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This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
_ information, apparatus, product, or process disclosed, or represents that its use would not
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United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
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Calculation of Magnetic Error Fields in
Hybrid Insertion Devices

R. Savoy, K. Halbach, W. Hassenzahl|,
E. Hoyer, D. Humphries, B. Kincaid
Lawrence Berkeley Laboratory, Berkeley, CA 94720

ABSTRACT

The Advanced Light Source (ALS) at the Lawrence Berkeley Laboratory
requires insertion devices with fields sufficiently accurate to take advantage of
the small emittance of the ALS electron beam. To maintain the spectral '
performance of the synchrotron radiation and to limit steering effects on the
electron beam these errors must be smaller than 0.25%. This paper develops a
procedure for calculating the steering error due to miSalignment of the easy axis
~ of the permanent magnet material. The procedure isvbased on a three
dimensional theory of the design of hybrid insertion devices developed by one
of us. The acceptable tolerance for easy axis misalignment is found fora 5 cm

period undulator proposed for the ALS.

This work was supported by the Director, Office of Energy Research, Office of
Basic Energy Sciences, Material Sciences Division, of the U.S. Department of

Energy, under contract No. DE-AC03-76SF00098.



Introduction

The demand for very high brightness synchrotron radiation will insure
that insertion devices (IDs), wigglers and undulators, will be used extensively in
the dedicated light sources that are u‘nder construction at present. The
Advanced Light Source (ALS) project at the Lawrence Berkeley Laboratory is
scheduled for completion in 1993. Based on input from the user community
through a series of workshops and by letters of interest, we are designing a set
of insertion devices and associated beam lines that span the spectral range
accessible to the ALS. The first devices will have periods of 3.9, 5.0, 8.0, and
13.6 cm. The first three are undulators and will be about 4.5 m long; the
13.6 cm period ID will-be a wiggler with a length of 2.5 m. The first of these
devices to be designed and .constructed will be the 5 cm period undulator, U5.0.
The examples used in the discussion of errors below will use the parameters of

this device [1].

We have chosen to use a hybrid configuration with vanadium permendur
boleé and neodymiume-iron-boron (Nd-Fe-B) permanent magnetic material to
achieve the maximum possible performance in terms of peak field strength.
Another advantage of the hybrid design is its reduced sensitivity to certain types
of construction errors. There has been considerable advance in the
understahding of these devices in the past five years. In this paper we use the
theory [2,3,4] developed by one of the authors to evaluate the effects of errors in
the alignment of the easy axis of the charge sheet equivalent material (CSEM)
on the magnetic fieids in the insertion device and thus on the electron beam
and on the synchrotron radiation that is produced. The reason for concern

regarding the effects of this characteristic of the material on device performance



is the observation of field errors localized in the region between poles in
devices such as the Transverse Optical Klystron (TOK) at the NSLS at
Brookhaven National Laboratory and the Beam Line X Wiggler at the Stanford

Synchrotron Radiation Laboratory [5]. : .

Discussion of error fields

The magnetic field in an ideal undulator at the path of the electron beam
has only a y component, “and the electrons oscillate around a straight line in the
z direction. There is no net ste:'ering because the integral of the field component
By along the.electron beam path is zerd. Real insertion devices have
.fabrication and assembly errors and are rmade with materials that have
properties which vary slightiy from sample to sample. ’The‘se'variations can
accumulate in a statistical sense and will cause the beam to deviate from a
straight average trajectory, leading to a reduced quality of the light produced [6].

The measure of the steering is given by the steering integral AS:

AS = [ By(z)dz
- (1)

where By is in Gauss (G) and z in cm. Each individual error: material, ,
fabrication, or assembly, will contribute to the total steering integral.

Superposition holds for the fields produced by small errors; thus, each error in

each half period can be calculated separately and the results combined as

needed for analysis of the devices.



We consider here the error field component in the y direction. The field
component By is assumed to be zero at the midplane because of symmetry, and
because an error field component parallel to a steel surface is very small as
long as the permeability in the steel is large enough. This imposes a boundary
condition on the field that suppresses the Bx component sffectively. One of the
major advantages of an hybrid insertion device compared with one made purely
from permanent magnet material is this intrinsic suppression of Bx and therefore

the skew quadrupole.

The pole! and the Nd-Fe-B blocks are shown in Fig. 1. The CSEM that
energizes the pole consists of six square blocks, which overhang the pole on
the sides and on the top. The overhangs were calculated using the three.
dimensional theory [2,3,4] and are essential to achieve the design field. The
blocks and the pole are held by an aluminum keeper, which is attached to a soft
iron backing beam in a multi period aluminum assembly section [7,8]. A cross

sectional side view of the device along the electron beam is shown in Fig. 2.

The minimum gaps of the devices under consideration are small
compared with the lateral (x ) width of the poles. The magnetic field within the
devices is therefore approximately two dimensional and can be calculated by
using two dimensional computer codes, for example POISSON or PANDIRA [9]
in which it is sufficient to use a quarter period model because of symmetry. A
consequence of the two dimensionality of the magnetic field is that the flux

related to error fields is approximately given by the product of the steering

1The vanadium permendur pole is sometimes referred to as as the steel pole.



integral and the lateral pole width wpgle:
A¢ = AS Wpo]e (2)

Error fields may deflect the electrons from their ideal path, resulting in a
serious degradation of the synchrotron light output and may even affect the
operation of the storage ring if the steering integral exceeds a certain value.
The steering in the ALS insertion devices is specified for these reasons to be
less than 500Gem [8]. These tight requirements can be achieved only if all

possible error sources are carefully controlled.

The tool for analyzing the impact of construction, assembly, and material
errors is a theory for the design of hybrid insertion devices devéloped by one of
the authors [2,3,4]. The ihe"oretical considerations result in formulaé that can be
used for calculating the net error flux across the midplahe of an insertion device.
The following paragraphs outline the major ideas of this theory using as an
example the error in alignment of the easy axis. The detailed discussion of
other error sources, using this theoretical framework, can be found elsewheré

[10].

Error Fields by Permanent Magnet Material Easy Axis Misalignment

An ideal block of permanent magnet material is magnetized in the z
direction. Real material, however, shows a distribution of the magnetization
direction around the ideal value. Typical materials show angular variations, a,

up to about +3deg.



An error in the easy axis orientation of a block of CSEM can be modeled
by charges on the top and the bottom surface of the block. The magnetic

charge density ¢ on these surfaces is given by:
o = Brsina (3)

where By is the magnitude of the remanent field in the CSEM, 11.1 kG for the
Nd-Fe-B that we intend to use. The charge sheet on the top boundary of the
CSEM, far away from the electron beam and from the steel backing beam,
produces a negligible contribution to the steering integral, whereas the charge

sheet on the surface next to the beam may cause a considerable effect.

Steering due to the easy axis misalignment in a CSEM block

having the same width as the steel pole

Magnetic charges cause two types of field: the direct field, which is
associated with flux that originates on the charges when all poles and the
midplane are on zero scalar potential, and the indirect field, which is due to flux
associated with changes in scalar potential of the steel poles caused by the
charges. The major part of the direct field is localized near ihe charge, as
illustrated in Fig. 3a, whereas the indirect field is distributed over a much larger
area (see Fig. 3b). The indirect flux is affected by the proximity of other steel

structures such as the backing beam.



Becéuse there are no magnetic monopoles, the total flux, direct plus
indirect, across any closed surface must be zero. Thus, the net flux across the
Vmidplane, that is, the sum of the direct and the indirect flux, is zero. However,
there can be a difference between the integrals of the direct and the indirect

fields along the electron path. This difference is the net steering integral.

The theory [2,3,4] predicts that the direct flux across the midplane can be

calculated by:

, V(r
Abdrect = f o —\(,ﬁdA
Surface 0 (4)

where V(rq) is the scalar potential at the location of the charge, Vg is the
potential of the midplane with all poles on zero scalar potential and dA=wpcledz
is a surface element of the CSEM block. The integration is over those block
surfaces that have a non zero surface charge. Assuming that the easy axis
error is constant throughout the CSEM block, the steering integral due to

charges on the CSEM surface closest to the electron beam is:

. V(rq)
ASq; = B,sina] —3qdz
direct r I Vo | ( 4a)

The integration on the right hand side of Eq. 4a is along the bottom surface ot
the CSEM.



The fraction of the indirect flux that is seen by the electron beam is
determined by the geometry of the magnetic structure. This portion of the flux
may be found by considering geometry dependent capacitances (analogous to
electrical capacitances). The capacitance between the pole and the parts of the
midplane diréctly under the pole is called Cr. The capacitance between the

pole and all other surfacés is called Cs. The total capacitance is:
Co = CF + Cs (5)

The total indirect flux is equal to the direct flux, therefore the indirect flux

across the part of the midplane directly under the pole is:

A¢Indirect = ’A%irwg—s - (6)

The capacitances are calculated using two dimensional computer codes.
The result of these calculations is that the capacitance ratio Cg/Cq for U5.0 is
0.62 at the minimum gap. Details of the capacity calculations are described

in [10].

The net steering integral is calculated from the net flux using Egs. 2

and 6:

Asnet = (1 '%5) Asdirect (7)



Effect of asymmetric errors

The previous discussion is valid for a symmetrical easy axis error, that is,
the error angles in the CSEM above the midplane and in the CSEM below the
midplane are equal. Typically the error in the CSEM above the midplane will
be different from that below. This asymmetric condition can be decomposed
into symmetric and antisymmetric parts, as shown in Fig. 4 (Note: The
symmetry characteristic of an ideal insertion device is such that a positive
charge above the midplane has an equivalent negative charge below the
midplane. This is the same condition as a symmetrical error). Only the
symmetric charge distribution produces field components that can steer the
beam. An asymmetric easy axis error with angle a produces the same steering

as a symmetric configuration with error angle o/2.

The integral of the scalar potential ratios in Eq. 4a can be calculated with
a POISSON run, with all poles on zero scalar potential and the midplane on
scalar potential Vg. A typical field plot of this scalar potential run is shown in
‘Fig. 5, where the upper half of a quarter period of the device is modeled. The
boundary conditions are set so that the scalar potential lines are perpendicular
to the side boundaries and parallel to the top and bottom boundary. The scalar
potential along the bottom surtace of the CSEM block, integ-rated over a quarter
period, is multiplied by two to evaluate the effect for a half period. The steering

integral due to the direct field is calculated with Eq. 4a:

ASgiread = 4329 %%Aa' (8)



where a is in radians (for small angles). The net steering integral for a
symmetric configuration is

Asm = 1645 Qr_g_dm- Ao (8a)

This result corresponds to equal lateral widths of the steel poles and the

CSEM blocks.

Steering due to the easy axis misalignment in segmented CSEM

blocks including the effect of block overhang at the side

The steering integral due to an easy axis error.in the center block is
different from that in a .side block because the direct field of a side block does
not influence the electron beam. The direct and indirect flux due to a

misalignment in the center block is:
-Adindirect = Addirect = ASdirect Wblock (9)

The indirect flux under the pole is distribut'ed across the entire pole width.

Thus:

_ Aindirect ¢ _ Whiock CF

Asindirect Wpole CO “ASdirect Wpole Co (10)
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The net steering is given by the sum of the direct and indirect

contribufion:

Asnet = ASdirect (‘l - _V‘\’I:;f: g% )

(11)
With wpole=8cm and wplock=3.5cm the net flux at the beam due to a

symmetrical easy axis error in the center blocks is +3155 Gem/rad.

Easy axis orientation errors in the side blocks only produce indirect field
-errofs at the electron beam position. However, the direct flux (and thus the
indirect flux also) of the side block is larger than that of the center block because
of the overhang. We take this into account by estimating that the effective block

width is about 50% larger than wpjock, resulting in

| = -ASgpe SE15 Woock _ 4751Gcm

This error, -1761 Gem/rad, is about the same as in the case when there is

only one CSEM block over the whole width of the iron pole.
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Results and Discussion

The importance of any construction error is found by comparing the
resulting error flux to the total ideal flux in a half period, 13060 Gem. An

acceptable error in each half period of the U5.0 undulator due to all causes is

" 0.25% (33 Gcm). Since the 0.25% must be budgeted among the various

indepéndent errors, it is convenient to determine the magnitude of each error
that will cause a 0.1% error in the flux. This corresponds to an asymmetrical
misalignment error of either 0.5 deg in the center block or 0.9 deg in a side
block. It is somewhat surprising that the effect of equal misorientation in all
blocks leads to a very small steering error of -367 Gecm/rad, whereas the two
dimensional case gave +1645 Gem/rad. The difference is due entirely to the

estimated effect of the block overhang.

The resulting requirement on CSEM material is much tighter than can be
met with the usual fabrication processes. Fl;om measurements reported else-
where [11] relating surface easy axis orientation ahd bulk moments we know
that the easy axis orientation is not uniform in a single block. Therefore, the
easy axis orientation at the surface (i.e. the magnetic surface charge

distribution) must be measured and the blocks sorted accordingly.
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Figure captions

Figure 1:
Figure 2:
Figure 3:
Figure 4:

Figure 5:

View of one vanadium permendur pole with CSEM blocks

Side view of a part of the device

Direct and indirect fields for a typical insertion device
D_ecomposition of an asymmetric charge distribution (a) into
antisymmetric (b) and symmetric (¢) charge distributions

Scalar potential field plot used to calculate the effect of construction

errors on the steering integral
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Scalar potential surface 'V=O

Bottom surface of CSEM

Scalar potential surface V=Vq_

Figure 5
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