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ABSTRACT 

The Advanced Light Source (ALS) and other third generation synchrotron light 
sources have been designed for optimum performance with undulator insertion devices. 
The performance requirements for these new undulators are explored, with emphasis 
on the effects of errors on source spectral brightness. Analysis of magnetic field data 
for several existing hybrid undulators is presented, decomposing errors into systematic 
and random components. An attempt is made to identify the sources of these errors, 
and recommendations are made for designing future insertion devices. 
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1. Introduction 

The Advanced Light Source and (ALS) and other third generation synchrotron 
light sources have been designed for optimum performance with undulator insertion 
devices. The combined expectations of high spectral brightness, good harmonic out
put, stable and repeatable source size and position, and ease of tunability over a wide 
range of photon energies place a number of stringent requirements on the performance 
of this new generation of undulator insertion devices. Although the discussion in this 
paper focuses on storage ring synchrotron radiation sources and permanent magnet 
undulators, many of the conclusions also apply to other undulator-based radiation 
sources, such as the free electron laser. These requirements translate into tolerances 
for various kinds of field errors in the devices. In an attempt to understand the origin 
of errors in real undulators, an analysis of magnetic field data for several existing hy
brid undulators has been performed, decomposing errors into systematic and random 
components. This analysis reveals that the dominant field error in these undulators 
is probably due to the non-ideal properties of permanent magnet blocks, for example, 
non-uniformity of magnetization in both magnitude and direction. The data analysis 
also reveals some of the desirable features of the Halbach hybrid unduiator design[l] 
and leads to suggestions for improving the design of future insertion devices. 

2. Effects of undulator field errors 

Undulator field errors can be classified as either random or systematic. Random 
errors are generally any deviation from a perfectly periodic undulator field and are 
the result of non-uniformities in magnetic materials and manufacturing tolerances, 
and can have a variety of deleterious effects on undulator performance. Systematic 
errors can take the form of spatial harmonics in the undulator field, integrated field 
errors due to improper magnetic design, ambient fields, etc. Both errors can produce 
unwanted deflection or focussing of the electron beam in an undulator, leading to 
undesirable beam motion and changes in the electron optics of the storage ring. They 
can also cause a reduction in spectral brightness of the output synchrotron radiation 
beam due to distortion of the periodic electron trajectory in the undulator. An 
example of this effect is shown in Fig. 1 . The calculated on axis irradiance spectrum 
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(power per unit solid angle and frequency), shown in Fig. 2 , shows a considerable 
drop in peak height at the 5'* harmonic. (See Ref. [2] for details). 

One complication of the separation into random and systematic errors is that 
random errors may produce integrated field errors that are hard to distinguish from 
systematic errors, as will be seen in a later section. Another important criterion in the 
analysis of field errors is that the loss in performance depends strongly on the spatial 
distribution of the random field errors with err>u-s 'hat produce beam deflection or 
steering being much more important <-h,_t non-L "r > g errors[2]. 

The acceptable level of random and systematic errors in a given insertion device 
depends on the spectral performance required and the properties of the electron beam 
and the storage ring. As an example, the proposed ALS U5.0 undulator, a 4.5 meter 
long, 5.0 cm period device with 89 full periods, is expected to produce useful radiation 
at the 5'* harmonic. Using Ref. [2], this leads to a RMS error tolerance specification 
of 0.25 percent. In addition, the requirement that the electron beam not be displaced 
by systematic integrated field errors leads to tolerances on integrated dipole and 
quadrupole fields of 100 G cm and 25 G, respectively[3]. This level of performance is 
beyond the present state of the art for permanent magnet undulators. It is therefore 
important to assess field errors in existing devices to identify the most important 
tolerances to be controlled. 

3. Analysis of existing devices 

Magnetic field data for three different insertion devices were analyzed,, the LBL-
SSRL-EXXON beamline VI wiggler (BL VI)[4] the NSLS TOK undulator (TOK)[5] 
and the LLNL-LBL-SSRL beamline X wiggler (BL X)[6J . The BL VI magnet is a 
samarium-cobalt/vanadium Permendur hybrid wiggler, the first such device built, in
stated in 1983. Even though intended as a wiggler for use with a relatively large 
emittance electron beam, where the effects of field errors are less severe, the device 
has 'RMS random errors of 0.5 percent. The TOK undulator was patterned after 
the SSRL BL VI wiggler, but was intended for a laser harmonic experiment where 
error control and high-brightness harmonic output performance were the major is
sues. It was installed at the NSLS VUV storage ring in 1987. This neodymium-iron-
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boron/vanadium Permendur hybrid device also achieved random error performance 
of 0.5 percent or better. The most recently built device studied is the BL X wiggler. 
Installed in 1987, this is a high-field Nd-Fe/Permendur hybrid. Again, even though 
not intended for use as an undulator, it has a random errors of only 0.35 percent, 
making it an interesting candidate for this study. All these devices have mechanical 
drive systems allowing variable gap tuning of the insertion device field. 

Extensive magnetic field measurements were made on these devices[7] [8] and 
formed the basis for the analysis done in this paper. The reader should refer to those 
references for the details of the measurement systems used. Fig. 3 , Fig. 4 , and 
Fig. 5 show on axis measurements of the vertical field of these devices plotting B$(z) 
versus *. Bt is measured in gauss and z is measured in cm. These data were taken 
using precision Hall probe and translation stage systems for particular gap settings 
for each device, 16.3 mm for BL VI, 30 mm for TOK, and 21 mm for BL X. 

3.1 Fourier analysis 

It can be seen in the figures that the field profiles are non-sinusoidal, with the 
triangular shape characteristic of the presence of 3 r i , 5**, etc. harmonics. The sym
metry of the field map with respect to the s-axis indicates that even harmonics are 
weak, as required by the symmetry of the periodic magnetic structure. In fact, any 
strong even harmonic content in the data is an indication of a problem, possibly that 
the magnetic measurement system is not symmetrical in its response to positive and 
negative fields. The odd spatial harmonic content is a natural consequence of the pe
riodic magnet design. Small purely periodic field harmonics have only a minor effect 
on the radiated spectral output of the insertion device at a given spectral harmonic. 

As a first step in separating systematic from random errors, the Fourier transform 
of the data in Figures 3-5 is performed. A plot of the log of the magnitude of the 
Fourier spectrum of the BL X data is shown in Fig. 6 . The essentials of the process 
of producing this figure are as follows: multiply the raw data of Fig. 5 by a window 
function to suppress side lobe artifacts in the transform[9], interpolate possibly non-
uniformly spaced data onto a uniform mesh, pad with zeros, Fourier transform using 
the FFT algorithm, normalize the magnitude of the complex Fourier transform to unit 
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first harmonic height, and take the base ten logarithm. The windowing operation also 
tends to reduce the weight of the non-periodic fields in the end region. 

From the figure, it can be seen that the third harmonic is about ten percent of 
the fundamental, and that harmonics at least up to the ninth are significant above 
the noise. For smaller magnet gaps (not shown), harmonics up to the thirteenth are 
significant. The magnitude of noise level in the data seems to be at about the 5 x 10~4 

level, or about 66 db down from the fundamental. At this level there is no visible 2"', 
4**, 6'*, or 8'* harmonic, indicating a very low level of +/— measurement asymmetry, 
as mentioned above. 

There also seems to be a, slow variation in the noise level as a function of spa
tial frequency, with low frequencies up to about the third harmonic being enhanced 
somewhat. The spatial frequency content of random field errors is constrained by the 
fact that real fields must satisfy Laplace's equation in three dimensions. This results 
in a filtering or smoothing of random errors produced in the magnetic structure and 
measured on axis. Therefore, it is likely that the low frequency noise background is 
the Fourier spectrum of the random field errors, and that the high frequency noise 
represents the errors in the magnetic field measurements. The exact connection be
tween the Fourier spectrum of measured data and the possible spatial frequencies in 
field errors has not been fully worked out, but it might be used to separate noise in 
the measurement process from true field errors[10] . 

3.2 Curve fitting 

Once it has been determined via Fourier analysis which spatial harmonics con
tribute significantly to the data, a curve fitting procedure using non-linear least 
squares can remove these systematic periodic fields from the original data, leaving 
only the random field errors and the measurement noise. In addition, the fitting 
procedure can also fit parameters that should be known already, such as the relative 
phases of the harmonics, and even the value of the period of the magnet, AB, as a 
check of the overall measurement and analysis process. 

The results of such an analysis are shown in Fig. 7 , where only the fitting 
residuals, e(z), are plotted as a function of z. The residuals look quite random, with 
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no periodic components visible. As a check of this, the Fourier transform of the 
residuals can be examined. In this case, only broad band noise, with some emphasis 
on low frequencies as before, is observed. The large quasi-periodic residual between 
about 25 cm and 50 cm will be examined in more detail in a moment. Also observed 
is a rising fit residual at each end of the plot. This is the exponentially decaying 
end effect caused by the termination of the periodic magnet structure. In the fit, the 
non-periodic ends have been chopped off. 

For pure periodic signals it can be shown that least squares fitting of sinusoids is 
equivalent to Fourier analysis. Therefore, a Fourier filtering approach to the random 
error extraction process shouM also be possible. 

An expanded view of the region around the large quasi-periodic residual Been in 
Fig. 7 is shown in Fig. 8 . Here, the pole positions have been indicated by dotted 
lines. It is interesting that the peaks in the random field error seem to be between 
the pole positions. A similar effect is seen in Fig. 9 for the TOK undulator data. In 
this case, almost all of the peak values of the residual random errors lie between the 
pole positions. 

During the manufacture of this magnet, the lack of understanding of the source 
of observed field errors resulted in a great deal of effort to ensure that the poles were 
in the proper positions, with shimming performed to bring the pole tip surfaces for 
each half of the undulator into the proper planes to within a tight tolerance of ±2.5//. 
Only later were the data analysis tools developed that showed the errors to be mainly 
between the poles. 

Once this effect was discovered, and misoriented magnet blocks identified as the 
probable culprit, pole assemblies were rearranged to place large positive field errors 
next to large negative ones, thus introducing correlations into the random errors and 
approximately cancelling out large beam deflections. As is discussed in Ref. [2], 
such correlations reduce the effect of errors on the radiation spectrum. For the TOK 
undulator, this reduction was approximately a factor of five, resulting in an effective 
error of 0.1 percent RMS, even though the true RMS error was 0.5 percent. This 
extra rearrangement of pole assemblies resulted in the unusual correlated or quasi-
periodic appearance of the fit residuals seen in Fig 9. The Fourier transform of the 
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residuals in Fig. 9, however shows only a broad band spectrum, with no sharp periodic 
components, consistent with a truly random error. 

3.3 Integrated field errors 

The existence of integrated dipole, quadrupole, sextupole, and higher order mul
tipole fields in hybrid undulators is unusual, since, according to the symmetry of the 
magnetic structure, a properly manufactured hybrid device should possess no such 
integrated multipoles, and any such fields observed experimentally must be due to a 
field error of some kind. 

By integrated multipoles it is meant that as a function of transverse position, 
x (horizontal) (or y (vertical)), the field integral I(x) = jB(z)dz has a constant 
(dipole), linear (quadrupole), or quadratic (sextupole) dependence on x. A periodic 
hybrid undulator contains no real dipole, quadrupole, or sextupole fields but inte
grated fields can satisfy a 2-D Laplace equation, so an integrated multipole model 
makes sense. 

Certain kinds of design errors or manufacturing tolerances are known to produce 
integrated multipole errors. For example, if the steel backing beams of the top and 
bottom half of the undulator structure are not connected together magnetically an 
integrated dipole field is possible. Similarly, if the steel poles have tilt misalignment 
errors with respect to the midplane of the magnet, an integrated quadrupole field may 
be produced. If the ends of the periodic magnetic structure are not properly termi
nated, a quadratic, or sextupole, variation of field integral with transverse position is 
possible. In addition, imperfections in the active magnetic material can produce any 
of the multipoles described, both in a normal or rotated (skew) configuration. 

Integrated dipole fields can deflect the electron beam in the insertion device. This 
kick results in a closed orbit displacement in the stored electron beam. In addition, 
within the undulator itself, the normally straight electron trajectory becomes curved, 
something along the lines of the average curvature observed in Fig. 1. This curvature 
reduces the brightness of the radiated beam. 

Integrated quadrupole errors can change the horizontal or vertical tune of the 
storage ring or can introduce x-y coupling. In addition, if the electron beam is placed 

7 



somewhat off center in the insertion device, the integrated quadrupole error looks like 
a dipole and steers the beam. This results in a closed orbit distortion that can be 
larger than is accept able[ll]. 

In Fig. 10 is shown the variation of the field integral for BL X as a function 
of x. Note that the variation is not a simple constant, linear, or quadratic function. 
Also note that if one only looks near 2 = 0 that the linlar (quadrupole) term is quite 
large. It is clear that this behavior cannot be explained using the simple mechanical 
tolerance arguments given above. 

4. Location of Held errors 

We have seen in previous sections indications that random field errors are localized 
between the steel poles. 

4.1 Difference maps 

In an attempt to discover the origin of the unusual variation in field integral shown 
in Fig. 10, difference maps were calculated. In Fig. 11 is plotted the difference 
between two field measurements, ABt(z) s B9(x = +16mro) - B9(x = — 16mm), 
as a function of z. This analysis method does not depend on any particular model 
of the data in terms of spatial harmonics, but only depends on the stability and 
repeatability of the measurement system. The large peaks between steel pole positions 
are probably due to differences in non-easy-axis magnetization in the Nd-Fe blocks 
nearest the electron beam. If so, this is an indication that controlling this parameter 
of the magnetic material is important. 

The field difference map has relatively small values directly under the poles, con
sistent with the shielding properties of the steel poles against transverse fields. This 
is one of the major advantages of the hybrid undulator design over the previous all-
permanent-magnet design, where there is no steel structure enforcing uniformity of 
field boundary conditions near the electron beam. 

If one integrates the difference map in Fig. 11, Fig. 12 results. This shows 
that the field integral difference J AB9{z) is not localized in a particular region of 
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the magnetic structure, but instead builds up more or less uniformly as a function 
of z. This shows that the integrated field error variation with transverse position is 
not caused by one single bad block or peak in the difference map, but is distributed 
in a more or less randomly uniform way. This means that an attempt to correct the 
lateral variation of field integrals using some local correction method such as tuning 
studs or local mechanical shims is inappropriate. 

4.2 Integrated errors 

In the previous section it was suggested that somehow the variation of field in
tegral with transverse position was coming from fields produced by misoriented or 
non-uniformly magnetised blocks near the midplane. A method of quantifying this 
statement is to try to separate this variation into two pieces, one coming from under 
the poles ("in-phase") and the other from between the poles ("quadrature-phase"). 

If one multiplies the raw data shown in Figs 3-5 by sin2(2ir*/A*) and COS 2(2T*/A„), 

the two resulting data arrays represent, respectively, just the separation desired. In 
addition, the sum of the two arrays is just equal to the original data, so no information 
is lost in this separation. If one then computes the field integrals for each component, 
Fig. 13 results. This figure is fairly conclusive proof that fields located between the 
poles are the culprits in the unusual transverse variation of field integral for BL X. 

Fig. 14 and Fig. 15 show the corresponding plots for BL VI and TOK, re
spectively. For BL VI, the ratio of the two variations is not so great, but is still 
pronounced. For the TOK, the variation of field integral is only slightly greater for 
the quadrature-phase component, and, as seen in Fig. 9, the TOK has the largest 
RMS field error, with the error fields localized primarily between the poles. 

5. Summary 

The high performance expectations of the next generation of undulator-based 
synchrotron radiation sources place stringent performance and error tolerance spec
ifications on the insertion devices. In an attempt to identify sources of errors in 
permanent magnet insertion devices, a study has been made of three existing high-
performance hybrid devices. The devices were designed and built during a period of 
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over five years, but some design principles were common to all of them. The analysis of 
magnetic measurement data shows several things. First, there is an absolute necessity 
for the highest quality of magnetic measurement data to meet the tight specification 
tolerances of the new undulators. Second, existing devices seem to have most of their 
field errors, both random and systematic, located between the steel poles rather than 
either under the poles or uniformly distributed along the magnet. 

Some of the results of this analysis can be represented on a universal graph derived 
from the nemi-analytic theory of random errors in undulators given in Ref. (2], as 
shown in Fig. 16 . The solid lines F& • 0.7 and G& m 0.7 represent 70 percent 
performance boundaries. For points to the right of either line, more than 30 percent 
undulator radiation spectral performance loss is incurred. The vertical and horizontal 
axes represent combinations of the parameters of the undulator, with a being the RMS 
fractional field error, N the number of periods, n the undulator harmonic number, 
and K the deflection parameter. The solid dots on the graph represent the values of p 
and g for harmonics 1,3,5, etc. For more details, see Ref. (2). This figure shows that 
all the devices analyzed in this paper could function well as undulators producing near 
Ideal output at the first few harmonics. Some devices, although designed as wigglers, 
should work well as undulators, within the limitations imposed by the emittance and 
energy of the storage ring providing the electron beam. 

6. Conclusions 

In considering either the field errors (fit residuals) alone or their integrated effect, 
the imbalance between in-phase errors and quadrature-phase errors means either that 
the errors between the poles have resulted from an uncontrolled parameter in the 
design of hybrid magnets, or that the tolerances on pole positions and other errors 
arising under the poles lias been overly conservative, considering that most of the 
total error is coming from another source. 

It is possible that the relative in-phase and quadrature-phase field integral varia
tion is influenced by other differences among the devices studied, such as the gap-to-
period ratio, g/K, the pole width-to-gap ratio, the pole thickness-to-period ratio, and 
the detailed angular and spatial distribution of misoriented blocks. In addition, some 
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of the variation of field integral may be due to the design of the end poles of the mag
nets and have nothing at all to do with field errors between the poles. Since the field 
integral variations seen in these devices represent fairly large integrated quadrupole 
and sextupole effects, it is clear that more experimental and theoretical work on the 
effect of magnetic material errors on hybrid undulators is needed to quantify these 
effects. 

The design methods for hybrid insertion devices have, in the past, placed more 
emphasis on the control of pole dimensions and positions and on the matching of total 
magnetic moment of magnet blocks on each pole than on the control of errors due to 
misaligned or imperfect blocks located near the midplane. This has resulted in the 
present high level of performan- - in existing hybrid devices. 

However, it is clear that more emphasis needs to be placed on the control of 
the dominant error in the devices, the quadrature errors. These errors have a di
rect steering effect on the electron trajectory, and hence cause radiation performance 
loss. The errors introduced by improper choice of total magnetic moment, however, 
have an antisymmetric character, producing no steering of the electron beam, and 
correspondingly little loss of output performance. 

Recently, measurements on surface fields produced by non-easy axis misoricnta-
tion and magnetization non-uniformity in Nd-Fe blocks have been performed[12] . 
These measurements must become part of the block sorting and selection process in 
new insertion device designs. This is the same problem, but on a different scale, as 
that facing the designer of pu»e permanent magnet insertion devices. In hybrid de
vices, the precision periodic array of steel poles provides some shielding of error fields 
and enforces certain field boundary conditions, making certain block errors invisible 
to the electron beam. 

Another area for future work is the possibility of designing a magnet with error 
control as the primary design criterion, sacrificing peak field performance for smaller 
errors. 

There is therefore an opportunity to dramatically improve the error performance 
of hybrid insertion devices by controlling the quadrature-phase error, while at the 
same time possibly relaxing somewhat the tolerances on in-phase errors. 
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FIGURE CAPTIONS 

1. Numerical simulation of random field error effects on the electron trajectory 
in an undulator with K = 2, N = 50, and o = 0.005. Here three different ran
dom number seeds have been used. The vertical axis is electron displacement 
normalized by the natural undulator oscillation amplitude, a = XuK/2ny. 
The horizontal axis is z/ku. Presented in this way, the result is independent 
of A» and 7 in the large 7 limit. The solid curves are the 1 - a envelopes of 
a large number of random trajectories. (See Ref. [2] for details). 

2. Calculated on axis irradiance spectrum (power per unit solid angle and fre
quency) for the central electron trajectory shown in Fig 1. Here, ui\ is the 
frequency of the first harmonic in the undulator spectrum. The loss of rela
tive intensity at the 5'* harmonic and the appearance of normally forbidden 
even harmonics on axis is caused by random field errors. (See Ref. [2] for 
details). 

3. Bt(z) vs. z measured on axis for the BL VI wiggler. 

4. Bt{z) vs. z measured on axis for the for the TOK undulator. 

5. Bt(z) vs. z measured on axis for the for the BL X wiggler. 

6. The log of the normalized Fourier transform magnitude of windowed BL X 
data from Fig. 5. 

7. Fit residuals for least squares fit of the central section of the BL X field 
data. The residual errors look quite random, and have an RMS value of 0.35 
percent of the main field. 

8. An expanded plot of the BL X fit residuals for the quasi-periodic region 
shown in Fig. 7. The dotted vertical lines represent steel pole positions. 
Note that the fit residuals are large in the regions between the poles. 

0. Fit residuals for the TOK undulator. Note that most of the residual peaks 
occur between the poles of the magnet (denoted by dotted lines). 
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10. Plot of field integrals for BL X as a function of transverse position. Note that 
the variation does not follow a simple quadratic polynomial. This means that 
an integrated multipole description of the field is of limited value. 

11. Plot of the difference A2?y(z) for BL X (see text). The dotted lines are the 
steel pole positions. Note the large number of peaks between pole positions. 

12. Integra] of field difference map shown in Fig 11. Note that the field integral 
difference is not localized at any one place in the magnet, but builds up more 
or less uniformly along the length of the device. 

13. Plot of the total, the in-phase, and the quadrature-phase components of BL 
X field integral. An arbitrary constant background has been removed from 
the in-phase and quadrature-phase components so as to fit all three curves 
on a single plot. Note that most of the variation in field integral comes from 
between the poles. 

14. Plot of the total, the in-phase, and the quadrature-phase components of the 
BL VI field integral. Again, an arbitrary constant background has been 
removed from the in-phase and quadrature-phase components. 

15. Plot of the total, the in-phase, and the quadrature-phase components of 
the TOK field integral. Again, an arbitrary constant background has been 
removed from the in-phase and quadrature-phase components. 

16. Universal performance graph showing error performance of the three devices 
analyzed in this paper and the proposed ALS TJ5.0 undulator. derived from 
Ref. [2]. The two sets of points for the TOK correspond to the cctval RMS 
error of 0.5 percent and the effective error of 0.1 percent, accounting for 
deliberately introduced error correlations. See text for details. 
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