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NEW PERMANENT MAGNET DEVICES 

R. Pauthenet 

Service National des Cihrunps Tntenses, C. N.R.S., 25, Avenue des Martyrs, 
166 X ,  38042 GrenobZe Cedex, France 

Resume : Apres avoir resume les propriet6s magnetiques des mat6riaux SmCo5 et ferrite 

pour aimants permanents, on decrit la m6thode de calcul de l'induction et la r6alisa- 
tion d'un hexapdle et d'un onduleur ; on expose quelques id6es sur la conception d'un 
systeme pour la production d'une induction tres uniforme. 

Abstract : The magnetic properties of the SmCo5 and ferrite materials for permanent 

magnets are summarized. A method of calculation of the induction and the realization 
of an hexapol and of an undulator are described. Some ideas on the concept of a 
device for the production of a very uniform induction are presented. 

Recently there has been a renewal of interest in the use of permanent magnets in or- 
der to produce magnetic inductions in specific equipments. It is a matter of fact 
that a permanent magnet is the simplest electromagnetic component, as it is made only 
of a magnetic circuit. However the magnetic induction which can be reasonnably produ- 
ced with permanent magnets does not exceed 1 Tesla and is more usually limited to 
between 0.1 and 0.5 T. These values of induction can easily be produced with electric 
currents in coils; but permanent magnets do have some advantages over coils : 
- Permanent magnets do not need any source of energy or any cooling fluid to operate. 
- The maqnetic induction is very stable over time; ~t fluctuates in an interval of 

- 3 
and decreases on the average at a rate of the order of 10 per year. 

- Permanent magnets permit a sometimes elegant reduction in the dimensions of devices. 

There are however some disadvantages : 
- It is difficult to vary the induction. 
- The magnitude of the induction is sensitive to temperature, the rate of variation 
being about per degree Celsius. 

During the last twelve years there have appeared very powerful permanent magnets, 
the rare earth-cobalt magnets, more precisely the samarium-cobalt magnets, with basic 
composltion SmCo5. The properties of these permanent magnets make it feasible to pro- 

duce some new and specialized devices. Baryum ferrite, with composition BaO.6Fe 0 2 3' 
or strontium ferrite with formula Sro.6Fe203 posses a magnetlc behavlour similar to 

that of SmCo5 with however smaller magnitudes for the characteristic values. 

I shall explain in the first part of this paper how a permanent magnet of SmCo5 or of 
ferrite materials works physically. In the second part, I shall present a method of 
calculation of the magnetic induction in devices made with these permanent magnets. 
In the third part, I describe some typical devices made with these magnets. 

I - SOME PHYSICAL PRINCIPLES OF THE FUNCTIONNING OF A SmCo OR FERRITE PERMANENT 5 
MAGNET 

It is well-known that inside a permanent magnet the induction vector B and the magne- 
tic field H at the same point on a line of force are in opposite directions. The cor- 
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responding point on the induction curve is in the fourth quadrant (Fig. 1). 

Fig. 1 - G e  (B,H) part of the induction curve in the fourth quadrant for SmCo 
Bao.6Fe 0 and ~l-~i-co permanent magnet materials. 5' 

2 3 

It is equally well-known, assuming the lnduction is constant in the magnet, that the 
operating pornt (B,H) is Such that the product B.H be a maximum. This condition called 
Evershed's criterion, corresponds to the maximum in energy density localized in the 
permanent magnet or to the volume minlmum of permanent magnet material for given con- 
ditions in the air gap of the magnetic cir~uitl'he(B.H)~~~product is an important qua- 
lity criterion of a permanent magnet. Some values are reproduced on Table I for mate- 
rials made of SmCo5 and Bao.6Fe 0 and, for comparison, for Al-Ni-Co, which is along 

2 3 
with ferrite the most used permanent magnet material. It should be noticed the large 
value of the (B.H) product for SmCo5 material, which is 2.2 times larger than for 

max 
Al-Ni-Co. The values of B and H for which the product is maximum are also indicated. 

Table I 

Other important values are the remanent induction B and the coercive force HcB rela- 
tive to lnduction (Table 1). The (B,H) induction cuFves (Fig. 1) show clearly two 
different kinds of behaviour. This curve is almost a straight line for SmCo5 and ba- 

Material 

Samarium- 
Cobalt 

Baryum 
Ferrite 

Al-Ni-Co 

ryum ferrite, but is curved for Al-Ni-Co. This difference is due to the large values 
of the coercive force HcJ, relative to the magnetization, of the SmCo5 and ferrite 

materials. Suppose a rectangular hysteresis curve for the magnetization J versus the 
magnetic field H. The saturation magnetization is equal to the remanent magnetization 
Jr, and the remanent induction is equal to QoJr. For materials for which Hc > J ,the 

;I r 
(B,H) curve is linear and HC = z. This is the case for SmCo5 and the ferrlte mate- 

B 

composition 

SmCo 

~a0.6Fe~0~ 

Ni Co Cu Fe 
8 14 24 3 51 

Br 
T 

0.85 

0.37 

1-35 

Hc kA/m 
B 

675 

255 

59 

(B.H)max k ~ / m ~  

BT HkA/m 

143 
0.425 337.5 

27 
0.18 155 

65 
1.15 54 

H A  . kA/m 

24 000 

1 200 

% 30 



rials. For materials for which Hc-. < Jr, the (B,H) variation is curved as for Al-Ni-Co. 

Without going into the details abaut the origin of the coercivity of SmCo5 and of the 
ferrite .materials,I wish to point out that the large values of the coercive force are 
related to the large values of the magnetocristalline energy. For the SmCo5 material, 

this energy corresponds to an anisotropy field H of 24 000 kA/m Qab. 1). As a con- 
A 

sequence the magnetization J of SmCo5 i.s strongly fixed to the easy direction of pola- 
rization of the magnet. If we now apply a SmCo permanent magnet with a field of for 

5 .  
example 400 kA/m, which is of the order of magnitude of the field produced by another 
SmCo permanent mzgnet in its vicinity, and which is sixty times smaller than the ani- 

5 
sotropy field, the magnetization J rotates at a maximum angle of 1 degree. We consider 
as a first approximation that under a current magnetic field, the magnetization is ri- 
gid. As a consequence for the superimposed induction the magnet material behaves like 
vacuum with permeability wo. In practice this approximates to two magnets with their 
directions of polarization separated by 90 degrees. These directions of polarization 
are unchanged. The superimposition of the inductions of both permanent magnets is a 
linear superimposition of the induction produced by each of them. It is not the case 
for Al-Ni-Co. This rigidity of the magnetization and the linearity property of the 
induction greatly simplify the computation of the magnetic induction in devices with 
SmCo5 permanent magnets. 

The same properties apply for ferrite permanent magnets, but the superimposed magnetic 
field must not exceed 120 kA/m. 

I1 - A METHOD OF CALCULATION OF THE MAGNETIC INDUCTION IN DEVICES WITH SmCo* 
FERRITE PERMANENT MAGNETS 

Most of the devlces are made of prismatic elementary magnets. Inside each of them, the 
magnetization is assumed to be uniform and equal to the remanent magnetrzation~ The 
field configuration created by the magnet is the sams as Ahe zonf iguration of a xis- 
tribution of surface amperian currents with density i = Jrh n. On the face of a rec- 

tangular parallelepiped of SmCo5 material polarized parallely to the long side of the 
face, the amperian current dens~ty is equal to 676 kA/m. This means that a SmCo ma- 5 
gnet of 1 cm height is equivalent to a loop circulated with a current of 6760 A and 
this is obtained without any current source. Incidentally this remark shows the great 
interest in these materials. The induction at the surface of the face perpendicular 
to the magnetization is equal to 0.425 T. 

The field configuration is al~o~equl~alent to that produced by a distribution of ma- 
gnetic masses with density6= J . n. The calculation of magnetic induction reduces 
to that of electrostatics. I userthis representation to calculate the components B x' 
B B of the induction corresponding to a rectangular surface (Fig.2), of sides 
Y' z 
2; and 2b, with magnetic masses + Jr: The rectangular frame of reference is at the 
center 0 of the rectanu-le. The Ox axls is parallel to the side 2a and the Oy axis to - - 
phe side 2b; the Oz axis is perpendicular to the plane. 

bo Jr (y+b) + J(x-a) + ( +b)2 +z2 ' . (y-b) + V(x+a) + ( -b) +z2 
Bx = + - z ly+bi+ Y(~+ai2+ (;+b)'+zz 

(x+a) + \l(x+a) + (y-b) ' +z2 ' (x-a) + G a l  + (y+b) +z2, 
I 

(x+a)+ v(x+a)'+(y+b)'+z2] 

(x+a) (y+b) (x-a) (y-b) 
BZ = - [WC tg z ~(~+a)~+(~+b)'+z' ' + tg z d(~-a)'+(~-b)'+z~~ 

- Arc tg (x-a) (y+b) - Arc tg (x+a) (y-b) 
z ~(x-a)'+ Cy+bl2 +z2- z ~(~+a)'+(~-b)~+z'l ] 
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Fig. 2 - The components Bx, B B of the induction B corresponding to a charged rec- 
Y' 

tangular surface with magnetic masses density + J . 
These expressions can easily be introduced in a computer and can also be written in 
another reference frame. The magnetic induction created in a device is then the linear 
resultant of thecontributionsof the different charged faces of the devices. 

111 - DESCRIPTION OF SOME DEVICES 

a. An hexapolar configuration in a magnetic lens of an Electron Cyclotron Reso- 
nance multicharged ions source (1, 2) . 

The magnetic field configuration results from the superimposition of an hexapolar con- 
figuration in a plane perpendicular to the axis of the lens (Fig. 3) and of a magnetic 

Fig. 3 : Sketch of the hexapole with permanent magnets 

bottle configuration along the axis of the lens. The magnetic bottle configuration is 
made with solenoids and thehexapolarconfiguration with samarium cobalt permanent ma- 
gnets. The corresponding device is made of six main parallelepipedic poles, respecti- 
vely north (N) and south (S), between wh~ch prisms of samarium-cobalt permanent magnets 
are symmetrically placed in such a way that the north pole of a prism is in contact 



with the lateral face of a main north pole, and likewise for a main south pole. The 
advantage of this arrangement is that magnetic masses are put on the lateral faces of 
the main poles, which are particularly efficient in their contribution to the magni- 
tude of the induction. A good approximation is to consider the 2-dimensions cylindri- 
cal problem. Calculations can be made in reduced coordinates. 

For a perfect hexapolar configuration the radial induction BC along the axis of a 
main pole and the tangential induction B along the symmetry axis between two main 
poles vary according to a (p/f 1' law, twhere is the radius and the maximum 
radius (Fig. 3). This law is ogserved up to p/po= 0.75 with an accur:cy of 3 O(Fig.4). 
~ o r p / p  = 1, B e =  0.8 T and Bt = 0.9 T. The real system has a radius of 36 mm ; 
the lenGth is 272 mm ; the height of a main pole is 67 mm and the width0 27 mm. 

Fig. 4 : The radial B and the tangential Bt induction versus the reduced radius B P/to- 

The assembly of permanent magnets is fixed with glue and clamps. The same performances 
with electric currents in copper coils need a power of several hundreds of kilowatts. 

K. Halbhach / 3 /  has developped a general theory for the 2n-poles configuration with 
samarium-cobalt permanent magnets assuming a 2-dimensions cylindrical symmetry. He 
demonstrated that if cfdesignates the azimuth of a radius, the exact 2n-poles configu- 
ration is realized when the magnetization vector of samarium-cobalt at any point on 
the radius makes an angle equal to nf with this radius. Such a continuous rotation of 
the magnetization is impossible to realize in practice ; the decomposition into seve- 
ral sectors uniformly polarized is a good approximation. 

b. The flux concentrator 

In the construction of the hexapole, we have used the principle of the magnetic flux 
concentrator. If one calculates the induction without prismatic permanent magnets ad- 
jacent to the main poles, the radial induction at the center of the pole face will be 
0.42 T ; it is 0.8 T when adjacent permanent magnets concentrate the flux in the main 
poles. 

c. The undulator /4,5/ 

A permanent magnet undulator 1s made of blocks of samarium-cobalt magnets (Flg. 5) ; 
each block 1s unlformely polarized ; the drrectlon of polarlzatlon rotates by 90' bet- 
ween one block and the next. The lnductlon on the axls of symmetry 1s very close to a 
slnusoid. The tralectory of the electrons curves back and forth and the electrons ra- 
dlate. Assumlng a 2-dlmenslons symmetry and an ~nfxnlte length of the undulator, the 
amplitude Bo of the induction on the axis in given by the expression 

B = 1.8 boJr. e-*g/h [I - e-2ffh'~] , 
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Fig. 5 : Sketch of a SmCo permanent magnet undulator 
5 

where is the period, h the height of the blocks, g the wldth of the gap and there 
are four magnets per period. For A = 6.1 cm, h = h/4 and g = 2.7 cm, the peak field 
is approximately 0.25 T. In practice the undulator comprises several tens of blocks. 

A variant has been proposed with the helical undulator /6/ : successive magnet 
segments with a dipolar configuration are rotated to produce induction of constant 
amplitude that rotates in a helical fashion. 

d.Some remarks on the production of a very uniform induction with permanent magnets 

The problem is of interest actually to produce an induction which is uniform within 
-5 3 

an accuracy of some 10 in a volume of the order of 30 dm . Such a field configura- 
tlon is necessary for the Nuclear Resonance medical imaging /7/. 

Consider a very long cylinder of permanent magnet material, of diameter 2a, uniformly 
polarized along the axis of the cylinder with magnetization J . A convenient shape for 
the volume, where the patient is introduced, is an oblate ell%psoid with axes ratio 
c/a = 0.5. We forget in a first approximation the apertures necessary to introduce the 
patient ; the presence of these apertures will not change too much our conclusions. 

The induction in the hole ~nside the ellipsoid will be perfectly unlform and equal to 
10 NJr !Fig. 6a), where N is the demagnetizing field coefficient along the c-axis.The 
result 1s an induction of 0.45 T for the SmCo5 materlal and of 0.19 T for the ferrite 
materlal. 

To reduce the length of the cylinder, an interestlng solution is to shorten according 
to a sphere of radius a (Fig. 6b) ; the induction inside the hole is still perfectly 
uniform ; however its amplitude is reduced to 0.165 T for the SmCo5 material and to 
0.068 T for the ferrite material. 

Sf we close the magnetic circuit with iron (Fig. 6c), the problem is not so easy to 
solve rigorously. However, if the relative permeability of iron is taken to be infi- 
nite, the.magnetization of iron at the surface of the permanent magnet material varies 
in such a way to annihilate the magnetic field at this boundary. P+n approximate and 
optimal solution is g'iven when there are no resulting magnetic. masses on the boundary. 
The induction is still uniform in the hole and the maximal induction will again be 
0.45 T with SmCo5 and 0.19 T with ferrite materials. In practice the permeability of 
iron is not infinite and the uniformity of induction in the hole will be pertubed. 

If 2a = 1 m, the weight of permanent magnet material will be of the order of 2,200 kg 
for SmCo5 and 1,500 kg for ferrite ; considering that the price of SmCo5 permanent 



I material 

Fig. 6 : Sketches of permanent magnet devices f o r  very uniform induction 

magnets i s  of t h e  order  of 2,500 F/kg and t h a t  of f e r r i t e  a t  l e a s t  20 times cheaper, 
it appears t h a t  t h e  reasonable so lu t ion  t o  bu i ld  such a device w i l l  be with £err- i te  
permanent magnets. In  t h a t  case,  a t  a reasonable c o s t ,  the  induction could be of the  
order  of 0.2 T. 

CONCLUDING REMARKS 

The deslgn of these  devlces supposed t h a t  a l l  permanent magnets were per fec t .  In prac- 
t l c e ,  the re  a r e  d ~ f f e r e n c e s  between them ; t h e  magnetlzatlon 1s not  p e r f e c t l y  unlform; 
the  volume IS not  p e r f e c t l y  p a r a l l e l e p ~ p e d l c .  On t h e  average t h e  magnetlc lnductlon 
produced by different permanent magnets of the  same shape can vary of f 3 % from one 
t o  t h e  o ther .  The so lu t lon  1s then t o  use permanent magnets a s  they a r e  and t o  make 
a r e p a r t l t l o n  of these magnets In t h e  devlce In  order  t o  r e a l l z e  t h e  b e s t  approach 
t o  t h e  c o n f l g u r a t ~ o n  t h a t  we want ; then we p e r f e c t  t h l s  conflgurat lon wlth a u x l l l a r y  
systems, whlch could be e l t h e r  permanent magnets o r  cur ren ts .  
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