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An example of a 20 gsectorMark I b FFAG betatron is
described, showing that for a circumference factor of
four, reasonable O values result. The producfion of
the required magnetic fields is discussed, pointing up
the problem of high current densities in the backwound
pole face copper.

The results of MURA-LWJ-EMT-2 sre used to calculate..
possible parameters for an FFAG betatron below.

Starting with NZ_ QOJ g = % 5 M=5 and

no straight sections, the following parameters were

determined from the expressions of II and ITII.%
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For a betatron operating with a maximum guide field
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of 10,000 gauss, three sets of numbers were found
corresponding to 100, 50, and 25 Mev maximum energy.
The subscript L refers to injection values, o refers

to maximum energy values.

K.E.o 100 50 25 " Mev
KEL 50 35 25 " Kev
Ho 10,000 10,000 10,000 " gauss
Hi 33 33 33 ' gauss
R, 130 65 325 cm.

L 98 19 2.5 cm.
€o 33 16.5 8.25 " em.

L 25 12.5 6.25 em.
AR’=R;PL 32 16 8 cm.
5:0 25.5 12.75 6437 cma
Spo 158 7.75 . 3.87 em.

For a betatron accelerating electrons at the
velocity of light at constant radius R, the flux change
through the orbit, A é , required to give an electron

on energy E 1s given by
saib b &
& é; 30C 2
where R is meters, E is in Mev, and & j? is in webers.

The above 100 Mev and 25 Mev designs could operate with
a 25% duty cyecle if used with the cores of the existing
320 and 80 Mev Illinois Betatrons. Stralght sections

were introduced of lenth, 1, such that
S,""S&"-Q_‘Q— at y
— = 31

fi *'555.

in the previous designs.
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For the same values of R, the arc lengths S, and 5_7_
were conslderably shortened.
From the expressions of section IV in MURA-LWJ-KMT-2

the following parameters were found.

Me = S = _;-;_ sk

M =8Lx5=378 tan o =.304
HE

(s _LL_xs 985 =5.4 g-m

O,= 107.6° = & 1 v =

g =" ¥ Iy ¥ 5

This rather large straight section had the effect
of bringing:the Os closer together, as the larger
circumference factor would indicate. Since the addition
of the straight sections would require a smaller radius
of curvature for the same R, maximum fields of 13,000
gauss would be required to reach the energies indicated.

Pole Contours and Backwindings

In the two dimensional approximation a potential
function which gives a field of the form
H=Ho (&)
== o £
is (reference 1)

V(R, D) = Hefe @)Mcsfa"n(mﬂw

For vertical displacement from the median plan

’9’<< )?
\/:31F? iéﬁs % f4<:f?o (%;L ),Wt::;fr](%4C?+h)7%:

If the field fall off is to be accomnllshed entirely

with iron contour with no current backwinding, the gap
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spacing becomes very large, since
2 =2 Ho
7° H

The field inside the large gap regions would become very
distorted at the ends of sectors if the gap spacing is
comparable to tﬁe spacing between sectors, and distorted
within the sectors if the spacing is comparable to the
'“sector lengths. Although such "end effects" may not
have a strong effect on the Cs , thig must receive

more theoretical and experiﬁental attenﬁion if and when
a design is seriously coqijdered.

Since H=VV and é H ‘a_é =I , backwound currents
distributed in a thin layer on a pole surface will
produce any desired potential function V in the gap if

(V\/)s = %}% 5
where 1is along the pole surface. Current backwindings,
in thin layers or not, can be considered to change the
potential of the iron by an amount

AV =AT,
where AT is the amount of current crossed. To drop
the field to zero,

AV =\s=13
i.e. the entire current must be backwound.

The backwinding can be accomplished simply in two
ways. One may use discrete increments of current
separated by exponential pole pleces (as mentioned in
reference 1), or flat (parallel) iron poles with

current distribution given by

4% = (VW
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For f4(: +")'T?' Z Z 1W’ . :[' = \//'2 }4 2%
Mc

V=H, Z(%W T2t/

The field may be controlled by iron pole contour from
the region of highest field (at Ro) to a redius R,
where the field has fallen a factor of 3 to 10, and then
the pole surfaces remain parallel and current back-

wound for RCQ . If Z is the pole spacing,

eT)Mc R, >R>Q

| (Mc-1)
—C—Ji =L. ‘%%’ (‘%) R<R,

d?c

CJI as should be the case. .
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9
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so that the current density is the same as if all the

AtR)?

current were distributed over

AR= 2L

Magnet Parameters

For the design figures given in above for a 100 Mev

20 sector Betatron, the following magnet parameters are

givena: Qo - 130 p—
M= 5
C = 3.9a5
H = /0,000 gmilse‘
° 5. 26cm (ZetEtawd ot R-Rs
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Z =25 cm at R=R,
< Z
( g = | =,o L) MC=I9»LD
|

=
(%?_.)‘q:‘ }Ojc %2. 2 let B
MR, = 5 am,

Assuming ne él gible iron reluctance, '
_l:o T g\f+o c 9
where IO is in ampére-turns, j?o in centimeters, and HO
in gauss. For the above,
Io = OO0 ampere turns (above the médian plane).

If backwinding is used on parallel pole surfaces

beginning at K= fﬂ, the initial backwound current density,

dl I MC _ 20060 (/9 b) 3,_/OamE, ‘fur-ns
.2 F?I /15

If the copper layer 1s to be thin, a significant cooling

problem arises. Copper could be imbedded in the iron,
requiring some shimming.
The total flux per unit length cerried by the return leg

of the megnet is given by

J - S °Hd R = Heffe

MC ¥+ |

The thickness of the return leg must therefore be
J\o
MC + |

if it is to carry a maximum field of Ho. For the

above parameters,

Ko = L.3 cm.
MC + |
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Conclusions

The Mark Ib appears to be theoretically:and struct-
urally the simplest of the FFAG accelerator types. We
have attempted to supplement the simplest linear theory
given in MURA-KRS-6 and to show feasable numhers for a
low energy application or test of the principles. The
chief design problem encountered is the high current
density of backwound coﬁper. Certaln problems have
been neglected in the theoretical treatment of the
problem. Among these are non-linearities (quadratic
non-linearities appear to e no more than about 20%
for 1 cm amplitude of oscillation), effects of the
smoothing of edge effects into the straight sections 'and
magnets due to finite vertical aperture and the change
in M value due to the equilibrium orbit meking an angle

A" to the gradient dH/dR at the ends of sectors.



