field integrals in an active compensation scheme
(see Sec. V).

D. Linear terms in the midplane

The partial derivatives of the dynamic field integrals are
related to the horizontal and vertical tune shifts via

A= 1 aax

1 a0,
<BX>L AQy = 4_8—);<18y>L: (67)

where the average is taken over the undulator length.

The kicks for the universal mode are given in
Appendix E and the evaluation of the derivatives is
straightforward. In the elliptical mode the derivatives of
the dynamic kicks on axis are

90,/0x = — ——5— ZZc,cje,e]
(B )k par o
ki k3
X( le kX] xtOSXJOSpp k CxlOijOC%p)
a0,/dy = cicjeie;
y (Bp)ZkZ ZZOJZO J
kxl 2
k k)qk)jsxtosxﬂ)spp + k CxlOijOCpp

96,/dy = a6,/dx = 0. (68)

The coupling terms are zero and, thus, the planes are
decoupled. The kick derivatives in the inclined mode on
axis are

040703-14



SYMPLECTIC TRACKING AND COMPENSATION OF ...

Phys. Rev. ST Accel. Beams 14, 040703 (2011)

n
90,./0x = 2k2 Z Z cicjeie;
i=0 j=
[(k k xiOijO + kxikxjsxiosij)Céaséa
yi
k 4 2 4
k_ k sszSXJOSpa kxjcxiocxj()cpa
396,/9y = " Bp )2k2 Z Z cicjeiej

i=0 j=

X ((kxzk YXIOSXJO + kwkyjcxtOCXJO)cpaspa

k..
+ ﬁkxjk}' 1210505 pa T k CMOCXJ»OC‘;,Q). (69)
yi

In this mode the horizontal and vertical planes are coupled:

(B )szZZCC ee

i=0j

00,/dy=00,/0x=

k2.
X (_kxiﬁs

Xi 12
xi0Cxjo T k_kxjsxiocxjo
vJj yi

+ kyikxj cxiOSXJO kx]ky] CxtOij())c%m s%m (70)

These terms can be used for an on-line compensation of
the tune shifts using storage ring quadrupoles. The cou-
pling in the inclined mode can be minimized as well to
keep the vertical emittance small (see Sec. V).

The rotation of the dynamic field integrals is given by

(VX B), « 96,/dx + 36,/dy. This function is plotted for
various phases in Fig. 5. For zero phase (nearly planar
device) the rotation is constant over a large transverse
region. The term cannot be compensated with a single
quadrupole; however, this can be achieved with two quad-
rupoles with an appropriate phase advance in between. For
a finite phase the rotation shows a significant fine structure
in transverse direction and a compensation with quadru-
poles is impossible. The fine structure is independent from
the properties of 2D-correction elements such as shims (see
the next section) since their contribution is rotation free.

V. SHIMMING OF DYNAMIC FIELD INTEGRALS

In Sec. III, we presented analytic descriptions of ideal
periodic undulator fields. Real undulators employ field
errors due to magnet block errors (dipole component and
inhomogeneities) and geometric errors (fabrication and
assembling errors). These effects which can be described
by a 2D distribution of static field integrals have to be
minimized, i.e., shimmed. The evaluation of a shim distri-
bution for a given distribution of field integral errors is
done via the solution of a set of linear equations which is a
fast algorithm. For this purpose the response function of
various shims at different transverse positions has to be

3 0
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FIG. 5. Top left: Sum of dynamic and static field integrals of
the unshimmed device (dashed) and the shimmed device (solid)
for various phases. The Fe shims have a negligible effect at
phase = 0. Top right: Rotation of the dynamic field integrals
(rotation of the shim contribution is zero) for the phases of the
figure top left. Bottom left and right: Contributions to
the rotation of the sum of dynamic and static field integrals of
the unshimmed device (dashed) and the shimmed device (solid).
All data are given for the UEL12 at a gap of 20 mm in the
midplane.

evaluated on the same grid as the error distribution. The
shim response function can be obtained either by numeri-
cal techniques (e.g. with RADIA [35,36]) or by measure-
ments. Principally, there is no limitation regarding the
shimming accuracy since the shim response is represented
by static 2D-field integrals as well. The shimming tech-
nique is well established and we do not want to go into
detail. However, we want to discuss the shim representa-
tion as used for tracking.

An expansion of insertion device field integral errors
with respect to 2D multipoles in analogy to storage ring
magnets is not appropriate since the expansion converges
only on a source free disk. The radius of this disk is defined
by the distance of the closest error to the undulator axis,
e.g., half the magnetic gap g. In storage rings the horizontal
travel of electrons reaches much further out than g/2 and
the multipole expansion diverges in this regions. We will
present a field integral description which is not limited in
the horizontal direction. This description is used in the
particle tracking of Sec. II.

The dynamic field integrals can be compensated only by
part with shims as discussed in Sec. IV. Nevertheless,
shims reduce the dynamic effects significantly. The dy-
namic field integrals are shimmed in the midplane and the
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shim strength and shape are optimized for this case. In
principle, a perfect compensation in the midplane is pos-
sible. This includes the horizontal and vertical dynamic
field integrals as well as all derivatives with respect to the
horizontal coordinate. The derivatives in the vertical direc-
tion are nonzero. However, usually the vertical emittance
and betatron function are small and the residual errors are
tolerable.

Shim field integrals for the compensation of static and
dynamic field integrals have to be included in a particle
tracking scheme to achieve realistic results. In the follow-
ing we will derive analytic expressions for various types of
shims which are suited for the tracking scheme of Sec. II.

A. Analytic shim model

Undulator fields have to meet two independent require-
ments: (i) The local on-axis field distribution has to be
optimized with respect to the phase error [38] to provide
highest photon brightness even at higher harmonics.
(i) The off-axis field integrals have to be minimized for
a negligible impact of the undulator on the electron beam
dynamics. This requirement is more stringent for storage
ring devices and less critical for single pass devices.

Local field errors as well as field integral errors can be
compensated, with pieces of iron [39—42], with permanent
magnets [43], via a transverse movement of magnets, the
so-called virtual shimming [44], or with special coils close
to the electron beam [45]. Generally, the effect of a shim is
the introduction of local transverse Kicks (in horizontal and
vertical direction) where the kick amplitudes depend on the
transverse shim position and shim shape. A thorough mag-
net block characterization and sorting (based on dipole
errors and inhomogeneities) and an accurate assembly
provides already small phase errors [43]. The shimming
effort concentrates on the 2D distribution of the integrated
kicks.

Within a certain gap range g = g, = Ag the field inte-
grals of any individual shim or shim distribution is ap-
proximately written as [18]

[
M=

I
o

X

k..
k—)”[E,» sin(k,;x) cosh(ky;y) + 5; cos(k,;x)
yi

X Sinh(kin)] exp[_kyzAg/z]

<||
M=

[—¢; - cos(ky;x) sinh(ky;y) + 5; sin(k,;x) (71)

0
X cosh(ky )] exp[— ki Ag/2]
ky

kxi

At a given gap g = go, i.e. Ag =0, the expansion
converges since the expansion functions represent a com-
plete set of functions for all 2D distributions of field
integrals which obey the 2D-Maxwell equations. For other
gaps (Ag # 0) the accuracy depends on the specificity of
the shim (see below).

The number of terms is reduced if a specific shim
symmetry is assumed. In the elliptical mode of an
APPLE II undulator, the required shim configuration for
the minimization of the dynamic field integrals follows
Eq. (71) with ¢; =0, Vi (point symmetry with respect
to the undulator axis). For this specific case the shims are
grouped in quadruples. One quadruple consists of four
shims, one shim on each of the four magnet rows. Each
quadruple is described by Eq. (71).

Usually, the coefficients §; and ¢; are evaluated at the
smallest operation gap g, because then, the simulation
accuracy is highest in the gap regime where the dynamic
field integrals and the response of the shims are largest.
The shim field integrals are evaluated at y = 0 within
a transverse range of A, = 2w/k, and the Fourier
components are derived from this distribution where
kxi = kyi =i kxl'

Equation (71) is well suited for situations where a linear
superposition of fields is justified such as permanent mag-
net shims on top of the periodic structure [37], magic
fingers at the undulator ends [43], virtual shims [44], or
flat wires as realized for the BESSY II UE112. Fe shims
have a small coercivity and, thus, have a response function
which depends strongly on the magnetic environment, i.e.,
the shim response is magnet row phase dependent. In fact,
this behavior is used to compensate for phase dependent
static field integrals of APPLE II undulators which are
due to a finite magnetic susceptibility [43]. Furthermore,
due to the cross talk between the upper and lower magnet
girders the gap dependence of Fe shims deviates from
Eq. (71).

We extend the ansatz of Eq. (71) in order to describe Fe
shims within the complete phase and gap range of an
APPLE II undulator. Without losing generality we regard
only the field integral differences with respect to the ¢; =
¢, = 0 geometry, where the field integrals are usually
compensated with permanent magnet shims (see
Sec. VB). At a given gap the phase dependent transverse
distribution of the dynamic field integrals in the elliptical
(inclined) mode can be described by two (four) generic
functions [Egs. (65) and (66)]. The vertical field integrals
increase from zero to a maximum going from ¢; = 0 to
¢ = . In the inclined mode the horizontal field integrals
are zero for ¢, = 0 and ¢, = 7 and have a maximum in
between. We are seeking a Fe-shim configuration with
approximately the same phase dependence. Chavanne
et al. proposed L-shaped Fe shims to compensate the
dynamic field integrals in the elliptical mode [46]. In the
inclined mode the L shims enhance the dynamic field
integrals, however. Following Chavanne’s idea, four iden-
tical shims with a length of half a period are placed at the
magnet edges close to the undulator axis (standard L-shim
quadruple). The shims are centered on the vertically mag-
netized blocks. Looking downstream the shims are placed
on negative blocks (producing a negative vertical field on
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FIG. 6. Generic functions for the description of the L shims.
Plotted is the amplitude of a standard L-shim quadruple for the
UE112 (see text).

axis) at the right-hand side and on positive blocks at the
left-hand side (an electron machine is assumed). The static
field integrals of this shim configuration have the required
point symmetry. Numerical simulation shows that an
L-shim quadruple can be represented by two generic func-
tions which represent the vertical field integral distribution
at ¢; =  (elliptical mode) and the horizontal field inte-
gral distribution at ¢, = 77/2 (inclined mode). A Fourier
decomposition of the two functions yields two sets of
Fourier coefficients ¢; and 5;, where the ¢; terms are zero
in this geometry. An example of the generic functions for
the UE112 is given in Fig. 6.

The generic L-shim functions have to be scaled appro-
priately with phase and gap dependent functions R and S,
where R and § are related to the regular and skew multipole
components. We chose the following ansatz for the L-shim
quadruple description:

B, = Z[SE,» sin(k,,;x) cosh(k,;y) + RS, cos(k,;x)
i=0

X sinh(k,;y)] exp[ —k,;Ag/2]

i[—SE,- cos(k,;x) sinh(k,;y) + RS5; sin(k,;x)
i=0

X COSh(kxiy)] exp[_kxiAg/z]

R(p, Ag) = a (@){bi(¢) +[1 = bi(e)]exp[—ci(p)Agl}
S(e, Ag) = as() exp[—cr(@)Ag] (72)

oot
I

Equation (72) includes different Fourier coefficients and
different functions R and S in the elliptical and inclined
mode. a,(¢) and a,(¢) describe the phase dependency at
smallest gap g, and they have to be determined from
numeric field simulations at this gap. For parametrization
they can be decomposed into Fourier components with
respect to the phase parameter. Numerical simulations
show that the functions a;(¢) are similar in the elliptical
and inclined mode. a,(¢) is nonzero only in the inclined
mode. At larger gaps the field integrals of Eq. (72) scale
with an exponential expression containing the factors k,;.
Residual errors are visible in Fig. 7. They can be described
by the phase dependent function b and the gap dependent
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FIG. 7. Gap and shift dependence of the functions R (left) and

S (right). R is normalized to one at shift = 0.5A,. S is normal-
ized to one at shift = 0.25),. The data are given for the elliptical
mode.

functions ¢ ;. The functions a, ,, b, and ¢, , are plotted in
Fig. 8 for the BESSY II UE112 undulator. With a gap of
go = 20 mm and A, = 400 mm, 80 Fourier coefficients
have been derived for the UE112. Using these coefficients
the field integrals in the midplane are evaluated with an
accuracy well below 1% for vertical field integrals and 2%
for the horizontal field integrals in the inclined mode over a
gap range of 20-100 mm (Fig. 9). These errors are related
to the maximum field integral value for all phases at g, =
20 mm. The errors decrease for increasing gaps.

In tracking simulations this model should be checked for
the most critical situations (e.g. smallest gap and ¢ = )
versus a simulation based on Fourier coefficients specifi-
cally derived for this gap and phase. Figure 10 shows errors
of only 10% even 8§ mm above midplane for specifically
evaluated coefficients (gap = 20 mm, inclined mode,
¢, = m/2). With smaller vertical offsets the errors
decrease.

In other cases, e.g., during evaluation of the correction
currents for active compensation of the dynamic field
integrals (see Sec. VC), only the field integrals in the
midplane are required. Then, it is adequate for accuracy
and advantageous concerning CPU time (no numeric field
simulation required) to extrapolate the field integrals at
various gaps g = gy + Ag from the coefficients derived
for smallest gap g, using Eq. (72).

L6 E — ayelliptical mode 0.5 E

Q 1.4 F--- ajinclined mode @ 045 F — ¢y elliptical mode
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FIG. 8. Parameters of the L-shim model depending on the row
phase. The parameters are given for the UE112 at a reference gap
of 20 mm.
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FIG. 9. Relative error of the field integral prediction for
various gaps and shifts and for the elliptical and the inclined
mode as evaluated from the shim model (see text). The absolute
error is defined by the difference between the field integrals
from the model and field integrals from RADIA. The relative errors
are defined by the ratio between the absolute errors and the
maximum field integral value at 20 mm gap and shift = 0.51,
for the vertical field integrals and shift = 0.25A for the horizontal
field integrals.
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FIG. 10. Off plane accuracy of the L-shim field integrals in the
inclined mode. The data are evaluated for a standard L-shim
quadruple (see text) of the UE112 8 mm above the midplane with
gap = 20 mm, shift = 0.25A. Black: Exact values as evaluated
with RADIA. Red: Analytic model with 80 Fourier coefficients.
The expansion ranges goes from —200 mm to +200 mm with a
spacing of 0.5 mm. Blue: Residuals.

B. Passive shimming in the elliptical mode

The passive shimming of APPLE II undulators is done in
four steps [43]: (i) virtual shimming for trajectory straight-
ening; (ii) shimming of phase dependent field integrals
with flat Fe shims of 4 mm width which are distributed
in transverse direction on a grid with a grid size of 4 mm;
(iii)) shimming of static field integrals using so-called
magic fingers at either end of the undulator. The magic
fingers are arrays of permanent magnets with a cross
section of 4 X 4 mm? and variable length distributed on
a transverse grid with grid size of 4 mm; (iv) passive
shimming of the dynamic field integrals with L shims.
The L shims are glued onto the structures in the storage
ring tunnel. This procedure has successfully been applied
to all BESSY II APPLE II undulators [37]. The geometri-
cal shape of the L shims has been optimized such that the
transverse distribution of the dynamic field integrals is
minimized at the smallest gap of the individual undulator.
The horizontal and vertical sizes of the BESSY-II L shims
are 2 and 4 mm, respectively. The influence of the shape is
discussed in detail for the BESSY I UE112 in [18]. Shims
with varying thicknesses and lengths for the elliptical mode
are discussed in that paper but it has been concluded that
the additional effort with different shim types does not pay
since the L shims do not help in the inclined mode. The
strong dynamic field integrals in the inclined mode have to
be compensated actively (Sec. V C), and once an active
compensation scheme is available also the residual errors
in the elliptical mode can be minimized. Nevertheless, the
passive shims are extremely useful in the elliptical mode
since the main part of the dynamic multipoles is canceled
even if the active compensation fails due to a hardware
error. The spectral power of the optimized L-shim configu-
ration in the midplane at smallest gap and maximum phase
is plotted in Fig. 11.

The L shims are optimized for smallest gap and ¢ = 77.
In the following we estimate the quality of the L-shim
compensation at other gaps g = g, + Ag. We assume
equal expansion ranges of the Fourier decomposition for
the shims and the single magnet row (needed for evaluation
of dynamic field integrals). The considerations are based
on the assumption of R = 1 which is accurate within 5% at
maximum shift and a gap range between 20 and 40 mm.
For small period lengths the approximation is not valid, but
in that case the dynamic field integrals are small and,
usually, are not shimmed.

In the vertical linear mode with ¢, = r the static kicks
6, in the midplane which are due to the shim field integrals
have a gap scaling of [Eq. (71)]

0, Y A,e mkalds/2sin(mk,x). (73)
m=1

On the other hand, the kicks of the dynamic field inte-
grals 6, scale with [Eq. (65)]
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FIG. 11. Spectral power of the transverse field integral distri-
bution of a standard UE112 L-shim quadrupole for expansion
ranges between 100 and 800 mm (number of Fourier coefficients
between 30 and 240). The plot shows the robustness of the
expansion procedure with respect to the range of expansion.
The high frequency cutoff is defined by the ratio of the number
of coefficients and the expansion range. The accuracy at high
frequencies improves with a bigger expansion range.

= Z Z 'Aij(@l) . o Lkyitky)Ag/2]

i=0j=1

kxlx) Sin(j ' kxl 'X)

n n
Z Z 1A () e [tk Ae/2)
i=0J=

Jj=

X cos(i-

><sm[(l+j)-kx1-x]
I=1, Vj=i [=2 Vj>i

2n
gx = Z Am(gol)sm(m ' kxl ')C)

m=1

n
Am(gpl)_ Z 271'Al'j(QD])'ei[(k}'i+k}'/’)Ag/2]‘
i=! U] 1

(74)

The shim shape is optimized such that the dynamic field
integrals at smallest gap are compensated in the midplane:

n 2n
Y A, sin(m-ky-x)= Y A,(¢)sin(m kg x), (75)

m=1 m=1

which requires for each individual term A, =~ A,,(¢,).
The gap dependence of the kicks is included in the expo-
nential terms:

Ry e mhde = 3, (py) - e 0nhbsl2

(76)

For small k which means large period lengths we
expand:

k2
m'kyl =Vm2'k)2(1 +k2%m'kx1 '(1 +m) (77)
x1

As an example we examine the BESSY UE112 with
Ao = 112 mm. With a region for the transverse Fourier
expansion of £100 mm we can set m - k,; = m * k; with
an error below 18% (10%) for the Fourier terms m = 3
(m = 4). According to Eq. (76) we have the same gap
dependence of the Fourier components m = 3 of the dy-
namic field integrals and the static field integrals of the
shims. Restricting the discussion to the disk of conver-
gence the multipole content of the terms in Eq. (75) is
derived from Eq. (78):

sin(m~kx1-x)—z( l)m(kxlx)’ i=2-i—1, (78)
=

5 47

where the terms proportional x, x°, x°, x’ are attributed to a
quadrupole, octupole, dodecapole, and hexadecapole.
Numerical simulations show that only the coefficients
m = 3 contribute significantly to the multipoles higher
than the quadrupole (Fig. 12). This is the reason for a
similar gap dependence of the static and dynamic multi-
poles for long period devices. The quadrupole terms scale
differently, but they can easily be compensated with a tune
feed forward scheme.

Figure 13 compares the UE112 with a UES6 with the same
length. The L shims of both devices have roughly the same
gap dependence. Differences are due to the different cross
talk between upper and lower girder. The strength of the
dynamic field integrals scales quadratically with the period
length. The dynamic field integrals of the UE56 drop much
faster than those of the UE112. As expected the L shims
compensate the dynamic multipoles of the UE112 over a

) 3 E UE112 shim contributions
‘= 10 E gap = 20mm
=f 2 [ phase=n
2 10 ¢
&
S 10
1)
=
A |
@
=} 1
5 10
w
«E 102 quadrupole / k x
=) 3
.g 107 ——— octupole / (k,x)
= ——— dodecapole / (k. x)°
S 104 Y
g 10 ——— hexadecapole / (k,x)
%]
105 L

1 10
order of Fourier expansion

FIG. 12. Contributions from different Fourier components to
the lowest order multipoles of the L shims. With increasing
multipole order the contributions of low order Fourier compo-
nents decrease. This is the reason for the similar gap scaling of L
shims and dynamic multipoles (see text).
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FIG. 13. Dynamic multipoles (black) and L shims (red) for the
UE112 (solid) and a UE56 with the same length (dashed) in
the midplane for different gaps. Dynamic multipoles and shims of
the UE56 are scaled with a constant factor for better comparison.
The shim configuration (number of standard L-shim quadruples
and shim shape) has been optimized for the UE112 at a gap of
20 mm.

considerable gap range which is not the case for the UES6. At
large gaps the relative accuracy gets worse even for the
UE112; however, the absolute values are small. As expected,
the compensation of the dynamic multipoles of short period
devices is less accurate; however, the terms are smaller.

As an example for the generating function-based track-
ing routine of Sec. II and the analytic models of the
undulator and the L shims of Secs. III and V we present
results from the UE112. The dynamic aperture of the
UE112 undulator was explored at smallest gap of 20 mm
and at maximum shift without and with L shims [17]. The
dynamic kicks to a particle when passing the undulator
with different initial conditions are plotted in Fig. 14. The
initial horizontal phase space variables x and x’ of the
particles were equally distributed on a phase space ellipse
with semiaxes of 30 mm and 2 mrad. The kicks can be
reduced significantly with the implementation of L shims
(Fig. 14). Only a linear dependence on the transverse
displacement with a minor modulation is left which can
be compensated with an appropriate quadrupole tuning.
The horizontal phase space without L shims is reduced by
about a factor of 2 as compared to the case with undulator
gap open. The horizontal dynamic aperture is below 15 mm
and a spurious dilution of the phase space is observed at
even smaller displacements (Fig. 15). The horizontal phase
space can be recovered with L shims as shown in Fig. 15.

0.4 F
L //'/ 7\ //’\\
/ “}\ \

03F SN\

o.zi— [N\

/ / N\

" \\\\ | \\\

~—_
|
|

X' (mrad)

N

X (mm)

FIG. 14. Horizontal kick in mrad and displacement in mm for
an electron passing the UE112 at 20 mm gap and maximum
phase for initial variables x and x’ equally distributed on a phase
space ellipse (see text). The red line corresponds to the un-
shimmed device and the blue line shows the results with an
L-shim compensation.

C. Active shimming in the inclined mode

As shown in Sec. IV the dynamic field integrals scale
with the square of the period length and inversely with the
square of the beam energy. The UE112 operated at
BESSY II (beam energy of 1.7 GeV) produces dynamic
field integrals up to 3 Tmm. They can be compensated with
L shims in the elliptical mode. In the inclined mode no
passive compensation scheme is available and an active
scheme has to be adopted. The highest flexibility is pro-
vided by a set of wires with an individual excitation. At
BESSY two sets of 14 wires each are glued to the vacuum
chamber above and below midplane. The transverse width
of the wires is 3 mm allowing for a relative distance of
4 mm. The wires are grouped in pairs and operated by 14
power supplies. In this geometry point symmetric field
integral distributions of nearly arbitrary shapeAcan be pro-
duced [18,45]. The complex field integrals B of a wire
depending on the complex coordinates 7 are given by

B =id>—~  B=B8,—iB,
|”0 - r| (79)
A . Mo IL
To) = X0 — Do T e

I is the current and L is the length of the wire. The
field integrals can be decomposed into regular and skew
multipoles [Egs. (80) and (81)] [45]. The multipole expan-
sion of Egs. (80) and (81) converges only on a source-free
circular disk. At distances larger than the distance to the
wire it diverges [45]. Outside the disk of convergence the
wires have to be described by Eq. (71):
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starting amplitude is always 1 mm. The dynamic field integrals are not compensated, left, and compensated by L shims, right.

m+1
Cij 2[lm/21+i—m—1]-mod(m,2)+1
Z i %o

Zx’" -d
i=istart" 0
) m+1
Zx d- Yo Z cii _2 2(m/21+i—m—1)— mod(mZ)
m=0 i=istart )

istart = [m/2] + 1 r3=x3+y3
i—1 . .
Cijoy = ( J 1 ) (=DwT2 . i h(m) =1 = 8,,0.
1 -

In Sec. IV the dynamic field integrals are derived quanti-
tatively. Based on these values the excitation patterns for
the correction wires have been evaluated. The successful
operation of the wires has been demonstrated for the
UEI112 [45]: In the elliptical and inclined mode the tune
variations in the midplane are compensated, the coupling
between planes in the inclined mode is minimized, and the
injection efficiency in the inclined mode is recovered.
Below 100 eV beam lines operated at APPLE II undu-
lators profit from the universal mode. In this energy regime
the optical elements in a beam line significantly change the
polarization state of the incoming light. These modifica-
tions may change over time if the mirrors or gratings get
contaminated. In the universal mode the undulator is ca-
pable to produce any state of polarization thus compensat-
ing polarizing beam line effects. As pointed out in Sec. IV
this operation mode introduces a complicated dynamic
field integral distribution lacking any symmetry. Pairing
the correction wires as realized for the UE112 does not
provide enough flexibility for the compensation. An indi-
vidual powering of each wire is required. In the case of the

—h(m)

j =mod(m,?2) + 2(i — istart) + 1

2i 0
i=istart—mod(m,2) " 0

i i_xz[[(m1)/21+im]mod[(m1),z]>
(80)

ji1 = mod(m, 2) + 2(i — istart) + 2

(81)

BESSY II UE112 the maximum correction current in the
universal mode at a gap of 20 mm amounts to 25 A,
whereas in the inclined mode it is limited to 12 A [28].
The wires have been tested up to 16 A, and, maybe, the
wire thickness has to be increased slightly for the universal
mode (2011, the wire thickness is 0.3 mm). Within the
limitations already discussed in Sec. IV the dynamic field
integrals can be compensated with the wires. In practice it
is not feasible to set up feed forward tables for the correc-
tion currents which span the whole parameter space in the
universal mode (three parameters: two phases and gap). A
better way is the on-line evaluation of the dynamic field
integrals and the on-line derivation of the correction
currents. Based on the equations in Appendix E a fast
evaluation of the dynamic kicks is possible and the deter-
mination of the corrections currents requires only a matrix
inversion. The UE112 has been operated in the universal
mode and the impact on the storage ring has been studied in
detail by measuring the tune shifts for a transversally
displaced electron beam [28]. Extracting the dynamic
kicks from the tune shifts, the agreement between
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prediction from the analytic model and the measurements
is found to be better than 20% (normalized to the maxi-
mum values). Uncertainties of the analytic model and the
measurements are the total strength of the L shims (geo-
metric errors are within 10%), the actual betatron function
at the undulator location, and the calibration of the beam
position monitors at large horizontal displacements of the
electron beam. Further improvements of the model are
expected from a fine-tuning of the shim strength based
on a higher measurement accuracy. The test of the im-
proved model on the basis of tune measurements with a
displaced electron beam as well as the implementation and
operation of 28 independent correction wires will be the
subject of future studies.

VI. CONCLUSION

A symplectic, analytic, and fast particle tracking scheme
which is based on generating functions has been presented.
The scheme makes use of an analytic magnetic field model.
Accurate analytic field descriptions of an APPLE II undu-
lator as well as of shims for field compensation have been
developed. Different undulators require only related
Fourier coefficients. Different undulator settings such as
undulator length, peak fields, magnetic gap, and magnet
row phase (APPLE II) parameters are handled by the
tracking routine in a parametrized model. This flexibility
together with the fast tracking algorithm makes a scan of

% order of the solution
ord:=33$

% declaration of vector potential terms
% By (x5, Y5, 2), By (x5, ¥5, 2), B, (%4, v5, 2)
depend ax, xi,vi, z $

depend ay, xi,vi, z $

depend az, xi,vi, z $

% setup of series expansion, see Eq. (12)
operator £ §$

F3:=0%$

foric:=1:0orddo for ix:=0: ord do

for iy :=0: orddo for i3 :=0: ord do

if ix+iy+ 13 =1ic then

< depend f(ix, iy, i3), xi,vi, z $

undulator parameters very efficient. The high accuracy
permits the prediction of many features of the undulator
electron beam interaction from tracking simulations.
Furthermore, analytic expressions of dynamic field inte-
grals, tune shifts, and coupling terms have been derived.
These equations are essential for a fast active compensa-
tion of tune and higher order dynamic multipoles in arbi-
trary operation modes of complex undulators. Passive and
active shimming concepts have been presented and it is
concluded that APPLE II undulators with a long period
length of 112 mm can be operated in a low energy storage
ring such as BESSY II.
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APPENDIX A: REDUCE ROUTINE TO
EVALUATE GENERATING FUNCTIONS
FOR ARBITRARY FIELDS

This REDUCE code solves iteratively the series
expanded Hamilton-Jacobi equation to order ‘ord’. The
procedure ‘tay3(func, varl, var2, var3,n)’ is a self-
written Taylor series expansion (not part of the REDUCE
package). It expands the function ‘func’ with respect to
the variable ‘varl’, ‘var2’, ‘var3’ to the order ‘n’.

F3:=F3+ f(ix iy, i3) pfx™ix"pfy™ iy x3™13 > §

% definition of initial values, see Eq. (15)
£(1,0,0) := —xi $ £(2,0,0) := —z/2 $
£(0,1,0):= —yi $ £(0,2,0):= —z/2 §

% limitation of higher order terms

forix:=0:0rd+1do foriy:=0:0rd+1do

fori3:=0:0ord+1doif ix+ iy + i3> ord then

let pfx™ix'pfy™iy*x3™i3=0%
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% Taylor expansion of Hamiltonian to order ord’
hamc = —(sgrt(—(pix — x3%ax)™2 — (piy — x3%ay)™2 + 1) + az"x3) $
ham := tay3(hamc, pix, piy, x3, ord) $

% substitution of the momenta
ham := sub(pix = df(—F3,xi), piy = df(—F3,vyi), ham) $

% Hamilton-Jacobi equation
hamjac := ham + df(F3,z) $

% iterative solution of the equation:
foric:=1:orddo

for ix:=0: orddo for iy :=0: orddo for i3 :=0: ord do
ifix+ iy + 13 = ic then

< term:= coeffn(coeffn(

coeffn(hamjac, pfx, ix), pfy, iy), x3,13) $

if termneqg0 then K

soll := solve(term =0, df(f(ix, iy, i3), z)) $
sol2 = rhs (part(soll, 1)) $

sol3 :=int (s0l2,2)$

f(ix, iy, 13) = s0l3$>>§

% printing of nonvanishing terms

% results for ord = 2 see Egs. (15) and (21)
foric:=1:orddo

for ix:=0:orddo for iy :=0:orddo for i3 :=0: orddo
if ix+iy+ 13 =1ic then

if f(ix, iy, i3) neq0 thenwrite “ £ ix, iy, 13,7 =",

sub(x3 =1, f(ix, iy, i3)) $

end;
APPENDIX B: LIST OF ABBREVIATIONS 55 = sinkjz)
c,; = cos(k;z)
Ci(jy Si(j) = Fourier coefficients . = sin(kz)
ki = ke -i=Qm/Ayg) i ¢, = cos(kz)
j=1+1G-1) spp = sin(e;/2)

c,, = cos(p;/2)
_ / 2 2 pp
kyi,]‘ = k]~ + kxi

Spa = Sin(¢2/2)
j=Qm/A) " ] Cpa = €05(¢2/2)

T
I
=
~

sxio = sin(kyxo) e;j = exp(—ky; - Ag/2)
Cxio = Cos(kxiXO) ‘i exp(_kyi . Ag/z)

Bp = beam stiffness

S = sin(kyix) L = undulator length

cyi = cos(ky;x) Xo is the absolute value of the horizontal displacement of
magnet row centers with respect to the undulator axis. Bp
is the product of the magnetic field and the bending radius
for a given electron energy. It characterizes the electron
beam stiffness. / is the period length divided by the magnet

chy; ; = cosh(k,, 5y)
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block length. Magnets of equal shape are assumed. For a
Halbach I undulator we have [ = 4.

APPENDIX C: ANALYTIC APPLE II SCALAR
POTENTIAL FOR THE UNIVERSAL MODE

1. Analytic scalar potential as a linear superposition
of four magnet rows

The equation represents the universal mode. The cos and
sin terms are related to the transverse field expansion of a
single row. The sin terms appear when the magnet blocks
are not symmetric with respect to the center (e.g. cut outs
for clamping). n is the number of Fourier coefficients. Only
one longitudinal Fourier component is regarded. The
magnetic fields are derived from the scalar potential via

1§=—6-V:

n
V= Z(Vn + Vo + Vi3 + Vy)
=

_[(e-#k‘w.y/kyi) ' (chicxi*
+ BoetkY /nk.] - ¢,

- Bsyisxif)

V2i = +[(eik"'iy/kyi) : (chicxi+ + Bsyisxi+)
+ Boeik*"y/nkz] . CZZ

Vi3 = _[(e+k’[y/kyi) : (chicxi+ + Bsyisxi-#)
+ B()€+k7y/l’lkz] *C3
V4i = +[(e_k'viy/kyi) ' (chicxi— - Bxyisxi—)

+ Boe &Y /nk.] - c 4

Crix = cos[ky;(x = x)]
Six = sin[ky(x = xo)]
c,1 = cos(kz + ¢1/2)
¢ = coslkz + ¢,/2)
ci3 =coskz — ¢1/2 + ¢,)
24 =cos(kz — ¢1/2 =

®7)

kxi

N

:kx]'l

2. Complete analytic scalar potential of an
APPLE II undulator

Starting from C 1 we add more longitudinal Fourier
components and simplify the expressions. In the following
J is the Fourier harmonic in longitudinal direction. For a
pure permanent magnet configuration with four magnets
per period and equal shape of all magnets only the har-
monics j = 1,5,9... show up. Then the scalar potential is

written as
m
L. 2 = . . -
Z z de;z— k p o Luio * Cxim Shy5 €5 Cha = Sxio " Sxi - Chy7eC5 0 S5a
i=0 j=1 vi,j
_ . . R . = . . s 2

+ ( Cxi0 * Cxi * Chylj Sxi0 * Sxi Shyi,j szj) cpa Spa] + Spp [ Sxi0 © Sxi Ch}z] S Cpa
+ Crio " Cxi Shyi,j CS Spa + (_cxiO CCxi” Chyi,]' TC T Sxi0 " Sxi ” Shyi,f : CZ]) “Cpa spa]}

APPENDIX D: ANALYTIC APPLE II FIELD REPRESENTATION IN SHORT NOTATION

From Appendix C the expressions of the fields are derived:

n

n-3

n
4C”k
i=0 j=

N”
T M=
T M=

e;;l—F5:cssc — Fl-sccc+ F3 - (cscs — sess) —

F2-sccs — F6 - csss + F4 - (cscc — scsc)]

m
Z Ci7 ”[FS ccce — F1 - sssc — F3 - (cess + sscs) — F2 - ssss + F6 - cces — F4 - (cesc + sscc)]

m
Z ”k j[—FS-ccss—FFl - sscs — F3 - (ccce + sssc) — F2 - sscc + F6 - cesc + F4 - (cces + sss5)]
= vij
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with the abbreviations F5=c,," c3,
CSCS = Cyjg " Sxi " Chy;5° 5,5 )
F6=ys,," 554
Fl=c,," S%}a APPENDIX E
1. Dynamic kicks in the universal mode in 2D
F2=s,," c%, . In the following we will give only the expressions for the

universal mode. The expression for the elliptical and in-
clined mode can be derived from the universal mode ex-

F3=c,," Cha* Spa pressions by setting F1 = F3 = F4 = F6 =0 for the
elliptical mode and F2 = F4 = F6 = 0 for the inclined
mode. We regard only the first Fourier harmonic in the

FA= Sy Cpa* Spa longitudinal direction:

J
ke k3
O, ==~ ZZc,c]e,ej( HI—F5-css — F1 - scc+ F4- (csc — scs)]; - [—F5 - ces + F1 - ssc
(BP) k* = 0 j— kyi ky;j

+ F4 - (ccc + sss)]; + [F3 - (csc — scs) — F2 - scc — F6 - css]; - [F3 - (ccc + sss) + F2 - ssc — F6 - ces];}
+ k {[F5-ccc — F1-sss — F4 - (ccs + ssc)]; - [—F5 - csc — F1 - scs + F4 - (css — scc)];

+[—F3-(ccs + ssc) — F2 - sss + F6 - ccc); - [F3 - (css — scc) — F2 - scs — F6 - csc]j})

6, = (Bp)2k2 ZO Z4c .ciee; ( xzyfj {{[—F5-css — F1-scc+ F4-(csc — scs)]; - [—F5 - csc — F1 - scs
i=0 j=0 l
+ F4 - (css — scc)]; + [F3 - (csc — scs) — F2 - scc — F6 - css]; - [F3 - (css — scc) — F2 - scs — F6 - csc];}

+ ky{[F5-ccc — F1-sss — F4- (ccs + ssc)]; - [F5 - ccs — F1 - ssc — F4 - (ccc + ss9)];

+[—F3-(ccs + ssc) — F2-sss + F6 - cccl; - [—F3 * (ccc + sss) — F2 - ssc + F6 - ccsL})

with the abbreviations
CSC = Cio(xjo) " Sxi(xj) * Cyityp)

The sin and cos terms in the first bracket have always the indices (i) and the terms in the second bracket the indices () as
indicated.
The derivatives with respect to x and y, 96,/dx(y) and 96,/dx(y) can easily be evaluated.

2. Kicks in the universal mode in the midplane

These expressions can be used for an on-line active compensation of dynamic kicks (e.g. using the UE112 wires):

0,=— (Bp)zkzzz ee]<kx’kx][( Fl-sc+F4-cs)(Fl-ss+F4-cc);+(F3-cs—F2-5¢)(F3-cc+ F2-ss);]

i=0j=0 yrotyj

+ky[(F5-cc—F4-55),(—=F5-cs —F4-sc);+(—F3-5s +F6-cc)i(—F3-sc—F6-cs)j])

0,=— (Bp)2kzz('_)z4ccee ( u X][( Fl-sc+F4-cs)(—F5-cs—F4-sc);+(F3-cs—F2-sc),(—F3-sc—F6-cs);]
i=0

+ky[(F5-cc—F4-55),(—F1 -ss—F4'cc)j+(—F3-ss+F6'cc)i(—F3-cc—F2'ss)j])
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using the abbreviations

CS = Cxi0(xj0) ~ Sxi(xj)

3. Partial derivatives of ﬂynamic kicks on axis

a0 [ ky; k3 ky K K2 k2,
— = — cicjeef| —F12—= s, — F22 = +F32<x’ —Leic; + ky kxs,s)
ax (Bp)2k2 ZZOJZ k k kyi k}j yi ky] J J
k2. k2.
+F42<i ') c+kkss) F5k2cc F6k200]
kyi kyj
96, _ _ [F32 k K + ky ik, F3? + F42 —k K + kyk
dy = (Bp)2k2 IZOJZC c;e;e; ( xi kyj $iCj yikxj cisj) ( xi kyj §iC; i xjcisj)
+ F1- FS( i k2 sicj — kyjkyjc;s; ) + F2- F6< X k2 SiCj — kxjkyjc,»sj)]
yt
96, _ 224 [F32( k)z“'k + k ik )+F42( k“k + ky;k )
— = cicjee; e R k., :s:C iCiS; 8iC
ax (Bp)zkzl & i€j ey xikyjSiCj ki yjSiCj
+ F1- F5<x’k2sc kkcs)-i—FZ F6<x’kzsc kkcs)]
Vl
80 Xl xl
a—yy= (Bp 2k2 Z()Z4c,cje eJI: ky ik, F1%s;s; +F22k kyjkyisis; + F32(kykyjsis; + kyikyicic))
i=0 j

+ FA (kyikyjsis; + kyikyicic;) + F52k2 cic; + F62k2 ciCi ):I

During phase motion of an APPLE II undulator (e.g. switching of helicity at the same energy) only the functions F1-F6
change their value. The other parameters are constant. The functions F1-F6 do not depend on i and j and they can be
factored out. Thus, the double sums can be evaluated beforehand and during the phasing only F1-F6 have to be evaluated
for the determination of the dynamic kicks and coupling terms.
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