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USE OF PERMANENT MAGNETS IN ACCELERATOR TECHNOLOGY:
PRESENT AND FUTURE*

KLAUS HALBACH
Center for X-Ray Optics, Lawrence Berkeley Laboratory, Berke]ey, CA 94720

ABSTRACT

Permanent magnet systems have some generic properties that, under some
circumstances, make them not only mildly preferable over e]ectromagnets,
but make it possible to do things that can not be done with any other tech-
nology. After a general discussion of these generic advantages, some
specific permanent magnet systems will be described. Special emphasis will
be placed on systems that have now, or are likely to have in the future, a
significant impact on how some materials research js conducted.

FOREWORD

Due to a large number of previous commitments, it is impossible for me
to find the time to write a paper before the deadline that describes in the
standard fashion the content of the talk that I gave at the conference.
While Dr. Sankar, one of the chairmen of this symposium, accepted this as a
matter of fact, he nevertheless wanted me to contribute something to the
proceedings. As a consequence, I proposed to write a paper in a very
unconventional manner that reduces the work involved significantly: After
an introduction, I will simply reproduce (most of) the viewgraphs I showed
in my talk, and give a detailed legend for each figure, but without
connecting text, hoping that this will trigger the memory of the audience
present at the symposium sufficiently to be useful. Dr. Sankar graciously
agreed to this proposal. Since this is an experiment of sorts, I would
greatly appreciate blunt comments, both positive and negative, from all
readers willing to contribute to this experiment.

INTRODUCTION

Even though it may seem that the purpose of this paper is the descrip-
tion of some very specific devices, that is not the intent. It is the pur-
pose of this paper to first explain some generic properties and advantages
of a class of permanent magnet materials, and then to explain a number of
very general design concepts that happen to be applied to components that
are used in accelerators. I will first describe general purpose components
(bend magnets, 1enses) that are essential for the operation of an acceler-
ator or storage ring, illustrated with specific examples. I will then
follow that up with an explanation of the functioning, and specific
examples, of special devices (undulators/wigglers) that allow accelerator
technology to serve other d1sc1p11nes, among them mater1a1s research.

* This work was supported by the D1v1swon of Advanced Energy Projects, U.S.
Department of Energy..



Fig. 1 Of the many
advantages of PM
systems, the one
ADVANTAGES OF PM SYSTEMS listed on top of
this figure s the
one that is usually
the most exciting.
The reason for the
: advantage listed on
- Compact top is the following:
When one scales
an electromagnet
- Immersible in other fields in all dimen-
sions while
keeping the mag-
netic field at
equivalent loca-

- No power supplies - Reliability tions fixed, it

_ is easy to see
that the current

- No cooling - Convenience density in the
coils scales

] inversely pro-

- No power bill portional to the
linear dimen-
sions L of the
magnet. Since
superconductors
have an upper

_ limit for

the current density j that can be carried, and dissipative coils have
an upper limit for j due to the need to remove the dissipated power, j
needs to be reduced below that prescribed by simple scaling when L
reaches a certain small value that depends, of course, on many details
of the magnet design. When j is reduced, the field in a magnet that
does not use iron obviously is also reduced, even if the total Ampere
turns are maintained by increasing the coil size. The same is also
true for a magnet using iron, since an increase of the coil size
invariably leads to a field reduction due to increased saturation of
the iron. PM, on the other hand, can be scaled to any size without
any loss in field strength. From this follows that when it is nec-
essary that a magnetically significant dimension of a magnet is very
small, a permanent magnet will always produce higher fields than an
electromagnet. This means that with permanent magnets one can reach
reqions of parameter space that are not accessible with any other
technology. The critical size below which the PM out-performs the
electromagnet depends of course on a great many details of both the
desired field strength and configuration as well as the properties of
the readily available PM materials. 1In the region of the parameter
space that is accessible to both technologies, the choice of one tech-
nology over the other will be made on the grounds of cost or conven-
ience, (main specifics: power supplies, power needed to run the
system, equipment associated with cooling) and in this arena permanent
magnet systems are often also preferable, but less so the larger the
smallest magnetically relevant dimension becomes.

The other advantages listed are self-explanatory, except for the meaning of

“analytical" material. What I mean by that is the fact that the magnetic

properties of charge (current) sheet equivalent materials (see Fig. 4) are

so simple that they can be described by very simple analytical expressions,
2

- Strongest fields when small

-“Analytical” material
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Fig. 2 After a

" powder, with'grains

equal in size to
ferromagnetic
domains, has been
oriented in a mag-
netic field,
sintered, and cooled
to room temperature,
it is exposed to a
strong magnetic
field parallel to
the crystalline axis
of the grains. Figq.
2 shows the result-

- ing magnetization

curve. It 1is
assumed throughout,
that the material is
never driven beyond
the knee of that
curve.

Fig. 3 Shows the
resulting B(H) curve
both in the direc-
tion parallel and
perpendicular to the
preferred direction,
commonly called the
easy axis. The rem-
anent field for rare
earth materials var-
ies between .8 and
1.2 T, and for var-
ious ferrites
between .3 and .35
T. The differential
permeabilities are
as small as 1.03 for
some materials, and
rarely larger then
1.15.
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Fig. 4 Shows that

- magnet properties

can be described, in
addition to "“frozen
magnetization" (Fig.
2) and B(H) curve
(Fig. 3), by an
anisotropic permea-
bility very close to
1, plus either an
impressed current or
charge distribution,
which, for the usual
case of homoge-
neously magnetized
material, corre-
sponds to current or
charge sheets on the
surface.

Fig. 5 Demonstrates
the easy axis rot-
ation theorem
(Ref.1), which says:
in an iron-free, two
dimensional system,
rotation of the easy
axis of all CSEM of
the system by any
given angle keeps
the magnetic field
strength everywhere
outside the material
fixed, but rotates
the field direction
by the same angle in
the direction oppo-
site to the rotation
direction of the
easy axis. This
theorem gives a lot
of insight that can
be used to great
advantage in the
design of systems.

e
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Fig. 6a To keep
beams together,

focusing is
necessary.

6b Magnets give more

. focusing than elec-

tric fields that are
limited by breakdown
when v/c >.03.

6c 2D scalar poten-
tial for useful
field distributions.

6d Classification of
magnet types.

Fig. 7 A doublet
assembled from
lenses of equal

‘focusing and defo-

cusing strengths can
always be made focu-
sing in both direc-

tions. ’



EASY AXIS
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PERMANENT
MAGNET
MATERIAL

Fig. 8 Using
“frozen magneti-

zation," and with it

" the linear superpo-

sition principle,
the question "what
is the optimum
orientation of the
easy axis of mate-
rial anywhere to
produce a given
field distribution?"
is a good question
that has a very
simple answer in the
case of 2D iron-free
multipoles (Ref.1).

Fig. 9 Material
with continuously
changing easy axis
orientation is very
difficult to make.
Therefore one uses
segmented multi-
poles, (Fig. 9 shows
a quadrupole.)
Material in each
block is homoge-
neously oriented and
magnetized in the
ideal direction for
the centerline of
block.
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2D dipele
son /LY.
B B, Anlm/n) 2w
CSEM Blocks
‘/l Easy Axis
1 Direction

Field

" dipole.

Aperture

Fig. 10 Gives the
field for a 20D
iron-free segmented
quadrapole and

M is the
number of blocks in
the magnet, and ry
and rp are the
inside and outside
radii of the magnet
(Ref. 1). Both
magnets can produce
fields larger than
By. When M is
reasonably large,
the loss of field
strength due to seg-
mentation is very
small.

Fig. 11 Segmented
dipole. This type

of magnet can also
be used to provide
the main field for
magnetic resonance
imaging.



' ‘EEX[::] B Fig.12a,b These are
' L two sextupoles that
<i:> <::> can be used for
@ @ electron cyclotron
resonance ion
Cf) o sources. The easy

axis rotation
@ @ theorem tells us
_ that both configur-
<::> ‘ations have essen-
<:j> ; tially the same
- fields. Configura-
tion b is preferable
because some plasma

will escape along
radial field lines,

@Z leading in case b to
i: <i:> heating of the

vacuum chamber

§E£§ between permanent

ZEE? magnet blocks, and

‘ 4 _ not right under them
as is the case with

i:jx Z::7 configuration a.

Fig. 13
Shows schematically

a PM quadrapole with

4+ 1 RON adjustable field

/ strength. In this

hybrid magnet, the

N dotted material is

. \-— PERMANENT soft iron. The
P MAGNET field distribution

MATERITAL is controlled by the
iron surface, thus
it is very insens-
itive to material
properties as long
as the permeability
of the iron is large
compared to 1. The
arrows indicate the
easy axis of the
CSEM. By rotating
the outer ring with
the attached CSEM
one can clearly
change the field

strength in the central region. 1 design such systems with a design code

that consists of an appropriately linked set of analytical formulas. This

is possible only because the material is “"analytical."




Fig. 14 Shows an
arrangement of soft

iron and CSEM to
serve as a multiple
beam focusing system.

Fig. 15

Shows schematically
a hybrid.dipole. - By
drilling a hole
through the whole
magnet along the
vertical center
line, one can
produce a strong
magnet that can,
under some circum-
stances, replace a
solenoid. However,
for this kind of
solenoidal field
magnet, the line
integral of H along
the whole vertical
‘centerline is,
because of Ampere's
taw, always ident-
ically zero.

BT E VT T ST T T U TN ST s s 0. 6,000 006t cscs o C
........ o s o e o e s e s s e s e e s eeeets




PERMANENT
MAGNET

MATERITAL
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my

Bo/k,,
c/e
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@) odd h.

Even

K>>1

Even

Fig. 16 Shows a
solenoidal field

doublet.

Fig. 17 Is a very
brief synchrotron

radiation tutoriatl.
17a Shows
schematically the
radiation emitted by
an electron
circulating in a
homogeneous field
which is equivalent
to the field in the
bend magnet of a
synchrotron or an
electron storage
ring. At any
instant, the
radiation is emitted
essentially in a
cone of opening
angle 2/y centered
along the forward
direction of the
motion of the
electron. =
energy of the
electron divided by
its rest energy, =
2000 for an energy
of 1 GeV.

10



-17b By providing a field that periodically changes direction, one can get
much more radiation, and one can change the field strength in this kind of
"magnet called an undulator (U) or wiggler (W) without affecting the
operation of the storage ring, thus allowing one to change the properties
of the radiation. ‘ .

17¢ The ratio of the angle between the extreme trajectory directions and
the natural radiation cone angle is called the deflection parameter K.

17d To understand synchrotron radiation better, it is useful to describe
the physics phenomena first in a coordinate system that moves with a
constant velocity that equals the average velocity of the electron in the U
or W. Assuming first a very small magnetic field, the electron experiences
a weak electric field, leading to a linear motion, which in turn causes
radiation to be emitted in the manner shown. Observed from the laboratory
frame, one expects to see the pattern shown on the right.

17e When the field becomes sufficiently large, the electron will not move
linearly any more, but executes a figure 8-1ike motion, leading to
harmonics which, when K is sufficiently large (K>3), leads to so many
overlapping harmonics that one is dealing with an essentially continuous
spectral distribution. 1In this case, the magnet is called a wiggler.

17f When K is much smaller than 1, (as described in Fig. 17d), only the
fundamental is excited, and it is quantitatively given by Fig. 17f. Ap

is the undulator period length, and e is, in this case, not the extreme
trajectory angle, but the direction of observation.

Fig. 18 This is a
partial list of

applications of
synchrotron
radiation. Even
. though U and W are
® Interface, thin films, and material used now in
sciences synchrotron light
sources, the
storage rings were
not specifically
designed to take

@ Element sensitive biology

® Chemical kinetics and photochemistry

® Atomic and molecular science advantage of the
) light that can be
® X-ray Lithography produced with U

and W. A new
generation of
synchrotron 1ight
sources is being
designed (with
construction to
start very soon)
that will take
advantage of the
properties of
modern permanent
magnel U and W.

11



Trace Element Profiles Along a Sample
Are Measured in Air with Part-per-Billion
. and Femtogram Sensitivities

{

Fe » | Example:
Iron concentration in a
photo-active blue-green
alga tiament

Counts

LBL Hard X-ray Microprobe 7,
SSAL. BL 6 %@
10 keV photons

X-ray Microprobe With Multilayer Mirrors for
Materials and Biological Studies

Muititayer mirrors

Whi o
ite Radiation (W/C, ~400X)

Synchrotron X-ray Beam

Scanning stage

Fig. 19 Shows one
example of the
application of
synchrotron
radiation: a
series of element
sensitive scans of
an alga filament.

Shows an
experimental setup
typical for the
kind of research
described in Figqg.
19.

12



Fig. 21 Shows an
— £4 — iron-free U/W.

The performance is
obtained by taking
- the performances
of a multipole,
and letting the
radius go to
infinity while
keeping the dis-
i tance between
{ poles fixed, thus
— T - l - T - leading to one
linear array. The
l complete U/W con-
sists of 2 such
arrays and its
performance is
given in Ref. 2.
The easy axis
rotation theorem
again tells us
, that blocks with
their easy axis parallel to the symmetry plane contributes as much to the
total field as the other blocks do.

Fig. 22 Shows

Hybrid Insertion Device configuration schem— aticaHy
with tield tuning capability. the crossection of
. an U/W that uses
Tuning Stud both soft iron and
(Steel) CSEM. Again, this
. ; . : magnet is not
: W T W?" Baci;ggimte nearly as sensi-
A ;;'Zz7i g ( : - tive to material
Bxi\ l' Q§L 1 properties as the
' ' ‘| REC Biocks iron-free U/W.
«| 1> ->/<—€:7 (Easy Axis Direction Shown)
1 /- Pole
V] § {(Vanadium Permendur)
<> 9/(— <17 1—
/] , 9ap
e G
7 TT7) a2
/
2 € 12>
/
]
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Fig. 23 Gives the

PURE CSEM AND HYBRID achievable fields

UNDULATOR /WIB6LER PERFORMANCE for the two types

FOR NdFe (Br=1.1 TESUS) of U/W described
so far.

HYBRID CONFIGURATION oL
-9 - Iy +
B=3.4ac ALZO8H3T 14

4

|

PURE CSEM CONFIAURATION
B=1895c” 5

FIELD, B, 1 1% ;
TESLAS i f‘\\ 1

\

R |
oz} e 1
! ; | :
s JES 1
o oz 0.4 0.6

GAP - PERIOD RATIO, ?;\

Fig. 24 In some
types of free

electron lasers
3 ) (i.e. synchrotron
radiation produced
by large arrays of
“fat" electrons,
i.e., bunched with
l1ight wave period-
jcity) a substan-
tial fraction of
the energy of the
electrons is con-
verted into light,
requiring an
adjustment of the
resonance condi-
tion (see Fig.
17f) due to the
changing value of
v. One way to do
that is adjustment
of K through B.

' Since one needs
to have a reasonable adjustment range for B, one would like to use an
electromagnet (em). This requires a quantitative understanding of the
field. 1imitation in an em U/W. From this Figure, showing a periodic em, it
js clear that one needs to analyze only 1/4 of a period in one half of the
magnet.

14
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Figq. 25
Shows 1/4 of a
period. Taking

the line integral
over H along the
path going from
the lower left
corner up into the
iron along the
left problem
boundary to a
point higher than
the coil, to the
right boundary,
down the right
problem boundary,
to the bottom
boundary, and then
left to the start-
ing point, one
obtains the upper
of the two equa-
tions. Ignoring
the saturation term

(if it's significant, the design is not useful), one obtains the expression

shown for the height Dy of the coil.

For a given desired field H and a

maximum “coolable" current density j, one obtains a Dy that is indepen-

dent of the absolute size of the device.

Since the flux going into the top

of the pole is proportional to both H and Dy, the iron at the top will
saturate very strongly if the width of the pole at the top (scaling with
the period length) becomes too smalil.

P{a% Ve W

|

NN

N\

Fig. 26 In
reality, satu-

ration will be
worse because of
the lateral width
of the pole, as is
clear from this
figure, showing a
plan view of the
U/W (with the beam
going from left to
right), with
fieldlines also
shown schemati-
cally. This
Figure also
suggests a solu-
tion: attach CSEM

1o the poles, with

the easy axis ori-
ented in such a
way as to put flux
into the pole in
the direction
opposite to the

15



Plaw view of PM agsisted em U/W/

AAR

™~

D

|
]
e

>— CSEM

BEAM -G - - - /

FERROMAGNETIC
POLE

-1——— COIL

\CNTAT

~1
=1
=

PAAb Y Loz mAGmerntnrina Covt
i

Fig. 27 Shows
schematically the

complete arrange-
ment. '

Fig. 28 Since the
CSEM pre-loads the
pole with flux
(i.e. with the
power supply off,
there is flux
going through the
pole because of
the CSEM) one
expects an asym-.
metric saturation
curve that allows
one to reach a
higher peak field
than is possible
without CSEM, and
this saturation
curve, taken from
a log book, shows
asymmelry as ex-
pected.

16
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High-Field Electromagnetic Wiggler (@ Fig. 29 Shows
schematically an
U/W when the con-
cepts outlined
above are carried
to an extreme,
leading to very
high field levels.

Fig. 30 Shows a
similar way to use
CSEM in an em, in
this case a quad-
rupole. Shown is
1/8 of the com-
ptete magnet, with
CSEM close to the
aperture region.

( /
/ Zcou.

LPERMANENT MAGNET MATERIAL

17
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Variably Polarized Radiation Can Be Generated with -—
Crossed Undulators In Low Emittance Storage Rings

Crossed ~ianar e

P Unagiaiors . : ,,.::

4 m%»m \
%%y S ‘%'*“’””%:—,; ( "

tionochromator

; ’ variable Phase Delay
/ (Electron Path Length tModulaior)

VANVA -
2 U \/_AV Z

X
) ) ey
1 L./ | “_‘1

Mechanical Modulation at i Hz
Magnetic Modulatior ai 10 xHz

Fig. 31 Shows a
field line pattern

in the magnet
depicted in Fig.
30. It is clearly
visible how the

" CSEM reduces the

flux density in
the pole, making
it possible to
produce higher
fields in the
aperture, to
reduce the size of
the magnet, and
making it less
sensitive to iron
properties.

Fig. 32 For some
applications it is
desirable to pro-
duce circularly
polarized syn-
chrotron radi-
ation, and the
system shown here
is a very clever
and elegant way to
do that; see
Ref.3. Looking at
the light emitted
by one electron at
a location just in
front of the mono-
chromator, one
will find two wave
trains with ortho-
gonal linear
polarization,
separated in time,
and each wave
train containing
the same number of

optical periods as the number of per1ods in each undulator. A monochromator
of sufficient resolution will increase the number of periods in each wave
train, making them overlap and thus produce circularly polarized light, if
the delay between the wave trains has been adjusted properly. By ad-
justing that delay in the way indicated, circularly polarized light of
either helicity can be produced.

18



a— Fig. 33 Another

N 449 \QS " method to produce
\\\ v circularly polar-
\\\ §§§ 7\ o ized 1ight is to
. L \5:::4/\§::j§/ produce synchro--
( ) ( ) N AN tron radiation in
= 7 3 ,,,, a helical magnetic
s ;;fj L field. A concept-
e /) L ually simple way
o /] /] S to produce such

fields is to use
short segmented
a. b. dipoles of the
kind described in
Fig. 11, with each
WITH HELICAL FLELP3 _ relative to its

next upstream
/ / / / / / / / /=GE,,,TE‘2 TRAJECTORY ne)i(ghgor (Ref.

[T 2).A still dif-

ferent method is
STEEL POLES to use the basic
‘ hybrid U design,
but excite the
poles not with the standard symmetry pattern shown in Fig. 33a, but the
antisymmetric pattern shown in Fig 33b. If, in addition, one arranges the
poles not perpendicular to the center electron trajectory but at an angle
as shown in Fig. 33c, such a magnet has helical fields of opposite helicity
above and below the midplane (Ref. 4) that could be used by stored electron
beams since they are always very small in the vertical direction.

REFERENCES

1) K. Halbach: Design of Permanent Multipole Magnets with Oriented Rare
Earth Cobalt Material, NIM 169

2) K. Halbach: Physical and Optical Properties of Rare Earth Cobalt
Permanent Magnets, NIM 187, 109 (1981).

3) K.J. Kim, A Synchrotron Radiation Source with Arbitrary Adjustable
E1liptical Polarization, NIM, 219, 425 (1984).

4) K. Halbach: Some New Ideas About Undulators, published in the
proceedings of the First International Conference on Insertion Devices
for Synchrotron Radiation Sources, SPIE 582, 68, 1985.

(Acknowledgement)
I want to thank Steve Marks for his assistance in preparing this paper in
what must be.a record short time.

19



LAWRENCE BERKELEY LABORATORY
TECHNICAL INFORMATION DEPARTMENT
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



