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Abst~act 

II. is possible to pc-oduce la~ge magnetic fields 
at th~ apec-tuc-e of pec-manent magnet quadc-upoles, 
even when the magnetic apec-tuc-e is ve~ small. 
That, combined with theic- compactness, makes 
permanent magnet quadupoles ve~ powe~ful 
components of small apec-tuc-e linacs. Results will 
be pc-esented about past and pe-asant woc-k on both 
fixed U1d vac-iable stC"ength peC"manent magnets 
suitable foe- use in and aC"ound linacs. 

ll tnt~oduction 

While the acceptance of peC"manent magnet (PM) 
inseC"tion devices fo~ the geneC"ation of light with 
aynchc-otc-on light souc-ces and fc-ee electC"on lasec-s 
was ve~ fast and widespC"ead aftec-.theiC" initial 
introductionl,2, acceptance of PM multipole 
magnets seems to take some what longeC", even though 
the iron free PM multipoles we~e descc-ibed eaC"liec-
3,4 I will thec-efoC"e describe again bC"iefly 
both the genec-ic advantages of peC"manent magnet 
systems as well as the specific advantages and 
limitations of individual magnets that have been 
desc~ibed befoc-e. In addition, some concepts will 
be p~esented that have not been described in pC'int 
befo~e. 

2) Gene~ic Advantages of Permanent Magnet Systems. 

Fig. 1 lists the main generic advantages of PH 
systems. Of these advantages, I consider the first 
listad advantage the most impo~tant one, and I will 
therefore comment on it in some detail: If one 
scales all linea~ dimensions of an electC"omagnet 
and wants to keep the field stC"ength fixed 
eve~he~e. the cue-c-ent 'density in the coil has to 
scale inve~sely pc-opoc-tional to the lineae" 
dimensions, leading to insurmountable cooling 
p~oblems when the linear dimensions become smalle~ 
than a value that is specific foe- each geomet~. 

Strongest fields when small 

Compact 

Immersible In other fields 

·"Analytical" material 

No power supplies } · Convenience 

· Reliability 

No cooling 

No power bill 

Fig. l Advantages of PM Systems 

If one is foC"ced to C"educe the CUC'C"ent density in 
an iC"on free magnet, the field stC"ength will go 
down as a consequence. In an electC"omagnet that 
uses ic-on in addition to coils, C"eduction of the 
cuC"rent density can be made up by increasing the 
coil size.· HoweveC", that leads invaC"iably to 
increased satuC"ation of the iron. It is this 
combination of limitations of the cuC"rent density 
of the coil and the saturation induction of the 
iC"on that leads to a C"eduction of the fields that 
can be produced in such a magnet when the lineae" 
dimensions need to be small. Since the fields 
pr.-oduced by a PM do not change when one scales all 
dimensions, PM will always outperfoe"m 
electC"omagnets when the lineae" dimensions aC"e small 
enough. The size wheC"e this occuC"s is ve~ 
diffeC"ent for diffeC"ent geometC"ies. While the 
critical peC"iod length foe" a wiggleC" OC' undulatoC" 
is of the oc-deC' 30cm, the cC"itical apeC"tuC"e foe" a 
quadc-upole is of the ordec- l em. These numbe~s 
hold foe" anisotC"opic peC"manent magnet matec-ials 
(PMMl like SamaC"ium-Cobalt OC' Neodymium-IC"on-Boc-on 
with a ~emanent field BC' of the oC'dec- .9-1.1 T and 
a coec-cive field ~oHc ~ .9•Bc-, and the use 
of such a mateC"ial is assumed th~oughout this 
.,apec-. As will be shown in sect. S, switching to 
an "all permanent magnet" system. is not the only 
answec-: By using PMM judiciously in an 
electromagnet, its peC"formance can be upgC"aded to 
that of a PH system. 

3) IC"on Free PH Multipoles 

Even though iron free PH sextupoles are used 
5 because of the combination of compactness and 
field strength, quadc-upoles are discussed in more 
detail because it is the most frequently used 
membeC" of this family of magnets. Fig. 2 shows a 
schamatic cC"oss section of a segmented quadc-upole. 
The field at the aperture is given by 

(l) 

r1 and ~2 are inside and on outside ~adius of 
the magnet, and ~ depends on the segmentation and 
equals .94 foe- the magnet shown in Fig. 2 ( A 
complate and geneC"al set of foc-mulas for all 
multlpoles is given in C"ef. 4. The advantages of 
this type of magnet is the obtainable strength, 
combined with rathe~ small size, making them 
especially suitable as focusing elements in drift 
tube linacs 6. Even though some work has been 
done to develop quadrupoles of this type that have 
adjustable strength 7, implementation of these 
schemes is not easy. The~efo~e. this type of 
quadrupole has been used only in the fixed strength 
configut"ation. 



Fig. 2 I~on F~ee PK Quadrupole 
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While the harmonic content of thia type of 
IIIUltipole is vec-y good in p~inciple 4, matedal 
impe~fec t ions p~oduce vi~tually all harmonics. 
These field e~~o~s can be fai~ly easily .co~~ected 
if one designs the magnet in such a way that the 
individual blocks can be moved accu~ately and 
~ep~oducibly by small distances afte~ o~iginal 
assembly. The movements necessac-y to co~~ect a 
measu~ed set of harmonics can easily be calculated 
with the infot"'llation given in ~ef. 8. Fo~ the 
magnet not to change magnetic p~ope~t!.es with time, 
it is impe~ative to cycle its tempe~atu~e at least 
once to a value highe~ than the highest anticipated 
tempe~atu~a du~ing its life. 

Since funneling will be discussed at this 
confa~ence, it is app~op~iate to mention a somewhat 
unusual utilization of !.~on f~ae dipoles and 
quadrupoles. Fig. 3 shows a c~oas section of an 
eight piece segmented dipole. The field p~oduced 
by such a dipole is given by 
B a .9·B~·ln~2,~l• o~ Eo~ ~2-~l << ~. 

(2) 

and it can obviously be ·used as a septum magnet. 

Fig. 3 I~on F~ee PM Dipole 
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The pedot"'llance limitation of this septum .magnet is 
quite diffe~ent than the pe~fonnanca limitation of 
conver tional septa: The achievable field depends on 
the no eded septum thickness (~2-~l) divided be 
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the beam si:~:e (2n), not ·on absolute dimensions. 
In o~de~ to eliminate weak st~ay fields outside the 
dipole, one needs to attach a thin i~on sheet to 
the outside of this dipole. While ha~dwa~e has not 
been ·built, compute~ studies show that this septum 
magnet should pe~form ext~emely well. 

One can conside~ va~iations on this theme: One 
could, fo~ instance, use to the ~ight of the ~ing 
shown in Fig. J anothe~ ~ing. P~oducing with that 
~ing a field of opposite pola~ity, and placing its 
left most block on top of the ~ight most block of 
the ~ing shown in Fig. J leads, essentially, to a 
cancellation of the effects of these two blocks, so 
that one can leave them out altogethe~. This 
magnet has no septum at all, but a field ~egion 
whe~e the fields a~e badly disto~ted. The 
diffe~ence of the fields adjacent to this 
"immatedal" septum is twice the value given by 
equation 2. Anothe~ way to gain a facto~ 2 ova~ 
equation 2 would be to use a segmented quadrupole, 
p~ovided focusing in the bend plane is permitted. 

4) Adjustable St~ength Hyb~id Multipole 

In o~e~ to ~again the st~ength adjustability 
the elect~omagnetlc multipole p~ovides, the 
adjustable st~ength PM multipole was developed. I 
discuss again,as the ~ep~esentative membe~ of this 
family, the hybdd quadrupole. It uses ·both PM and 
i~on in the configu~ation shown in Fig. 4. The 

Fig. 4 Hyb~id Quadrupole 
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g~adient can be adjusted by ~otating the oute~ i~on 
~ing with the attached PMM, making this quadrupole 
suitable fo~ use in ddft tube linacs that have to 
accele~ate pa~ticles with diffe~ent mass to cha~ge 
~atios. Some p~ototype quadrupole& have been built 
10 They pe~formed as expected, and a quadrupole 
is being built at LBL that will be used fo~ life 
time testing by cycling the g~adient 100,000 lines 
(we hope) up and down. To cha~acte~i:~:e this type 
of magnet, the following comments a~e in o~er. 

A) Because i~on is used in this magnet, one 
cannot obtain quite the high g~adients that 
a~e possible with i~on f~ee PM 
quadrupole&. By using Vanadium Permendu~. 
ape~tu~e fields of 1.2-1.4T can be 
obtained, a significantly highe~ value than 
achievable with a small ape~tu~e 
elect~omagnetic quadrupole. Also, while 
not quite as compact as the i~on f~ee PM 
quadrupole it beats the elect~omagnet in 
this ~aspect also. 

l!-
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B) · The field distribution is controlled by the 
iron contour, and the value of the scalar 
potential on the iron surface shaping the 
field. One can assure that these 
potentials have the proper values by 
measuring carefully the PM blocks, and 
placing them accordingly. If possible, 
proper scalar potentials can be guaranteed 
absolutely by connecting the members of 
each pair of poles that has to be on the 
same potential by soft iron .. scalar 
potential buses .. at the end(s) of the 
magnet. The shaping of the pole contour is 
done essentially with the same procedures 
that are used to design the pole contour of 
electromagnet quadrupoles. 

C) This magnet is a good example of the 
practical importance of the simple way with 
which the magnetic properties of Rare Earth 
PM can be described: To design a magnet as 
shown in Fig. 4 properly, one has to choose 
correctly a large number of parameters. 
Although this is a matter of style, I do 
not see how one can come up with a good 
design in an acceptable time span without a 
set of essentially analytical design 
fomulas, using a .. number cruncher .. only at 
the ~accuracy level. Important is, of 
course, not only that set of fomulas, but 
the understanding these fomulas both imply 
and generate. 

Sl Laced Quadrupole 

Under some circumstances, the mechanical 
complexity and/or lack of speed associated with the 
field strength adjustment method inherent in the 
design described in sect. 4 may be undesirable. 
For that reason, an electromagnet that does not 
suffer the field strength reduction associated with 
small dimensions would be a desirable device. 
While undulators and wigglers with these properties 
have been developed ll, the underlying concepts 
were somewhat limited and application and device 
specific. The method of use of PKK in an 
electromagnet described here is, in contrast, 
applicable to ~electromagnet. To explain the 
concept, I use again the quadrupole as the most 
important member of the multipole family. 

Fig. 5 45" Section of Laced Electromagnetic 
Quadrupole 

Fig. 5 shows schematically a 45" slice of the 
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cross section of a quadrupole that uses both a coil 
and PM. In a conventional small aperture 
electromagnetic quadrupole, a lot of flux enters 
the pole in the region just beyond the shaped pole 
contour. For fixed current density in the coils 

.and fixed field at the magnet aperture, the 
resulting saturation of the iron increases as the 
aperture decreases. By placing PMK into this 
region, as shown in. Fig.5 and in the field line 
pattern plot in Fig. 6, this flux is dramatically 
reduced, making it possible to reach the same 
aperture fields quoted for the hybrid quadrupole. 

Fig. 6 Magnetic Field Pattern in 45" Section of 
Laced Electromagnetic Quadrupole 

This basic concept can, of course, be modified in 
many beneficial ways: one can tilt the PKK block, 
one can use a direction of the easy axis that is 
not parallel to the edge of the block, one can put 
PKK even closer to the aperture than shown in 
Fig. 5, one can put PM at the ends of the 
quadrupole, etc. In extreme cases (usually not in 
quadrupoles, but definitely in magnets like 
undulators/wigglers) it is e.ven necessary to have 
alternatingly several blocks of PMK and coils, 
hence the name laced electromagnet. 

That this type of magnet behaves like an 
electromagnet 'is clear if one takes fH•ds along 
the boundary of the magnet shown in Fig. 5 
Application of Ampere's law, and using I for the 
total Ampere turns in the part of the magnet sh~.wn 

in Fig. 5, yields 

(fHrdrl • I - CfH•dsl (J) 
ap iron 

This equation shows clearly that the presence of 
the PKK is felt only indirectly: the only term that 
i$ affected by the presence of the PKK is the last 
term, rep~esenting the loss of excitation due to 
satu~ation of the iron. The indirectness of the 
effect of the PMK does not mean that the effect is 
small: The field strength of a hybrid drift tube 
quadrupole can be improved by a factor 1.5, and the 
gain can be significantly larger for other 
structures. Since the iron is preloaded with 
magnetic flux gene~ated by the PMK, the saturation 
curve of the magnet is ext~emely asymmetric, 
allowing much higher fields in the "forward .. 
direction than in the reverse direction. While this 
does generally not represent a problem for drift 
tube quadrupoles, this effect can be quite extreme 
in other systems. In strong laced undulators, it is 
not even possible to turn the device off without 
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Fig. 7 Laced Elect~omagnetically TUned PM 
Quadrupole 

If it is undesirable to have to use a power 
supply tci energize the whole magnet, and if one 
needs to change the field strength over only a 
small range, and if mechanical adjustment as 
described in section 4 is not acceptable, one can 
use an electromagnetically tuned PM. Figure 7 
shows such a configuration, again for the specific 
case of a quadrupole. In contrast to the magnet 
shown in Figure 4, the outer iron ring with the 
attached PHM is not rotated. The field strength 
change is affected with the coil shown. 

6) PH Solenoid Ooublett 

Solenoidal focusing can be advantageous 
immediately following an ion sou~ce. While PM 
solenoidal focusing has been developed for electron 
microscopes 12, the kind of compactness that can 
be important foe- our- kind of application does not 
seem to be important for electr-on micr-oscopes. 

' _, 
I 

Fig. 8 PH solenoid Ooublett 
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Fig. 8 shows schematically the cross section of a 
compact PH system that acts like a solenoid 
doublett. The reason for laying this magnet out as 
a doublutt is the following: Since the integral 
over Hz on axis must vanish (Ampere's law), one 
might a~ well get focusing in the regions of both 
polarities of Hz· Computer runs show that one 
can get peak fields of the order lT as on axis, but 
hardware has not been built. 
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