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1. Introduction

This paper describes briefly, and mainly from an ion optical point of
view, the beam transport system for the Berkeley 88-inch cyclotron. Partic-
ular attention will be paid to a bending system that has been designed to de-
flect the bearn through an angle of 104 deg in order to guide it into the cave
provided for high-intensity bombardments. It has, of course, been necessary
to base the design parameters for the various elements of the system on
theoretical information about, e.g., the extracted beam. It is likely that
meodifications and changes will have to be made in the near future when enough
experience has been gained regarding the performance of the magnetic lenses.
In general, the beam-transport system has been designed with as much flex-

ibility as possible, tc allow for such changes.

2. General lLayout

Figure 1 shows a schematic layout of the beam-~transport system. The
beanm emerging from the cyclotron is focused by a quadrupole doublet Ql’ and

+ which bends it into auy one of several

directed into a switching magnet MS

A Work done under the auspices of the U.S8. Atomic Energy Commission.
¥t On leave of absence from the Nobel Institute of Physics, Stockholm,

Sweden.
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experimental cavés. For further focusing outside the cyclotron vault, quad-
rupole lenses (Q to Q) will be provided. These lenses will probably be
arranged as doublets, but they can, if it becomee desirable, also be arranged |
as triplets. (For slight adjustments of the orientation of the beam before it
~enters Mg, a steering magnet between Q, and Mg has been contemplated.)
To reach the cave provided for high-intensity bombardments the beam

has to be bént through 104 deg. This is accomplished by means of the switch-
ing magnet Ms and a 47-deg sector magnet MB‘ A quadrupole doublet down-
stream from Mg will focus the beam onto the target 'T. When calculating
the optical properties of this bending system, two alternate positions of the

downstream quadrupole lens have been considered (Q‘z and QZ*').

3. The Magnetic Lenges

All quadrupoles shown in the layout (fig. 1) have an aperture of 4 in.
and are of a standard type designed at Lawrence Radiation Laboiatory. The
standard doublets are assembled from 8-in. long units. Some 16-in. units
will be available for possible triplets. ,

The switching magnet MB is of the circular~pole type, with a uniform
field. The physical pole diameter is 40 in., and the gap is 3 in. Thepole tips
éonsist of demountable pole diska, and this makes it possible to change the gap
if desirable (it can be increased to a maximum of 4 in.). The total weight of
the switching magnet is about 27 metric tons. With a 3-in. gap, a field of k
about 19.5 kG can be attained. The field needed to bend 66-MeV deuterons
through an angle of 57 deg. {g roughly 16 kG. The exact field value will de-
pend on the effect of the fringe field.

The design parameters for the bending magnet Mp had to be chosen

80 as to fit the dimensions of the switching magnet, which was already designed
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mentioned here that bending systemas can be designed which have (to the first
. order) no dispersion in the final beam. Pemmrz) has discussed such an ar:angé-
ment for 90 deg deflection, as suggested to him in a private communication with
K. L. Brown. In the present case a system of two bending magnets combined with
a downatream quadrupole doublet_ seemed to represent a simple and adequate solu-
tion. According to firsteorder calculations it will be possible to obtain a rather
narrow beam spot at the target. In particular, the calculatiors show that it is
possible in this way to make the radial size of the beam at the target only slightly
dependent on the momentum dispersion caused by the bending magnets. If later
it becomes necessary to modify this agttem, the ingertion of a single quadrupole
between the two magnets might be considered. |

Figure 3 illustrates the principal arrangement of the 104-deg bending
system. In the first-order study of this arrangement, the switching ma:gnet
Mg has been considered as a 57-deg sector with straight pole edges. (This
assumption is, of course, very nearly true as long as only a narrow region on
each side of the optic axis is conaidered. However, the possibility of making
enﬁpirical corrections by shaping the pole edges has been kept in mind.)

As diready mentioned, both Mg and Mg are of the uniform-field

B

type. The optic axis of the system ias the central trajectory of ions with the

momentum p, (the average momentum). For this trajectory the entry into, and

exit from, the rmagnets are assumed to be perpendicular to the pole boundaries.
Basically, the arrangement has been designed in such a way that a

beam (of ions of a given momentum) that is initially parallel in the radial

plane will be transformed to a finally parallel or almost-parallel beam. We

assume (see fig. 3) that a ray of ions with various momenta enters Mg parallel

with the optic axis. If we suppose that the two magnets both have a focal plane
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at F (for ions of the average momentum po); the outgoing ray R of ions with
momentum ‘po will, of course, also be parallel with the optic axis. A ray

Ry of momentum Py ¢ Ap will leave M diaphced with respectto R and

B
also, in genersl, with a slope to this ray. If we suppose that !iath R and R,
could be made parallel with the. optic axis; then it is easy to realize that a
qﬁadmpeia doublet downstream:from Mg could focue both rays to approsdmately
the same point on the optic axis‘ (taking into account that the quadrupole does

not give rise to any first-order dispersion).

A first-order study of this systern has shown that conditions can be
found that not only make R parallel or aimost parallel with the optic axis,
but also make the slope of Rl withirespect to R, due to the momentum spread
Ap, negligibly amall. If, under such circumstances, a quadrupole doublet
downstream from MB (Qz of QZ* in fig. 1) is made to focus the beam to the
target (T, fig. 1), the radial beam size at the target will only be affected
ver,;‘mr slightly by the momentum dispersion caused by the bending magnets.

For the firast-order calculétions referred to here, the matrix methodz’ 3')
has been used. The following discussion deals mainly with the beam properties
in the radial plane. The coordinates that describe a particle trajectory in this
plane are the radial displacement x with respect to the central ray, the slope
a, and the momentum spread, which is given by the ratio Ap/po. It is assumed
that x is small compared to the bending radii p 1 and p 2 that o is small
(maximum is a few degrees), and also that Ap is small compared to Py
¥ M, is the radial plane transfer matrix for the total system Mg ~ My, we
have | |

where
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and ordered. The first-order numerical calculations used as a basis for these
parameters will be discussed below. The space available for M’E was rel-
atively limited. ;.Ve £ound that the distance between the centers of Mg and

Mp ought to be somewhere in the range 110 to 115 in. This distance was one

of the parameters d_etermin{ng the choice of bending radius for Mg 7The

pole-sector parameters finally chosen are shown in fig. 2. As seen from this
ﬁgurm the radius of curvature for the central arc {s 45 in. The width of the
pole sector has been made as large as 14 in. in order to insure as uniform
a field as possible within the region occupied by the beam. The bending
mngnet has a gap of 3 in. and weighs about 6 metric tons. A field of about
18 kilogauss can be produced. The field needed to bend 66-MeV deuterons
through 47 deg will be about 15 kG. |

“{hen determining the pole-face dimensions for Ms' and Mg, the
concept of a virtual (effective) field boundaryl) has been used to account for
. the effect of the fringe field, as illustrated in fig. 2. If 4 is the separation
between this boundary and the physical field boundary, one has d = k X g, where
g is the magnet gap and k iz a factor that magnet desigmﬁ often put equal
to 1. Airailable field curves for magnets of a design similar to the ones de~
scribed here indicated, however, that k = 0.7 could be assumed to be a reason-

able average value.

4. lon Cptical Properties of the 10@-@} Bending System

As previously mentioned, the purpoge of this bending system is to bend
the beam to the target in ihe high intensity cave with, if possible, no intensity
losaes. The area of the target is limited by a circlés of 1 in. diam. The main |
goal in designing this system haas been to eliminate, or decrease as much as

possible, the momentum dispersion caused by the bending magnets. It may be
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sin 8
Py

ay, =cos@, cosb, - (L cos8, +p, 8inf,) ,
a4, =f 131:1?1 ccmoz + (L cos 92 + pzsmaz) c.oa 91 .

aj3=p,(1- cosel) co8 6, + (Lcos b, + pzsinﬁz)sinel +p ,(1-cos8,),

=

ainG‘ sinoz - 'EL smel cos Gz -BL cos 93 sineZ s

a
21 ey, 1 2

a,, = cos 81 cosez -~51-2 (p l:f;iné?l + L cos 31) sine2 ’

ay3 = ainel c:os.e2 + sinoz - «-PLZ lp l(1--c:c>s¢9l) sin82+ Lsinﬂlvsinezl .

‘We denote with x4 and LT the particle coordinates at entry to MS'
and with x, and a_ the coordinates at exit from M,. Then we have, from

the transfer matrix (1):

X =81 %o+ 8 500+ ai3 ( AP/PO) R . (2)

e, = 321"0 + 85,00 + 854 (Ap/po) {(3)

If ay, = 0, ions of momentum Po entering MS as a parallel beam will also
leave Mg asa parallel beam. The dispersion caused by the system is de-
termined by the matrix elements a3 and a3 |

| When the studies of the 104-deg bending system were started, the
switching magnet MS was already designed and ordered. Due to this fact,

Py Waea fixed quantity. Takdng: into account that the above-mentioned factor
k is not accurately known, and that it also will vary as the field is changed,

p | has been estimated to fall in the range 38.5 to 42.5 in. (corresponding to

a variation of k between 0.3 and 1); p 1 ® 4] in. has been considered ase a

probable average value. The bending angles 91 = 57 deg and 02 = 47 deg
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were algo given quantitiea. Furthermore, the distance between the centers

of the two magne.ts Waa. as mentioned, relatively fixed. The firgt step of the
calculations was now to find a value for p, that could inake the system ful-
fill the conditions briefly discussed above. As a result of this, a PZ value of
45 in. was chosen as a suitable average value. However, to make allowance
for a variation of k between 0.3 and 1, it has been agsumed that p, way fall
in the range from 42 to 47 in.

Figure 4 shows the matrix elements a3 through a,; as functions of
the separation 1. between MS and ‘MB for various sets of values of LY and
Py {For the values of the matrix elements given in fig. 4, the units for x and
e in eqs. (2) and (3) are inches and radians, respectively.) With the geometry
available, L has to be approximately 70 in. (plus or minus a few inches). The
figure shows that for L = 70 inches, »p 1 ¢ 4l in., and p, = 45 in. the element
a4 c?_amcsmer;cléloae to zero, and a3 becomei 80 small that the term
2,3 (8p/py) in eq. (3) becomes almost negligible (|Ap/p, |€ 0.002). In this case,
an initially parallel beam of particles with a given momentum will leave the
system as an almost parallel beam. Due to the emall value of 3,4 the slope
of 6utgoing rays with respect to the optic axis will be only very slightly affected
by Ap/py:

To determine the radial beam size jat target and, in general, verify
the behavior of the 104-deg bending arrangement, a number of rays have been
traced from source to target for 64-MeV deuterons. For this purpose, the
transfarmation matrices for the various stepshiave been calculated. The field-
strength parameters for the quadrupole lenses have been derived on the basis of
curves of the type described by Engeé).

The position of the' apparent (virtual) radial source and the beamn co-

ordiixates at this gource have been calculated from the radial transfer matrixs)
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fof the deflector channel and the fringe field to a distance of about381.5 in.
downstream from the end of the channel (to E - E in fig. 5). The space from

E - E to the entrance of the firat quadrupole (Q,) has been assumed to be
field-free. The coordinates xg and e, at the apparent sourcé have been
estimated by assuming an effective diffuse source to be at the entrance of the
deflector channel. The radial width of the apparent gource {for a given momentum)
as calculated in this way is only about 0.016 in., which means that the source

is almost a point source. The maximum slopes for the outgoing rays have

been determined by assuming that the width of the deflector channel at exit

has the value used in the calculation of the channel matrix (for 64-MeV deuterons).
The location of the apparent source is about 8 in. upstream from the end of the
deflector.

The relative momentum spread Ap/po has been estimated to be £0.002.
Due to the momentum dispersion, the centers of the sources corresponding to
the maximum and minimum momenta, respectively, are separated a distance
of about 0.16 in. (see fig. 5, S, and Sz).

Figure 5 shows the results of some of the beam cﬂéulations for 64-MeV
deuterons. Two positions for the downstream gquadrupole doublet have been
congidered (Q2 and QZ*). The lens parameters for the quadrupole‘doublet
Ql have been adjusted in such a way that outgoing rays of particles of a given
momentum are very nearly parallel in the radial plane. Vertically, Ql produces
a slightly converging beam. The parameters for the downstream quadrupole lens
(QZ or QZ*) have been set to produce an image at the target, both in the radial
plane and in the vertical plane. In both quadrupole doubléts the upstream lens
element has been made to focus radially and to defocus vertically. Two rays A
and B from the sources 8, and S, (defined above) have been traced to the

target. The rays leaving the downstream quadrupole doublet are marked
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A, B and A*. B‘, respectively, for the two alternate positions of this quad-
rupole lens. Due to symmetry, the image points which the rays C and D
produce at the target will be mirror images of the image po_inis produced
by A, B and Aa. B*. respectively, (the reflection being made about the optic
axia).

To get the actual radial width of the beam at the target, one has to
add to the width obtained from fig. 5 a term 0.016)XM, where M is the total
radial magnification of the system. This term becomesn almost negligibly
small (about 0.07 in. when Q, is placed 62 in. downstream from My). Taking
this into account, the total radial width in the two cagses becomes 0.93 and
0.65 in. resgpectively. It turng out that leas than 0.1_ in. is due to dispersion
cé.us-ed by the system Mg - Mp. The vertical size at target has been calculated
by assuming that tin effective vdiffuse source is at the entrance to the deflector
channel. and has a height of 0.5 in. Under these assumptions the vertical size
of the beam at target in the two cases considered becomes approximately 0.5
and 0.2 in., respectively.

It should be emphasized that the cases illustrated in fig. 5 donofihedes-
darvily represent optimum conditions. These will, of coﬁrso. be found in

practice by proper adjustment of the quadrupole excitations.

5. Beam-Analyzing System

For a few years the switching magnet will be used to produce an analyzed
beam along the 57.deg direction. Later an analyzing system will be available
for the direct beam from Q-

A first-order calculation has been made of the momentum resolution
for the case in which the system Qy - Ms ie set to produce a radial image
on s slit 120 in. downstream from Mg (inside the vault, close to the shielding
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wall; compare fig. 1). If we assume that the properties of the apparent
radial source are those discussed above, it seems feasible to obtain an

analyzed beam of 64-MeV deuterons with a momentum resolution of approx-

imately 0.05%.
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FIGURE CAPTIONS

Fig. 1. General layout of the beam transport system. The deflector
is indicated by D, Q through Q. indicate quadrupole lenses (Q,
and Q; are alternate positions of the quadrupole doublaet downstream :
from MB); MS is a switching magnet; and My is a 47-deg bending
magnet.

Fig. 2. The pole sector of the 47 deg bending magnet. The dashed lines
p#ranel with the pole edges indicate the virtuval field boundaries. The
géamett’y shown is based on the assumption that the inteueéﬂon between
the virtual field boundaries includes as a point the center of curvature
for the sector arcs. In this case d {g about 2.1 in.

Fig. 3. Principal arrangement of the 104 deg bending system MS‘MB'
‘The switching magnet MS is here regarded as a sector magnet with
straight pole edges. In the actual case, the sector angles are:

91 = 57 deg, 92 = 47 deg, With regard to the values of p, andp ,,
see the text. The distance L is the separation between the virtual
field boundaries.

Fig. 4. The matrix elements 2y, through a,. of the radial-plane transfer
matrix for the 104 deg be;:ding system vs the magnet separation L
(see fig. 3). Three cases have been censidered; éorresponding to
different v@lues forp 1 and Py (compare fig. 3): I, Py = 42.5 in.,

p; = 47.0in. ; 11, Py = 41.0 in., Py = 45.0 in. ; m, ¢y = 38.5 in.,
P 2 = 42.0 in.

Fig. 5. Particle trajectories in the radial plane through the 104 deg
bending system. In the calculations Ms has been considered a 57 deg
sector magnet with straight pole edges (see fig. 3). The fringe-field
has been assumed to end at E~-E. Two positions of the downstream

%
quadrupole doublet have been congidered (Qz and Qz ; the corresponding
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: % ® .-
outgoing rays are A, B and A , B , respectively). The parameters used
K

for the system MS - MB are those represented by case II, ﬁg. 4, with

L =170 in.
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