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SuRY

Iron-free, dipole magnets are used extensively as
steering magnets to correct for the bending, induced
by xtraneous magnetic Fields, of particle beams that
are being transported in vacuum. Generally, the
dipoles are long enough thal the space occupied by
the end conductors is small compared to tne owerall
magnet length, In a recent application, however,
this criteria did not apply. This has motivated a
reanalysis of the characteristics of a system of
sma'!l aspect ratio (length/diameter} dipoles that are
spaced at relatively large axial distances.  The
following observations and conclusions resulted from
this analysis:

1. Tne effective magaet lemath is a simple function
of the  avial conductor lengths, thewr  relative
orientation, and the magmet diampter,

2. The overall magnet strength is a funciion of
axially parallel conductors only.

3. ind conductors should be placed in 4 single
plan» nornal 1o the asrs at each ena of the magne!.

and  formed
reductions over

A, Flat wound
condt darahlo cost
wittd ng mathods,

magnats  lead  to
qore  conventiongi

rore

5. Iacreasing  the number of  turns yields
. finid

favoranle  poaer  supply  matching,  better
aniforeity, end more favorable heat dissipation,

6. Increasiag the mwnbor of and wpluening the ead
condactnrs provide a more favorable field profile at
the onds of the magnet.

The 3bove points are discussed in Lhis report. Some
faheication techaiques which are heing developed in a
prototyde magnet are also discussed,

HOTCS ON EQUATIDNS AND SYMBOLS

! have used pseudo-fortran line style equations
throughout this report for ease of reproduction on
standard word processing equipment, Integrals and
sumnations, followed by their limits, are spelled
out. Constants such as MUO and P are phonetic
spellings of their greek counterparts, 1 is
universaily designated as current and W as turns.
Indexed quantities are cnclosed by parenthesis and
paired by the letter J, Magnetic fields are prefaced
with 8 and all incremental values are prefaced with
D. Directional quantities are suffixed with the
letters ¥ or Z, 1 is univerSally designated to be
tha bean axis. Mathematical notations, with the
above exceptions, are as defined in fortran,
Although no specific units are expressed, consistent
units are implied.

FIELD ANALYSIS
Fig. 1A is a graphical representation of a

cross-section of the upper half of a classical dipole
magnet, The conductor profile is shaped such that,

94550

if Filled with many uniform current density elements
the following relationship holds.

(1) N{THETA)*I=N{0)*1+COS( THETA)
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FIGURE 1B
“COSENE" APPROLIMATION
This current distribution produces a wniform

transverse field at any location within the magnet
bore,

(2) BY=MUO*NI/(2%3)

Where fil is the integrated sum of the ampere-turns,
In practice this winding configuration is difficult
to achieve. A typical winding approximation is shown
in figure 18, The transverse field contribution at
the center bore for an iafinitely long curvent
clement would be:

(3) BY {J)=MUO*COS(THETA(J))/(2%P1*R)

The net field for all of the elements would be:

4)  BY (TDTAL)=2%MIOAT/ [PI*R)*SUM
(3=1 TG N)COS(THETA(J))

*  [awrence Livermore National Laboratory is operated by the University of California for the Department of
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Where N is the number of current elements per
quadrant, Seversl ratios of B(N)/B(COSINE) are:

N 10 2 30 40 &0

B(N)/B(COS) .9966 .9988 ,9%93 ,99% .9398
Thus a reasonable approximation (for at least the
center field) may be obtained with a relatively small
number of turns. Clearly, the field uniformity will
improve as the number of turns  increases
approximating the classical distribution in  the
1imit. Further, increasing the number of turns will
provide a larger surface area for a given power input
and improve the shmic heating dissipation,

FIGURE 2
EXISTING DIPOLE

Fig, 2 is a photograph of one half of an existing
dipale. Mote how the conductors at the ends are
treatod (wo will refer to overail construction later
in the report). For this magnet, the end conductors
utilize a considerable amouit of axial spiace. We
currently have an  application where the magnet
diameter is agproximately 14 in, and the length
16 in, and it is formed fron 60 to 70 turns of #12
AWG  (.0856) wagnet wire, I the magnet were
monglayer wound we would end up with axial current
elements ranging from 5 to 16 in. in Tlength.
Clearly, the cosine current distribution would not
hold for the majority of magnet. For this
application, wa have had to amalyze the effects of
the components--finite length axial elements and
their end returns.

EFFECTIVE MAGNET LENGTH

In this section we will derive equations to define an
effective magnet length for steering magnets used to
quide a2 beam on an axis only, The following
discussion does not apply to dipoles used for large
scale bending of particle beams!

For the purpase of this discussion, we shall define
"axial turns" to mean current elements parallel to
the beam axis and "end turms® as current elements
cuntained within a plane perpendicular to the beam
axis, In general, end turns as defined here, will be
considered to be in mirror pairs folded asbout the
mid-plane axis, but not necessarily in any particular
path configuration,

£4D TURNS

Simple symetry arguments demonstrate that on a line
perpendicular to the midpoint of a plane containing a
mirror pair of current elements, the magnetic field
on one side of the plane is equal and opposite to
that on the other, Therefore:

{5} Integral (-INF to +INF)B*DZ 20

For steering magnets, where the entire integrated
field lies on the line of action, the end turns have
no net affect on the overall magnetic rigidity of the
beam. This does not, howaver, discount the regional
field excursions near the end turns.

Further current elements at radii distant fram the
beam axis exert Jess influence on off axis particles
than those less distant.

The aboye implies that the end turns should be
brought up and away from the magnet, if possible,
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FIGURE 3

AL, ML TERE TLEMEST

AXIAL TURxS
Since ond turns have no overall affect on the
maguetic rigidity, axial turns must provide the total
magnet strength,  This congiderably reduces the
complexity of the problem, since the number of
productive wav: that axial turns may be placed is
minimal, Fig. 3 represents an infinitesimal line
element located at a radius, R, from the bean axis.
Using the Biot-Savart law to integrate the B*DZ
product along the beam axis from -INF. to +]NF,, the
following equations apply:

(6) 0B=MUO*J*DL*SIN(THETA)/(d*P1*R1**2;

where

{7) R1=SQR(R**2+71*2)

substituting for 2=J*DL, SIN{THETA)=R/Rl, and P=OL/R
(8) DB(J)=MIO*1%P(44P]*R*22(SQR(1+{ J*p)82))+3)
integrating

{9) Integral [J=-INF to +INF)DB*DZ=I)

(10) IL=MUO*I*DL/(2*PI*R**2)

For a given line length, L, the number of
;m:\:::u::l ]liinr:!ehg‘l::mm::ts = L/0L. The integrated
{11} Integral (B*D2)=MIO*]*/(24p]eRe%2)

The field at the axis on the perpendicuiar bisector
of the line is
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(12) BO=MUO* oL/ (4*PT*RESQR{R *24L**2/4))
The effective length of a magnets LEFF is defined by
(13) LEFF=NTEGRAL{B*DY)/BO=24SQR(RA*2+([*¢2/4))

Thus the effective length of a line element is simply
twica the hypatenuse of a triangle fermed by the
radius o the axis and half the axial Tength,

Sirce the dipole magnet is composed of 3 number of
finite lines, the effective dipole length is nothing
mgre than the summation of the product of the
indizidual  lings and  their contribution factors
dividad by the nuvber of elements. The maxinum
strongth magnet contains elements of the same length,
and tnis is possible only if the ends are turned up.
The cosine approximation is maintained for the fyll
Tength of the magnet in this case. Intreasing the
nynber of turns improves the impedence matching for
power supplies, since higher voltages and Jowor
currenls are desireable in  most  power  supply
apolications.

Refereing ta the conventional style magnat showt in
Fig, 2., 3 rusher of fabrication fextures used for
this =ainat ard worth consideration for improvemnent.
1. Tha conductors are placed in grooves which are
machined in half of a prefabriceted tube,

2. The end turns are placed ‘n bunched clustars in
a manaer which i¢ ardored as well as one could expect
fran 2 hand wound magnet,

3. Twe options for the tuhe used are limited,
Tither the Lube was machined from a stock size or
purchased by special order,

4, The lands between machined grocves becomes
extremely narros (hence fragile} for turns near the
edge.  This becomes much more pronounced as the
nyrber of turns increasa.

5. 1t is difficult to conceive of any simple
mechanized way 1o wind this magnat as it is now
constructed.

Each of the aboye contribute to the relatively high
cast for this magnet. A proposed winding technique
which simplifies the magnet fabrigation and
eliminates these problems is described below.

FLAT-WOUND, FOAMED, AND EPOXY STABILIZED DIPOLE MAGNET

One method of constructing the dipole magnets would
be to wind the magnet flat on a winding table,
maintaining the winding spaces by means of grooved
bars, The end turns could be wound around properly
spaced pins. The winding could then be rolied to the
propar radius, sandwiched between two
fiberglass-epoxy sheets with an  epoxy-fiberglass
paste filling the remainder of the void between the
sheets. The assembly could then be cured to form the
final rigid shapa,

One very difficult problem is encountered, How can
the proper relationship between the windings be
maintained, once the fixture is removed? We have
resolved this problem by encapsulating the conductors
between glass tapes saturated with a semi-flexible,
fast cure epoxy at critical Jocations before the
fixture parts are removed. The tape encapsulated
sections are kept to a minimum thickness by pressing
them between rubber faced bars during the rapid cure.

This system wWorks well if the end turns are
"unfolded" {not turned up), For this case, two
problems are cncountered;

1. The ond tuen configuration must be defined.

2. A flat winding scheme must be developed to allow
for the increased winding lengths required,

FIGURE 4
DIPGLE WD THRNC

FCLIED 40 Tkt

Fig, 4 35 a phola " how the turns might loox 2t the
ond of a dipgle [this phato allows approximately half
of the turns to b “foldad", i.e. turned up). These
Lurns were formed, in the f1at, foldad adbout 3 dregk
line, and subsenuently rolled zhaut the cylinger as
stiaan,  The peaxs and gags were 1atraduced by tie
mannier in which we Ji¢ that Tiat foraing,

FIGURE 5
FLAT MINDING TURNS

Fig. 5 is a phote of & flat winding which we feel
will give us better control over the final form of
the end turns, The winding length for each turn is
controlled by the previous turn and two appropriately
spaced pins. 1 have since defined the pattern for
the location of the pins, which lie on arcs (they
very nearly lie on arcs in the photo). This
arrangement ailows for placement of an encapsulating
tape at the center of the arcs for greater handling
stability during forming to the final configuration,

SONCLUSION

Short steering magnets, utilizing the maximum
available length for axial turns may be fabricated,
at reasonable cost, provided that the ends are folded
and the turns are increased to compensate for the
reduced overall Jength, The larger number of turns
further enhance the field quality and provide for
better impedence matching of power supplies,



ACKNOWLEDAEMENTS

I wish to thank the following people for their
contributions to this veport: R. K. Bulmer (LLNL),
for ihe use of unpublished notes, which were ysed
extensively in the analytical portion; P, L. Stephan
{LLNL), for the preparation of the toaling and
winding simulation; and ¥, L. Geile (Trend Techg. for
tooling design and preparation of prototype dramwings,

REFERENCES

1. Mott Souders, The Engineer's Companion, Wiley,
1965, pp. 218

2. John F. Livingood, The Optics of Dipole Magnets,
Academic Press, 1969, pp. S, 6, & 18.

3. Francis €. Gilbert, A Beam Inflector, LLAL, !
UCRL-5698. i
4. Richard K, Coopar, et al, A Method for the :
Design of Air-Core Magnets in Toryidal Geometry,
Particie Accelerators, 1971, Val, 2, pp. 325-334.

¥otic

™

This report was prepared as an account of work sponsored by the United States Government. Heither the Unttad
States nor the United States Department of Energy, nor any of their employess, nor any of thair contractors,
subcontractars, or their employees, makes any warranty, express or implied, or assumes any legal liability ar
responsibility for the accuracy, completeness or usefulness of any information, apparatus, product or procuss
disclosed, or represents that its use would not infringe orivate-owned rights.

Reference to a company or product name does not imply approval or recommendation of the product by the
University of California ar the U.S. Department of Energy to the extlusion of others that may be suitable.



[ [N

I ENAL

=

-

« T Ty A3 33 > T

- =

SR o

==l

oy —

Driogs, 1-321
Prown, 1 -514
Bubp, L-547
Sutier, 1-636

S, Penhoy, ©LI4
rom N I L3l
Kb ioher, Lt

. Tung, !.-514
Funtaine, 1-544
rank, l,~‘;"4

I, e oy, | ”;4
R, ! II»l‘_y, (R (;I)
F.oHester, |- )/1

Lo Hinkle, 1135

Yol o, | A
bk

il | el

Pallard, | 414

Sehlenser, 1-Uh4

CChohang A3

Dnite s oA

PYT1RIAL

A, C. Paul, BHEA 1058
Favaenee Boreley Pabaratory

Ted Mfantier, 1S =26
AN ‘Il “3
el

. A R Ry
Pas S as, A

0. B, ontguerry
)

Pranciy Sithor Tt Moot Tab
1Y Ty Steoet
oy e N
R.oJ. e
o ls Sitier St DM gnet Lab
R HPI
R
\



