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Abstract 

Theeffectofmagneticfielderrorsonthe brightnessoftheradiation 
produced by undulators in ELE’ITRA has been investigated by direct 
numerical calculation. The model has allowed the statistical variation 
in the intensity and position of spectral peaks to be studied as well as 
the effect of segmenting the undulator into a number of individually 
compensated sections. A comparison with an existing analytic theory 
is also made. 

Introduction 

Permanent magnet undulators will be the most important means of 
producing high brightness radiation in the next generation of low 
emittance storagerings such as ELE’ITRA [ 11. It is well known that the 
performance of such devices is limited, particularly for higher 
harmonic operation, by the achievable field quality [2,3,4]. Field 
errors, arising from magnetisation errors in the permanent magnet 
blocks as well as dimensional and constructional errors, introduce 
electron trajectory deviations and hence a variation in the phase of the 
emitted radiation that results in reduced brightness. 

In the following we examine the effect of errors in one of the 
proposed undulators for ELETI’RA [5] using a simple field model and 
a direct spectral calculation. Undulator U2 has a period of 56 mm and 
at minimum gap a K value of 3.4. At 2 GeV the device will produce 
radiation with photon energy tunable from 100 eV to 1 keV using the 
first and third harmonics. In these calculations a total length (LloJ of 5 
m has been assumed coresponding to 90 periods. The object of the 
study was to determine a specification for the required fieldquality and 
also to investigate the possibility of using higher harmonics. 

Error &I- 

In the following the real undulator field distribution is 
approximated by a series of half-sinusoids representing individual 
poles, with nominal strength BOand a random error assumed Gaussian 
with a standard deviation (3, BO. Half amplitude poles are included at 
either end in order to produce no net change in angle or position of the 
electron beam in the case of no field errors. Such a model clearly 
involves several approximations. Only field errors in the direction of 
the main field component are considered since errors in the orthogonal 
plane are generally much smaller, particularly in the hybrid structure. 
The field errors are assumed to be sinusoidal, localized to individual 
poles and uncorrelated. For the hybrid, measurements of the residual 
errors in one such device indicate that this is a good approximation [6], 
however data is lacking for the pure permanent magnet case. Finally, 
the field at the end of the magnet is represented in only a simple way 
- however calculations show that provided the number of magnet 
periods is reasonably large (N > 20) the resulting radiation spectrum is 
not sensitive to the detailed end field distribution. 

The electron trajectory in such a field lies in the horizontal x-z 
plane, and is given to a good approximation by : 
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The radiation quantity of most interest is the on-axis spectral 
brightness (flux per unit solid angle per unit bandwidth), which can be 
calculated by : 
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where @ is a phase function given by : 
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Fig. 1 Three sample spectra with the same rms field 
amplitude error 

Figure 1 shows the first harmonic spectra generated by three 
sample electron orbits in the U2 undulator, corresponding to different 
sets of random errors with the same standard deviation (1%). Note the 
large variation in performance: for a given magnetic field tolerance, the 
output is strongly influenced by the exact error distribution. A single 
case cannot therefore be representative of the general behaviour and a 
statistical analysis is needed. We decided to characterize each 
individual spectrum by the relative shift in frequency and normalized 
intensity of the peak. The statistical behaviour is then shown by 
histograms of these two quantities for an ensemble of undulators each 
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Fig. 2 Distribution of intensity and shift in frequency of 
fust harmonic peak for an ensemble of 100 undulators, 
uncompensated case, first harmonic (a, = 1 C) 

CH2669-0/89/OOW-1259$01.00~1989 IEEE 

© 1989 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material

for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers

or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.

PAC 1989



“0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Normalized Intensity 

20 . . . . . . . . . . . . . . . . ..‘l’.~........“.‘.‘..’ 

.020 , I I 1 I I 

7 
2 .015 - 
Y 
E 
g .OlO - 
E 
2 
D 

4 .005 - 
E 
LI 

.ooo 
-300 -200 -100 

2 
Pcml 100 200 300 

Fig. 4 Average trajectory deviation in an ensemble of 
undulators compensated in 1, 2 or 3 sections (oe = 1%) 
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Fig. 3 As fig. 2, compensated case 
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with a different set of errors. An example is shown in fig. 2. Although 
an average intensity and shift can be associated with a given error oa, 
it is clear that large deviations from the average are possible and that 
a nearly ideal spectrum could be obtained by a suitable arrangement of 
errors. Such variations are ignoredin the analytic theory of ref. 2 which 
derives only average results. The net shift in the frequency of the peak 
results from the effective finite observation angle of the radiation. 

To compensate for both the final position and angle error steering 
correction is required at both ends of the magnet. The compensation 
scheme can be easily included in the simulation by appropriate 
adjustment of the end pole amplitudes. Figure 3 shows the statistical 
distributions for the compensated case for the same ensemble of 
undulators as in fig. 2. It can be seen that the whole distribution shifts 
to higher intensities with an increase of the average intensity by a factor 
1.7. The position of the peak is also more well defined and closer to the 
ideal case since the average angular deviation of the trajectory is 
reduced. Thus compensation, which is necessary for the storage ring 
operation if a high degree of beam stability is required, also improves 
the emission properties of the device. 

&frmentation 

The results above suggest the possibility of segmenting the 
undulator into shorter individually compensated sections. This can be 
included in the model simply by overlapping the half-amplitude poles 
of adjacent compensated sections. Figure 4 shows the calculated ms 

displacement from the central axis for an ensemble of U2 undulators 
divided into n = 1, 2 and 3 sections. It can be seen that the average 
amplitude of the random walk is strongly reduced by segmentation, 
varying as expected as LI 3R where L =L /n. The accumulated phase 
error also reduces (fig. 5), being pro~ort&al to c,* at the end of each 
section and hence L,,*/n for the whole device. The resulting 
improvement in performance for the 3 section case is shown in fig. 6. 
There is an increase in average spectral brightness by a further 30% 
compared to the 1 section case and a narrowing of the distribution with 

Fig. 5 Average phase error for the same case as fig. 4 

fewer samples of low intensity, showing the interest of this technique 
as a practical way of reducing the effect of field errors. 

In the above no separation was assumed between sections. A 
separation introduces an additional phase error which depends on the 
exact fringe fielddistribution and hence varies with both the separation 
distance and the field amplitude (vertical gap) [7]. In the worst case of 
a phase difference of x (for 2 or 3 sections) the lineshape becomes 
double-peaked and the spectral brightness is reduced by about a factor 
of 2, as shown in fig. 7 (for n = 3). Also shown is the effect of errors in 
this case and it can be seen that the spectrum remains dominated by the 
phase error. This hase been verified for an ensemble of undulators also. 
Thus in cases where the brightness is important and is not dominated 
by electron beam emittance effects a separation between sections 
should be avoided. 
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Fig. 6 As fig. 2, compensated in 3 sections 
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Denendence of Harmonic Intensities with Field Error 

The average relative brightness of the fist, third and fifth 
harmonics of a U2 undulator as a function of the field error is shown 
in fig. 8, with the undulatorcompensated in n = 1,2 and 3 sections (with 
zero separation). For each data point an ensemble of 100 undulators has 
been considered. For the first harmonic the intensities for the different 
numbers of sections can be seen to depend on the quantity (0 */n) in 
agreement with the magnitude of final phase error. For the ?tigher 
harmonics however the improvement due to segmentation is smaller. 

As predicted [2], for a given error higher harmonics are reduced in 
intensity by a larger factor than the first. Figure 9 shows a comparison 
of the results for 1 section with the prediction of the analytic theory of 
ref. 2. The agreement appears to be quite good for the first harmonic, 
but the intensities of the third and fifth harmonic seem to be 
overstimated by the theory, a result that is not presently understood. 
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Fig. 7 Solid lines - ideal spectra of N period undulator in one 
section and in three sections with I[: phase error. Dotted lines 
- effect of field errors for one sample case (o,=l%) 
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Fig. 8 Variation of average intensity with field error for 
different harmonics (i) and number of sections 
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Fig. 9 Comparison of calculated average intensity (solid 
lines) with theory [2] (dottedlines) fordifferent harmonics(i) 

Conclusion 

The large statistical variation in peak brightness occuring for a 
given rms fielderror, that is ignoredin the existing analytic theory, has 
been highlighted. Some discrepancies between theory and the present 
results for higher harmonics have also been noted. Introducing 
additional steering elements in an undulator to reduce trajectory 
deviations can improve the spectral brightness, reducing the effective 
field errors by about a factor l/dn, where n is the number of sections. 
For the ELE’ITRA undulator studied, assuming separation into 3 
sections, an rms field error of 0.5 % can be specified which on average 
gives a brightness reduction of 25 % for the third harmonic and SO % 
for the fifth harmonic. 
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