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ABSTRACT 

Electromagnetic wigglers have serious performance limitations when the 

period needs to be small. After a discussion of the nature of these 

limitations, some concepts will be described that lead to DC electromagnetic 

wigglers with improved performance. This is accomplished by a better choice 

of the geometrical arrangement of the soft iron and the coils, and by 

judicious use of permanent magnet material. 
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1) Introduction 

It is quite clear from the development of the last few years that in the 

near future there will be a strong demand for tapered undulators/wigglers 

(U/W), and some of these will have to be quite long. While it will be 

necessary to make only small field adjustments once the exact details of the 

needed taper are known, during the development phase, adjustment of the taper 

over a fai rly large range wi 11 be necessary. In addition, it wi 11 probably 

always be highly desirable to be able to reduce the fie1~ level in selected 

U/W modules so that one can utilize ~iagnostic method~ other than magnetic 

field measurements for the determination of needed settings of steering, 

displacement and phase shift correctors. 

An evaluation of the suitability of a number of concepts starts in 

Section 2 with a discussion of two hybrid U/W with electromagnetic (em) 

tuning. While the hybrid U/W produces, for the relatively short periods of 

interest here, the strongest presently achievable fields [see Reference 1], 

hybrid U/W with em tuning are not well suited when a large adjustment range is 

needed. For a large adjustment range, the clear choice would be an em U/W if 

it were possible to achieve field strengths comparable to the fields 

obtainable with hybrid U/W. Since the reason for the field strength 

limitation of the em U/W still does not seem to be generally understood [see 

for instance Reference 2], this generic limitation will be discussed in 

Section 3. Of the two methods discussed in Section 4 that bring improved 

performance over the "straight" em U/W, one uses permanent magnet material 

(PMM) to increase the field level where the saturation of the high 

permeability iron limits the performance. This approach is carried to an 

extreme in Section 5, leading to a PMM assisted em U/W with a performance 

equal or better than that of a hybrid U/W with the same gap and period. 
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Even though all discussions are more detailed than the previous brief 

description of the basic concepts [see Reference 3] they are still meant to 

elucidate specific concepts in the purest possible form. For that reason, 

idealized systems, addressing a specific aspect of a complete system, are 

discussed in Sections 2 - 4, leading in a logical way to the concept of the 

strong em E/W described in Section 5. All considerations in this paper are 

concerned with the purely periodic part and aspects of U/W, since all 

performance limiting aspects show up there. The question, "How should one go 

into and out of an U/W?" is a separate issue. and will be covered elsewhere 

[Reference 4]. 

2) Hybrid U/W with em Tuning 

Figure 1 shows a schematic crossection of a hybrid U/W, but with the part 

of the PMM closest to the midplane replaced by a coil that makes it possible 

to tune the U/W electromagnetically. An unpublished analysis [Reference 5] of 

this U/W shows that if one needs a substantial tuning range, the peak field 

that is achievable with this U/W is seriously reduced. A problem of similar 

nature occurs in the U/W shown in Figure 2. This figure shows schematically a 

projection of the essential part of this hybrid U/W onto the "wiggle-plane". 

The poles that are suppo~ed to be on identical scalar potentials are connected 

to the two corresponding scalar potential buses. Appropriately placed 

correction coils allow the scalar potent·ials of poles, or groups of poles, to 

be adjusted. Small corrections, like electron orbit adjustments, can easily 

be implemented in this design, without loss of overall performance. 

Unfortunately, when one has an U/W with strong midplane fields and a 

significant taper has to be produced with the correction coils, the amount of 

iron required in the bus structure to avoid an intolerable level of saturation 

becomes prohibitive. 
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3) Limitations of "Straight" em U/W 

In order to analyze a periodic structure like an em U/W, one needs to 

understand only the upper 1/2 of a ~/4 - section as schematically shown in 

Figure 3. This figure shows 1/2 of a coil that has a full width °1, and 1/2 

of an iron pole that has a full width W. In order to show the limitations of 

this U/W with the simplest possible mathematical analysis, I look only at two 

dimensional (20) fields. It is also assumed that the iron has infinite 

permeability, but I restrict the average flux density at the top of the pole 

to the largest ~alue of 82 that is reasonable for the material used. The 

values for 82, the average current density j in the coil, and the dimensions 

h, W, °1, are considered given, and I want to know how large the magnetic 

field 8
0 

in the midplane under the center of the pole can be. The current 

required to produce the field 8
0 

can be expressed as 

(1 ) 

In this equation, fl > 1 is a number that can be obtained from 

analytical calculations that are not of great interest here. The total flux 

(per unit length in the direction perpendicular to the plane of Figure 3) 

entering the pole, and leaving it at the top, can be written as follQWS 

(2) 
1-1 j 01 02 . 

= B W f2+ 2' 0 ° /2 
o 01 2 

The second term on the right side of Equation (2) represents the flux 

associated with the linear increase (starting at the top of the coil) of the 

field in the coil. The remainder of the flux entering the pole is given by 
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the first term, with f2 > 1 again calculable with analytical methods. 

Writing Equation (2) more clearly as 

(3) 

gives a simple formula to evaluate the soundness of a given design. Solving 

. Equation (1) for °2, using that in Equation (3), and solving for Bo yields 

(4.1) 
Bo 

B2 . 2 = 
f2 1 +\/1 + l6B2/b 

(4.2) b = 110 j W . (01/h)2 . (f If 12 . 2 1 

If 

(5.1) l6B2 « b 

requi ring 

(5.2) 

one obtains the largest possible field 

(5.3) 

The right hand side of Equation (5.2) depends only on the relative 

dimensions of the U/W. not the absolute scale. Equation (5.2) therefore tells 
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us that with j being limited because of power dissipation, the performance 

given by (5.3) can be achieved only by an U/W of fairly large dimensions. The 

other extreme of achievable performance, 

(£>.l ) 

holds for an U/W with small dimensions, such that 

(6.2) -Vl~B2 « 1 

To give a reference point, for h/~ = .1B75 and 01/~ = .2B75, 

w/~, f1 and f2 are given by w/~ = .2125; f1 = 1.17; f2 = 2.35, 

and with B2 = 1.BT, 

b/16B2 = j~. B.B 10-B 

Measuring j in kA/cm2 and ~ in cm gives 

(7) ___ b_ _ j (kA cm-2) . ~(cm) 
16B2 - 113.7 

Equation (7), together with Equations (5) and Equations (6). shows that 

under most circumstances of interest. one will be close to the limit given by 

Equation (6.1). while the limit expressed by Equation (5.3) will rarely. if 

ever. be achievable. 

Unfortunately. real life is even worse. since the 3-dimensional (3D) 

fringe flux at the lateral end of theU/W increases the maximum field level in 

the iron beyond the level calculated above. 
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4) Methods to Improve the Performance of the em U/W 

In order to improve the performance of the basic em U/W shown in Figure 3, 

one can consider modification of the 20 crossection of the U/W, again ignoring 

3D effects. Figure 4a shows again the basic configuration. Figure 4b shows a 

similar configuration, using again only one coil with rectangular crossection, 

but also using a shaped iron pole. Figure 4c shows a shaped pole, but two 

coils of rectangular crossection are allowed. Figure 4d shows a 20 

crossection with a shaped pole, and a coil that fills the total space 

available for the coil. Each of these systems was optimized by shaping the 

pole in such a way that the average flux density in the shaped part of the 

pole has the constant value B2, and one free geometric length was chosen to 

give the largest field for given B2, j, h/~, 01/~'~. Using the 

same values for these quantities as in Section 3, and using j = 1 kA cm-2 

and A = B cm gives for Bo for the four cases shown schematically in 

Figures 4a - 4d: 

.313 T; .329 T; .362 T; .394 T 

From these numbers it is clear that while the field obtainable with a 

system as in Figure 4d is only 26% higher than that achievable with a system 

as in Figure 4a, to achieve this increase by increasing j in tha straight em 

U/W requires 2 kA cm-2, leading to an increase of the dissipated power 

density in the coil by a factor four. 

As stated above, 3D fringe fields of the lateral ends of the iron poles 

increase the field in the iron. Figure 5 shows schematically these fringe 

fields. If nothing is done to ameliorate the increased saturation of the iron 
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due to these fields, the performance of the em U/W can be seriously 

compromised. A very powerful method to overcome this problem is the use of 

PMM: Figure 6 shows schematically the iron poles of an em U/W with PMM 

attached to its lateral ends, surrounded by the coils. It should be noticed 

that while the fringe field decreases linearly over the length of the pole, 

the PMM adds an essentially constant, and strong, field into the whole area of 

contact between the pole and the PMM. For that reason, the net effect can be 

a reduction of the peak flux density in the iron to a value below that 

computed for the 20 case. 

A test section of a PMM assisted em U/W with the dimensions used above has 

been constructed and tested. In good agreement with theoretical predictions, 

the field level where a 1% field reduction due to saturation was encountered 

was increased from .185 T to .32 T by the use of Sm CoS blocks. 

A design and optimization of a system that uses both performance 

improvement methods discussed in this section has not yet been done. The 

reason is not a lack of confidence that such a system would be worthwhile 

investigating, it is more a question of priorities. The system described in 

the next section is, in this author's opinion, in many respects ,superior to 

such a system, provided one really needs the strongest possible em U/W. 

5) A Strong em U/W 

Figure 7 shows a schematic crossection of an em U/W with PMM assistance 

that combines the best aspects and avoids the worst aspects of an em U/W and a 

hybrid U/W. As in the hybrid U/W with scalar potential buses shown in Figure 

2, all poles that are supposed to be on identical potentials go to one side of 

the U/W and are there connected to their scalar potential buses. Similarly. 

the other poles are connected to buses on the other side of the U/W. The 
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poles and their extensions to the buses are shaped such that the crossectional 

areas of iron that are in close proximity and are on opposite potentials are 

minimized. The scalar potential buses are connected by iron bridges that 

carry the main excitation coils, with correction coils placed where wanted 

and/or needed. The main coils can be rather far away from the gap and can 

therefore be operated at a low current density. It is also clear that one set 

of coils can control the scalar potentials of as many periods as is desired. 

To increase the field level in the gap when saturation of the iron becomes 

. a ~roblem, PMM is placed between the poles, just as it is in a hybrid U/W. 

Under most circumstances it is quite important to design the PMM blocks such 

that locally they are wider than the iron part with the smaller local 

dimensions, as indicated in Figure 7. If needed, PMM can also be placed in 

the V-shaped region between the coil and the poles. 

For an U/W with the same geometrical dimensions as used in previous 

sections, and a tolerable field level B2 = 1.8 T in the iron, an analytical 

analysis of this system yields Bo = .6 T when using smc05 as the PMM. 

This compares favorably to theBo = .55 T of a SmC05 hybrid U/W that uses 

Vanadium Permendur with a saturation induction of 2.2 T. 

The derivative of the maximum field B2 in the iron with respect to the 

field Bo in the gap is, for this specific design, dB2/dBo = 15. 

Allowing the extreme case that IB21 ~ l.8 T, but a reverse in sign, one 

obtains a tuning range of .24 T where the field Bo is essentially 

independent of the iron and PMM, leading to a minimum field level of 

Bo = .36 T. This means that at field levels significantly lower than .36 T, 

saturation of the iron will be felt again and will lead to lower field 

quality. This is a specific manifestation of the general property of any 
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PMM assisted em U/W that the tuning range is less than twice the maximum 

achievable field. Under most circumstances, this is not a disablingly severe 

restriction since the available tuning range will be sufficiently large to 

enable one to perform the really important tasks, such as tapering the U/W, 

tuning it so that one can deduce from the synchrotron light spectrum what 

corrections are needed, etc. Whether or not Bo can be taken to Bo = 0 

without causing strong saturation of the iron depends on many details and will 

therefore not be discussed here. Similarly it is too early to discuss the 

details of the implementation of the excitation patterns of the poles 

[Reference 4] that are extremely useful when one wants to operate a tapered em 

U/W, or when one needs to change the excitation of a module of an em U/W used 

as a component of a synchrotron light source. 

It has to be pointed out that Figure 7 is meant tn show only the basic 

aspects of a seemingly promising new concept. It is, for instance, necessary 

to connect a-top bus magnetically to a bottom bus if one wants to make 

steering corrections. Details can be changed to get even better performance 

than indicated above. For instance, in Figure 7, the crossectional area of 

the iron that conducts the flux from the pole area to the scalar potential bus 

is shown to stay essentially constant. By increasing that crossection in the 

appropriate location, the magnetic characteristics of the magnet can.,be 

improved. Also, the basic concept shown in Figure 7 can be implemented in 

other ways. When access to the vacuum chamber, or a variable gap, is 

important, one would implement a magnet much in the way Figure 7 shows. 

However, a simpler construction is possible if the bridges with the coils are 

placed to the right and left of·the gap; one can construct such a magnet by 

using only one main coil, etc. 
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Figure 3. ~/4 Section of Straight em U/W 



-15-

o ® ® 
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