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A Strong-Focusing Cyclotron with Separated Orbits

F. M. Russell"

Oak Ridge National Laboratory

Abstract

The concept and basic theory of a new fixed-frequency, fixed-field,

high-energy accelerator embodying the principle of strong-focusing and

capable of accelerating protons to energies in the GeV region is described.

The magnetic field is designed with the turns of the 'equilibrium orbit'

separated axially as well as radially, as in a spiral-helix, so as to avoid

the resonances associated with alternating-gradient systems. The

focusing properties can be changed dis continuously at chosen points along

the orbit to avoid the error resonances. Longitudinal stability is present,

as the system is phase stable. Ions spiral repeatedly through several

accelerating cavities operated in the TE mode and spaced regularly

around the machine. Each cavity extends both radially and axially to

intercept all turns only once. Injection and extraction are straight

forward and the final energy can be varied by extracting at chosen points

along the orbit path. A preliminary design for a 1-GeV machine is

described, and a comparison is made between the proposed machine and

some contemporary types of accelerators. The cost estimate compares

favorably with that of other machines -with which it is compared.

Visiting scientist, Electronuclear Division, from Rutherford High Energy
Laboratory, Harwell.
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1. Introduction

The subject of this report is an accelerator which appears well

suited to applications in the intermediate range of particle energies,

ranging from about 15 MeV up to several GeV. The basic idea was con

ceived in 1958 but, beyond a brief notation of the apparent feasibility of

the idea, it was not then pursued. The growth of interest in high intensity,

intermediate energy accelerators in recent years has, however, stimu

lated a more careful study. Late in 1962 a short article was prepared

describing the basic features\ The preliminary study which followed

is here reported.

A simple approximate theory of the machine is first derived. This

is followed by a brief study of stability of particle motion in both trans

verse and longitudinal directions. Various types of machine errors are

examined in connection with stability of motion. Specific components of

the machine then are examined.

By way of illustration, in Sec. 12, a tentative design is developed

for an accelerator system capable of producing a 1-mA beam of protons

at an energy of 1 GeV. The components of this system are described

in some detail and a cost estimate is prepared.

Further examination and developed of the separated-orbit concept,

Sec. 13, indicate a number of improvements and simplifications which,

when applied to the design of the accelerator, provide for a more compact

system and also reduce the cost estimate.

For simplicity the machine herein described will be referred to as

a Separated Orbit Cyclotron, or SOC.



2. The Equilibrium Orbit (Smooth Approximation)

Let us assume that an equilibrium orbit exists and that an ion on

this orbit moves along a curve resembling a helix of increasing radius.

Such a path is indicated schematically in Fig. 1. Let the equilibrium

orbit be intersected by a number of planes whose common line of inter

section lies along the z-axis and which are equally spaced in azimuth

about the z-axis. Assume that at each point of intersection of these

planes with the equilibrium orbit there is applied an rf accelerating elec

tric field directed along the equilibrium orbit.

Let all the rf electric fields at a given azimuth be in phase and let

there be 2N such acceleration gaps per turn (N planes). If the amplitudes

of the rf gap voltages are maintained constant, then the rotational fre

quency of an ion on the equilibrium orbit can be made constant by suitable

programing of the equilibrium orbit path in space.

Neglecting temporarily the small increase in path length per turn

introduced by the shallow helix, then the path of the equilibrium orbit

can be computed easily. Let AE be the energy gain per gap crossing,

then after the a'th gap the total energy is

E = E + T ,
o

where E is the rest energy and

T = a AE + E (initial).

If the velocity of the ion is then V , and it is moving in a magnetic

field of mean strength B with a radius of curvature r , then
a a

V = - r B .
am a a

a

Let the time between successive accelerations be t , then
a

0 = Va T = ^ B t . (1)
°a a m a a

r a
a

For operation at a constant rotational frequency put p equal to a
a

constant value fi , where
3c

n = 2ir f t ,
c o a
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Fig. 1. Diagram of beam path with both radial and axial separation.
Accelerating gaps are indicated by dots along the beam
path. The rf voltages at the gaps joined by dashed line are
in phase.



and the 'cyclotron frequency' f is

f = Bae
2irm

a

The radius of curvature in the a'th sector is given by the usual

expression

7 1/2
r = (1 - 1/v ) R, (2)

a a

where

y = E/EQ,

and R is the 'cyclotron radius1 given by

R = c/2it f .

To maintain isochronism the mean magnetic field strength must

vary as

B = y B ,
a a o

where

B R = c m /e.
o o

Provided that movement of the instantaneous orbit center is small,

that is, T>> AE, then the radius of the equilibrium orbit in the smooth

approximation is given by Eq.(2).

The displacement in the z direction during each turn causes a

slight increase in the orbit path unless the radius is changed. For most

practical cases where r >>\ AZ, where AZ is the z displacement per

turn, the increase in orbit length is small and corresponds to a fractional

increase of

1 / AZ NZ
2 \2tt r

a

Ideally, a linear motion is required in the z-direction. If L is the

length along the equilibrium orbit, then

L = Jr_ d6
a



and, as

so that

then

T _ AE 6 , >
E ~ E 0 » ^(initial) ~ ''

o o vc v

d0 = 6 ^o_ dy
C AE

7?r e E r
c o /

AE JL = xrr^- I v Y " 1 dy .

Integrating R 0 E
z(y) =D(z) ^-2 {-//2 - 1- cos"1 |1/v | 3 .

where

is the chosen slope.

, x dz
D<z> = dL

2. 1 Inclusion of Radio-Frequency Gaps

Let the gap width along the equilibrium orbit be constant for all

gaps; this is reasonable since AE is assumed constant. Idealizing to the

case of no magnetic fringing field then from the construction in Fig. 2

it is apparent that 0 ' = 8 . Let us assume that the time interval T

is unchanged by the inclusion of the gaps, each width 2g. Consequently,

the linear paths between gap centers is unchanged so that

ir • + 2g =0 r . (4)

and so

V = (ra - ^'Sj ' (5)
The distance between the new center of curvature and the machine axis is

(0,0'), which for T» AE is given by

(0,0») =g/sin(ec/2).
The radius to the orbit at the gap center is

r ! +g/tan (0/2),
a c
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Fig. 2. Drawing sho-wing the radii of curvature of the orbits, when
field-free gaps are absent and when they are present.



and so the introduction of the gaps causes the orbits to move inwards at

the gap centers by an amount 8 where

(6c/2) " tan (0c/2)

Since g and g are assumed constant, then 8 is constant, too.
From the condition of unchanged momentum

B «/B = r /r '
a a a a

and so B
B • =712 . , (7)

a (1 - q )

where

q = 2g/ra9c .

Equation (7) shows that at low energies the magnetic field strength

must be increased to compensate for the increased fraction of the orbit

taken up by the gaps, while at high energies the normal increase with y

is found.

It is apparent that the new orbit oscillates about an orbit for the

no-gap condition with amplitude limits of

where x = 0 /2.
a

+ g (1 /sin x - 1 /x)

- g (1 /x - 1 /tan x) }•

2. 2 Inclusion of Straight Sections

If straight sections are introduced into the orbits at fixed azimuthal

positions, as required in sections 9 and 13, then to maintain the condition

of constant rotational frequency it is necessary to change the strength of

the magnetic field in each cell. To maintain synchronism with the rf

the straight sections must be, or occupy, an integral number of half-periods,

Let the number of half-periods per straight section be / , then

Eq. (7) is modified to
B_ Y

(8)
a u - q; vi - p;

where

1

B y
o '

a (1 - q) (1 •

zr p\o
: i r .

a

-P)



3. Stability of Motion - Transverse

In any accelerator it is necessary for some restoring force to act

upon ions which deviate from the equilibrium orbit. Of the two basic

types, 'weak' and 'strong' focusing, it is natural to favor the latter

because of the smaller apertures required. However, the potentially

enormous savings in aperture which should accompany strong focusing

are not usually achieved. This is because of the many resonances that

can occur between the ions and certain periodicities in the guiding field,

causing growth of betatron oscillation amplitudes in time and subsequent

loss of ions to the chamber walls.

If, however, the ions pass any given point in the machine only once

during the entire process of acceleration, then many of the resonances

associated with strong-focusing machines are eliminated. It is apparent

that the helical path of the assumed equilibrium orbit in the proposed

machine is of the single-pass type. Ideally, if there is no coupling

between turns, then all the integral, subintegral, and error resonances

can be eliminated; even the coupling resonances could be avoided. This

result follows from the fact that the 'working point' on the stability

diagram can move in a discontinuous manner, jumping over a resonance

line if necessary, because the magnetic field gradients can be changed in

a discontinuous way at chosen points along the orbit.

In the ideal case, therefore, only the basic instabilities common to

all AG systems exist, and these present no difficulty in design. Random

errors or misalignments will, however, be important in any practical

machine. Of importance are the permissible tolerances on position and

gradients which will just allow the beam to pass through a given aperture

after a given path length.



3. 1. Basic Instabilities

The theory of ion motion in alternating gradient fields is well
(3)

understood. In consequence, results of the theory will simply be

quoted where appropriate.

Let n be the field index, defined as

dB

n = -

BTrT dr

and let its value in the a'th subcell on the equilibrium orbit be n .
a

The length of the a'th subcell is L where
a

L = r 0
a a c

2g- (9)

Motion within a cell consisting of one gap and one magnet cell of constant

n can be described by using matrix methods, given the coordinates and

transverse velocity prior to entry to the cell.

The matrix for a cell with n)0 is

M

cos Y 2gX sin Y
a 3-

X sin Y
a a

and for the next cell, for which n<0

•^ sin ¥ + 2g cos Y„
(10)

cos Y

cosh Ya+1 + 2g Xa+1 sinh Ya+1 , sinh ^+1 + 2g cosh Ya+1

*w>

where

and

X ,. sinhY ..
a+1 a+1

= X L
a a

n

X

cosh ¥
a+1

(ID
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The trace of the produce matrix M M . is given by
a aTi

T M = 2 cos Y cosh Y ,, + 4gX ,. cos Y sinh Y ,,
r a a+1 a+1 a a+1

-4gXa sin Ya coshYa+1 - 4g2 X& Xa+1 sin Y&

sinhYa+1 +sin Ya sinh Ya+1(^r
X

a

X 4.1a+1

(12)

Defining a quantity cr by the relation

2 cos cr = T M (13)
r

then the basic condition for stability of transverse motion is that cr is

real. It is noted in passing that from Eqs. (5) and (9)

L /r " = 9 = WN , (14)
a a c

where 2N is the number of cells per turn. The familiar 'necktie1
2

diagram indicating the region of stable motion in terms of n /N and

n , /N2 is shown in Fig. 3.
a i-L

The preceding results are not strictly applicable because of the

small but finite 'twist' in the orbit produced by the helical motion. The

rate of twist is given by

du/dL = D(z)/r ' , (15)
a

where the slope D(z) = dz/dL, and [i is the angle of twist in the

length L. This topic is examined in Section 3. 2.

Since cr, as given by Eq. (13), is the phase change per pair of

cells and straight sections the frequency of the betatron oscillations can

be found, from which the v values are

Nu Ncr

vz = -*r» and Vr = if '

where cr and cr are derived from Eq. (13) by interchanging n and

n ,, . It should be remembered that v refers to transverse motion in
a+1 z

a direction perpendicular to the radial transverse motion.
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2
If we cause n to vary with (r ') so that X = X , , = X

a a a aT 1 u

then Eq. (12) reduces to

T M = 2 cos Y, cosh Y2 + 4gX (cos Y1 sinh Y2 - sin Yj cosh Y2)

2 v 2 : ... _:_,. „, (16)4g X sin Yi sinh Y2 ,

where

Y, = X L
1 o a

h = Xo La+1

It is apparent that if n is varied in the above manner, then the
a

v »'v va-lues change progressively during the acceleration.

3. 2. Field Errors

If a perfect guide field could be constructed, then the upper limit

on the field gradient would be set solely by the condition for stability.

It is reasonable to ask, what are the physical advantages to be gained

from using high field gradients?

To a good approximation the beam disturbances caused by displace

ments of ideal magnet cells from their correct locations are independent

of the magnitudes of the field gradients for given displacements. However,

for other field errors, such as nonuniform gradients, twists, and tilts

about the equilibrium orbit, the amplitude of betatron oscillations is

reduced as n is increased, at least to moderate n values. At some value

of n the reduction in beam cross section caused by an increase in n will

be offset by the errors introduced in creating the fields. The question of

how rapidly the beam, say initially on the equilibrium orbit, spreads as

a result of random field errors is very important; it fixes the accuracy

with which elements should be made. Preliminary estimates indicate

that tolerances on mechanical adjustment about the ideal or equilibrium

orbit could be ± 5 x 10 in. The corresponding field error is about

1 in 10 , which is a moderately relaxed tolerance for a fixed field device.



13

The effect on tolerances of imposing the condition that adjustments

can be made where necessary to 'tune' the system are simply not known.

Some conclusions might be drawn in this respect from hand tuning of
(4)

AVF cyclotrons.

It has been pointed out that there is coupling between the two

transverse motions caused by the twisting of the equilibrium orbit along

the helix. The magnitude of this twist is given by

n = ;!£- d0 , d7)
integrated over the equilibrium orbit. The effect of such coupling on

beam stability is not obvious. If v = v , then energy can be trans

ferred directly between the two transverse motions and corresponds to

a coupling resonance. The result is that the two motions can become

interchanged. In a strong-focusing system with v ~ v this would be
Z i

a disadvantage only if the initial phase-space plots of the two motions

were grossly dissimilar, or became so during acceleration to the final

energy; some of the beam would probably be lost to the beam chamber.

If a linac is used for injection into an SOC, then the inherent

cylindrical symmetry of a linac would be manifested in the injected beam

and, by proper matching between the two parts, could be propagated into

the SOC section.

It is a simple matter to make v and v different by suitable choice
z r

of n and n ,, ; it might be desirable to avoid the coupling resonance in
a a+1

this way.

"J. A. Martin, Electronuclear Division, Oak Ridge National Laboratory.
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4. Longitudinal Stability

The machine described here exhibits phase stability of motion with

respect to the rf, provided that the rf voltage exceeds a given value. The

major advantage of phase-stable motion is that nonsynchronous ions are

successfully accelerated. The disadvantages are that ions on the average

gain less than the maximum energy possible per gap crossing and that at

all energies there is a spread in energy of the ions about that of the

synchronous ion. As usual, the advantage far outweighs the disadvantages.

Only the outline of the theory of phase stability will be given here

since the usual assumption of adiabatic changes in the machine parameters

is not strictly true in the present case. The conditions prevailing more

closely resemble those of a linear accelerator than those of a synchrotron

as the rate of energy gain is high (~20 MeV/turn).

Let a be the momentum compaction factor, defined as

a = - $- . (18)p dL

where p and L are the momentum and length along orbit path respectively.

To a first approximation a is given by

3/2
n

a £ (1 + t2-^) (coth * /2 - cotY /2 + 2g \/L ), (19)
" ~ 4N v L ' x a

a

where

\ _ _ ±± _____
La. N ~* "a v a' "a

From the relation

p2 = T(T +2Eq)/c2 ,
and Eq. (18)

n tt

Y = -^ = VTT (L /r ')

SL 1 Eo + T §T . (20)
L, a 2 E + T T

o
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The fractional change in the time T between successive accelera

tions is given by

and so

SJ_ = _£L. L J_E_
t L ^2 p

11 =(I ±] E° +T IIT - [a -y2J 2Eq +T T *

The phase change per cycle of the rf, d^/dc, is thus given by

where tt ^ t

A ^a 2J2E+T

Since

, uj N oj
dc _ s _ o
dt 2tt 2tt

and the rate of change of the energy difference AT is

—^ = E, (cos <t> - cos <t> ),

where (6 is the phase-stable angle and

El = eVo >
then

,,AT, N uu E,
2£±± = 2 L (Cos 4 - cos 4 ). (22)

d 2ir s

From Eq. 21 and 22

v o '

which is the usual equation describing phase-stable motion.
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For the high energy region of an SOC it is reasonable to assume

that both T and A change adiabatically. Solution of Eq. (23) for the

angular frequency of small oscillation amplitudes then gives

/E. A cos </> \

0 < Z. T ) NXo • (24)
At the low energy end, however, T/A is changing rapidly. The general

trend can be found by computation. Principally, there are two effects,

the frequency of oscillation Q and the amplitude of energy deviation AE

both decreasing with increasing E .

Some insight into the phase motion at low energies might be obtained

by simplifying Eq. (23). The energy gain T oscillates about the synchro

nous value T , which is given by

/N 0) \
T = 2 t . ° E, cos <t> ,

s \ 2tt / 1 s

if E, and 6 are constant. Neglecting the oscillation of T about T

then

4r (t%r) =a W° A (cos* ~ cos «i ). (25)dt \ dt / 4 cos <p s
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5. Effects of the Radio Frequency Gaps

Several factors affecting the ion motion arise at the necessary holes

or gaps in the rf cavities across which the electric accelerating fields are

generated.

5. 1. Gap Defocusing

If the phase-stable angle is negative, as is required for stable

longitudinal motion, then ions experience a defocusing force at each gap

crossing. We will assume that the space-charge density of the ions

crossing the gap is sufficiently small that Laplace's equation can be

used to describe the instantaneous field pattern in the vicinity of a gap.

It is interesting to note that the defocusing force can be made non-

isotropic about the ion path by changing the shape of the holes in the

cavities, say from a circular hole to a slot. For the circular hole

through the cavity walls the off-axis force is approximately equal to

1 L
2 er 3L

For the long slot the corresponding forces are

I,
A F = - e x —-t=—I x 9L

-*-yf— ,
\ __y F - o, (parallel to slot)

y

It can be shown that the deviation of an ion in crossing a gap of the long
(5)

slot type is v

—=— (sin ^ ) 2-irf —
TV / s u

cr =

be.

The magnitude of this effect can be judged by determining the change in

(n) required to compensate for the gap defocusing. This is found from

z

giving

B = - Sn B
r

B z Sn . (26)
m y Pc c a

o r
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An alternative way in which the gap forces could be compensated

is to cut the ends of the magnet sections at an angle to the radius, thereby

inducing end focusing. To a first approximation the deviation caused by

an end angle of 6
° end -, ry , a

2mr Z tan s ,
end

°" = NL '
a

and so the effect of circular holes could be corrected by cutting at an

angle

tan"1 (N e V sin 4/4T) . (27)
o

Except at very low energies this effect is small and could readily

be absorbed in the choice of n and n , .
a a+1

5.2. Orbit Tilt

Another term arises from the possible tilt of the orbits to the

z-axis. Although this effect could be eliminated by tilting the rf

cavities, the magnitudes of the forces involved are sufficiently small

as to be readily absorbed by the axial focusing forces. If motion in the

z direction is achieved by use of separate magnets (see Section 9), then

there is no orbit tilt effect.

5. 3. Transit Time

The gap factor for an SOC, when the rf is operated at N times the

cyclotron frequency, is analogous to that for the Widerde accelerator.

The energy gain per gap crossing is simply

AT =eVQ cos 6[si* £_] , (28)

where </> is the phase of the ion at the center of the gap, § is given by

§ = gN/ra = q X ,
and the gap width is 2g. (It is worth noting that the dependence on g is

considerably less severe here than in an Alvarex-type structure.) In

the proposed systems the gaps should not cause any significant reduction

in the energy gained per crossing since g ~ "rr/10 or less .
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6. Tolerances

The practicability of any accelerator is initimately tied up with the

tolerances on such things as mean magnetic field, the shape of the actual
field, the rf voltage amplitude, frequency or phase jitter, and various

mechanical misalignments. During the developments of accelerators

there has been a steady increase in technology relating to high accuracy

magnetic fields and rf voltage amplitude stabilization.
The discussion on field errors in Paragraph 3.2 is extended here;

the effect of a simple displacement of part of an otherwise perfect magnet

system is examined briefly and simply.

6.1. Single Cell Error

where

z = e

Considering the simple displace

ment of one cell, length L£ , by an

amount e, as indicated in the diagram,

then the z and z' at the end of the

following cell are

[ (1 - cox x) cosh x + sin x sinh x ]

z' = 2tt ^- [ (1 - cos x) sinh x + sin x cosh x ]
J—(

(29)

(30)

x = 2u L /L ,
e o

and L is the wavelength of an oscillation in a (+n) field alone. The value

of L is given by

L = 2WK,
o

where

K

A more direct form is

if dB/dz is in kG/in.

e dB

m(3c dz

L = 220 Vpy/-5— > in in-
o dz
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6. 2. Double Cell Error

Next consider the error amplitude caused by displacement of a

(+n, -n) magnet pair. It is apparent that movement of the magnets in

pairs, each pair accurately adjusted within themselves, would reduce

the beam disturbance for two reasons. First, there are only half as

many 'elements' to be out of line and, secondly, a (+, -) pair induces

less oscillation than a single (+n) section having the same | n | , e ,

and L values.
a

The z, z' values at the end of

the (-n) cell are

= c (1 - cos x cosh x + sin x sinh x) (31)

2tt e (sin x cosh x - cos x sinh x) (32)

It is apparent that the error caused by displacement of a single (+n) cell

is greater than that for a (+, -) pair, at least under the conditions

examined. This excess in both z and z1 increases with e and x, vary

ing as

(z. , z , ) = e (cosh x - 1), and
+ +, -

<z+-z+,->
e 2tt

sinh x .

Some indication as to the amplitude of the ensuing oscillation can

be found by matching (z, z') to a simple sinusoid and computing the

amplitude of motion, z , by assuming that the subsequent motion takes

place in an undisturbed field system. The wavelength, L , of the

ensuing betatron oscillation is found from v and the orbit circumference,

The approximate amplitude of oscillation is then found from

2

m
= z + (z'

2ir
) (33)



21

This calculation is only approximate since all straight sections have been

omitted. However, for the present case it indicates that z ~ e .

[ B' = 2kG/in. , n = 180, L£ = 22. 5 in. , Lq = 190 in. , x = 0. 74 radians,
Y= 0.84 radians, N = 50, cos cr = 0.92, cr=23°, v = 3. 2, Lv=700in. -
31 cells, z = 1.17 ] .

m

If it is assumed that the cells are adjusted in pairs and that no

programed tuning is performed, then the permissible random error in

adjustment is approximately given by

X~Fe V No. of pairs. (34)
rms

where X is the beam amplitude growth and F is given by z /e •

[X =1/2 in., F=1.2, No. of cells =3, 000, e =7. 6. 10" 3in. ]
The minimizing influence of adiabatic damping of betatron oscillations

has been omitted in this simple discussion.

6. 3. Smooth Errors

The preceding discussion indicates that the cell-to-cell displace

ment errors should be held down to less than 0.01 inch. So far, however,

the permissible extent to which the mean orbit can depart from the ideal

path has not been determined. Consider the case where e < 0.01 in. at

each gap but the errors are accumulative, then the actual path could

oscillate about the ideal with an amplitude of

z' X
max e

z = 5
m 2tt

where X is the wavelength of the error term about the ideal path.
e °

Substituting for z' ,
° max

z ' = N e/2irr
max

gives
Ne \

z =—2- , (35)
m „ 2

4tt r
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If N = 50, A = 2trr, e =0.01 in., then z ~ 0.1 in. This seems
e m

to agree with the observation that a 'smooth' error of ~ 1/8 in. in an

AGS could be tolerated.

The inference is that the magnets should be aligned by going from

cell to cell rather than trying to obtain an absolute, that is, spatial

accuracy.

6.4. Mean Field and Frequency Errors

A uniform reduction in the strength of the magnetic field causes

the phase-stable angle to become smaller, that is, more towards the

crest of the rf waveform, provided the frequency of the rf is unchanged.

This is attended by an outwards movement of the equilibrium orbit.

The tolerance on the rf frequency is not clearly definable; the

cavity Q sets a pass-band of usable amplitudes, the power amplifier

delivers the frequency fed to it from the standard oscillator, and the

phase-frequency tuning controls adjust the cavities onto tune.

Because of the square law dependence of the power losses in the

cavities upon the phase-stable angle for a given rate of energy gain,

the phase-stable angle would be chosen to be relatively small, say

between -30° and -20°. In consequence, the amplitude of rf voltage

should be regulated to within about -2% to +5%.
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7. The RF System

A suitable form for the rf system became apparent as a result of
? (h\

studies made in connection with the Mc Cyclotron. The basic

requirements for a usable system are a high unloaded Q, capability of

being designed to operate over a range of frequencies, and not too

much sensitivity to asymmetries of design. The conditions are well

met by the cavity arrangement shown in Fig. 4.

Although it is possible to consider the entire rf system as part of

one extremely large cavity, snaking its way alternately up and down

the radial spaces between the magnet sectors, encompassing the entire

ring, it is probably not the best solution. The major disadvantage is

that the modes which can be supported crowd close together if the cavity

is many wavelengths long.

A reasonable solution is to make the system out of several identical

parts, each of sufficient size to be driven by one power amplifier tube.

The separate cavities could then be correctly phased by control of the

amplifier stages.

If it is assumed that a cavity system can be designed, then the power

losses for given gap voltages and why the system is more efficient in

the conversion of power than a linac are of interest. The power losses

to the walls in a cavity of the type shown in Fig. 5 are given by

P =i (2 d2 R E2) (2 J X/4 cos2 £1 dl +d)./z2 . (36)
o

For f = 2x 10 c/s, [d = 1 2 in. , X = 59 in. , copper walls ] this

becomes

P =(0.065 x 10"5 E2 ) X (37)

where X is the length of cavity per gap.



24

UNCLASSIFIED

ORNL-LR-DWG 74888

Fig. 4. Sketch of part of suggested radio-frequency cavity system.
The electric field is a maximum at the center of the cavity
and is parallel to the path of the ions. The separation along
the equilibrium orbit between two sets of gaps is simply
(3X / 2 where X is given by 2Trmc/NeB and N is the number
of such cavities.
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Fig. 5. Artist's sketch of a cavity showing successive passes of
the spiraled ion path.
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A reduction in the line spacing at the voltage maximum region, so

as to permit the insertion of the magnets and reduce transmit line effects,

causes an increase in the losses. In the case of a simple step line, as

shown in Fig. 6 for example, the dependence of the power losses upon

the step ration h is given in Fig. 7 for the present case; the gap voltage

is assumed constant. The total power lost to the walls in a 900-MeV

section of machine is thus about 10 Mw.

To compare these values with corresponding values for a linac,

the power loss in a simple pill-box cavity with no re-enterant sections

is found first. The power is given by

P = tt a R E2 jf (ka) ( d +a) / 377 (38)
sol

where (ka) is equal to 2.405.

The corresponding expression to Eq. (37) is

P = 1.72 x 10"5 E2 . (39)
o

Examination of Eqs. (37) and (39) shows that the SOC losses are

less severe for two reasons. First, the amount of cavity per accelera

tion is less and, secondly, the field strength is less. It appears that

these two factors are approximately equal in importance in causing an

overall reduction in the power losses relative to an equivalent linac. In

practice a ten-fold reduction in power level during beam acceleration

should easily be obtained.
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Fig. 6. Cross section of the rf cavity.

d

UNCLASSIFIED

ORNL-LR-DWG 76871

3.0

2.5

Pi
/po 2.0

1.5

1.0

Fig. 7. Plot of the increase in the power dissipated in the rf cavity
as a result of decreasing the spacing at the center of the cavity.
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8. The Magnet

The basic properties of the magnet have already been suggested.

An important feature of the stacked arrangement of poles is the high

magnetic efficiency which can be obtained. In addition, the several

parts forming the magnet are not individually either large or intricate.

It is possible that the magnet be constructed from N sections of

identical magnet blocks, the variations required in passing from cell

to cell being absorbed in adjustable pole tips. Certainly, at the

high-energy end this would be true. However, at low energies it

might be necessary to vary the main magnet blocks to make some

allowance for the rapidly changing orbit radius.

From the discussion on tolerances it would seem desirable to

combine the cells into rigidly connected (+n, -n) pairs, in conjunction

with the rf cavity system. The magnet and rf system might then

consist of N parts as shown in Fig. 8.

The magnitudes of field gradients called for in the design, namely

2 ~ 3 kG/in. centered on 5 kG, do not appear to present any major

difficulties. Each magnet stack would be terminated at both top and

bottom by an extra energizing coil, thus providing the necessary mag

netic images for elimination of end-effects.
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Fig. 8. Sketch of a complete magnet and rf cavity sector. Each
sector contains one rf cavity and pairs of magnet cells, the
positive and negative gradient sections being mounted upon
a common support so that the magnet pairs can be aligned
accurately.
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9. Logical Developments

So far, only the ideal or simple SOC system has been considered.

Considerable modification of the basic design appears to be possible

without sacrificing too much, so that substantial reductions in both

magnet and rf power might be obtained.

Consider the change whereby the ion path is grouped into pairs

of turns, each magnet block supporting two pole tips at different radii,

and the rf cavity being pierced by two holes at each step in the z

direction. A direct result is a reduction by almost two in the magnet

power. The features of individual paths which are separately adjustable

and accessible are still valid.

To facilitate passage from one turn-pair to the next, requiring

both a change in radius and z-dimension, it would be desirable to intro

duce straight sections around the machine, as is illustrated in Fig. 9.

These sections could be of service in other ways; for example, extrac

tion could easily be performed and the beam could be tailored for passage

to the next stage in the machine by use of multipole elements. Under

these conditions it would no longer be necessary to tilt the ion path along

the entire length, the magnet blocks all being perpendicular to the z-axis.

A particularly elegant way to construct the magnet for transferring ions
•J,
•v

from one layer to the next has been suggested; it is developed later in

Section 13 (see Fig. 25).

It should be noted that another consequence of the above change is

a reduction in the total height of the machine, resulting in a more rigid

structure. The degree of magnetic coupling between the turn-pairs is

important and should, ideally, be low.

E. D. Hudson, Electronuclear Division, Oak Ridge National Laboratory.
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Fig. 9. Vertical bending magnets could be introduced to step the
ion path down in the z-direction. The sections of the magnets
lying between the bending magnets are thus in the horizontal
plane.
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1 0. Tune-Up Procedure

The major sequence of adjustments relate to the several thousand

pairs of pole-face shims. On the basis of good decoupling between

adjacent turns it should be possible to initially assemble and magneti

cally adjust all shims to within the limits commensurate with successful

beam passage.

Subsequently, by means of suitably placed beam position indicators

and a mechanical monkey the magnetic field could be tuned up either

by trial and error, as has been done several times on AVF cyclotrons,

or better, by use of computer controlled programs. A preliminary

examination of this method indicates that a 1-GeV machine might be

optimized in less than one day using a "mechanical monkey" with

computer control. Once adjusted, such a machine should remain in

tune for a considerable period of time, perhaps indefinitely.
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11. Applications

In deciding upon applications for an SOC-type of machine it is

natural to emphasize the desirable characteristics and to exploit them

to within reasonable limits. In review, an SOC exhibits the following

properties:

(a) Continuous output, as from an FF cyclotron

(b) Transverse stability by strong focusing

(c) Phase stable in longitudinal motion

(d) Whole-beam extraction

(e) Output energy can be varied, as in a linac

Briefly, then, the SOC bears a close resemblance to a continuous

working linac in respect to beam quality, size, intensity, and

distribution in time. However, it differs markedly in the size and

shape of the building housing the machine and in the amount of rf

power dissipated in the cavities. These conclusions are still valid

even if one considers a superconducting linac, provided that similar

arguments are applied to a superconducting rf system, and perhaps

magnet, for the SOC.

Consequently, such a machine is well suited to be used either as

a meson factory or as an injector to a second accelerator, or both

if the second machine is operated in a pulsed manner.

Considering higher energies, obtained by feeding one SOC into

another, then a continuous working machine with output energy in the

5 to 15-GeV region is not unthinkable. (A 7-GeV machine, having

1,000 to 3,000 times larger beam current than a proton synchrotron of

similar energy, would cost about five times as much.) Such a machine

might be called an 'anti-proton-factory'.

In Fig. 10 a shaded area representing the potential performance
(7)range of the SO cyclotron is superposed on an earlier figure^ repre

senting the areas of performance of the various types of existing

accelerators.
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Fig. 10. Potential performance range of SO cyclotrons compared with,
the ranges of other types of existing accelerators.
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1 2. Design of a 1-GeV Machine

In this simplified initial design little attempt will be made at

refinement; only the basic SOC concept will be used. Where possible

relevant experimental results will be given to support design numbers.

A more detailed description of a proposed machine, indicating the

lines of development, will be given in Section 13.

A more efficient accelerator system can be designed by separating

the machine into several parts: the injector, intermediate section,

and the final stage. Each part can then be designed for optimum

operating conditions, as indicated in Table I. The range of energy

best covered by a particular type is not fixed definitively: this is

especially true of the first change (from a linac to a SOC). It is
assumed that a continuous working linac can be designed to fulfill the

injector requirements of about 1. 0 to 10 mA mean current at 15-MeV

energy.

Table I. Components of an Accelerator System for 1-GeV Protons

Energy Range Type

1. 0 - 0.5 MeV Cockcroft-Walton

2. 0. 5 - 15 MeV Continuous working linac

3. 15-120 MeV 1st SOC

4. 120 - 1,000 MeV 2nd SOC

12.1. The 120-1, 000 MeV SOC, Basic Design

Since the major part of the machine is the last stage, it is

logical to start with that section, thereby fixing many of the parameters

for the other sections.

Magnet. —To simplify the design, it is assumed that v^ —vr and
that a simple spiral helix orbit path is used. Critical dimensions of the

magnet are indicated in Fig. 11 and the chief parameters are given in

Table II.
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37

Table II. Magnet Parameters for 120-1,000 MeV SOC, Basic Design

Height (ft) 21

2N (number of cells/turn) 100

Number of turns 60

r cyclotron unit (in. ) 555

B (kG) 2. 25
o

at 120 MeV 400 MeV 1, 000 MeV
r (in.) 257 392 480

B (kG) 4.50 4.49 4.88

Length of ion path (ft) 0 3,725 12,955

dB/dr (kG/in.) 3.0 - 2.5

n 170 - 245

DA, see Fig. 11 (in.) 1.5 1.0 1.0

Width, mean (in. ) 6. 0

DM, see Fig. 11 (in.) 3.0

DC, see Fig. 11 (in.) 2.0

Magnet steel, less shims (tons) 380

Support structure (tons) 150

Magnet Coils

Number, 100 for each of 60 orbital turns 6000

Cross-section area (in. ) 6.0

Form factor 0. 8

Resistance of ion path (ohm/ft) 3. 35 X 10

Image coil power (kW) 150

Total power (MW) 5. 3

Power loss, mean (W/ft) 455

Weight of copper, with image coils (tons) 263

-6
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The Radio-Frequency System. -- The acceleration system is

assumed to consist of 50 identical cavities, each phased with respect to

the others. A constant gap (2g) has been assumed to simplify the power

calculations. Operation is at the N'th harmonic of the cyclotron frequency.

The properties of the cavities are described in Table III.

Table III. Properties of RF System

f , cyclotron frequency (Mc/s) 3.42

f , frequency in cavities (Mc/s) 170

Total number of accelerations, in 60 turns 6, 000

Energy gain, mean (keV/gap) 147

Power loss of cavity (kW/ft) 4. 6

Cavity spacings, see Fig. 11

2g (in. ) 3. 0

A (in. ) 3. 0

B (in. ) 6. 0

C (in. ) 12. 0

Length of each cavity (ft) 61

Electric field strength in cavity (kV/in. ) 50

Total power loss to cavities at j6 =0° (MW) 15. 1

Total power loss to cavities at ^ = 20° (MW) 16. 1

Beam loading at 1 mA, mean (MW) 0. 88

Beam loading at 10 mA, mean (MW) 8. 8
2 3

Surface area of cavities, total (ft ) 20. 5 X 10

Vacuum System
3

Volume, beam pipe only (ft ) 100
3

Volume, beam pipe and cavities (ft ) 3, 000

Vacuum pressure (mmHg) 10'

Orbit Properties

v = v 9. 2 at 120 MeV, 7.7, at 1,000 MeV
j7 Z

5
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12. 2 The 15-120 MeV SOC, Basic Design.

In this first-stage SOC it is assumed that the radio frequency is

the same as that in the high-energy region, but that the machine is

operated in the second harmonic mode. The main reason for this change

is to ease the design of the central or low energy part. An alternative

procedure would be to double the 'cyclotron radius' used in this section.

A plot of the height of the ion path as a function of orbit radius is given

in Fig. 13, together with inserts showing magnet details. Properties

of the radio-frequency system are summarized in Table IV, below; the

magnet is described in Table V.

Table IV. Properties of RF System, First-Stage SOC.

f , cyclotron frequency (Mc/s) 3.42

f , frequency in cavities (Mc/s) 170

Total number of accelerations, in 25 turns 1100

Energy gain, mean (keV/gap) 96

Power loss of cavity (kW/ft) 2. 35

Cavity spacing

2g,at 15 MeV (in, ) 2. 0

2g, at 120 MeV (in. ) 3. 0

Length of each cavity (ft) 35

Total power loss to cavities, at s6 =0° (MW) 1. 8

Total power loss to cavities, at (i = 20° (MW) 2. 0

Beam loading at 1 mA, mean (MW) 0. 105

Beam loading at 10 mA, mean (MW) 1. 05
2

Surface area of cavities, total (ft ) 5200

Vacuum System

3
Total volume ( ft ) 25

_5
Pressure (mmHg) 10
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Plot of ion paths at a given azimuth of the first-stage SOC,
with inserts showing magnet details.
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Table V. Magnet Parameter for First-Stage SOC, Basic Design

Height (ft)

2 N (number of cells/turn

Number of turns

r , cyclotron unit (in. )

B (kG)
o

r (in. )

B (kG)

Length of ion path (ft)

dB/dr (kG/in. )

n

(dB/dr)/B, (in

DC (in. )

DA (in. )

Weight of magnet, less shims (tons)

Support structure

Magnet Coils

-1

at 15 MeV at 120 MeV

86. 5 226. 0

3. 64 3. 98

-
2400

2. 1 2. 3

50 130

0. 58 0. 58

1. 5 3. 0

Number, 44 for each of 25 orbital turns
2

Cross-section area, at 15 MeV (in. )
2

Cross-section area, at 120 MeV (in. )

Form factor

Resistance of ion path, mean (ohm/ft)

Total power (kW)

Power loss, mean (W/ft)

Weight of copper, with image coils (tons)

16

44

25

490

2. 54

1. 5

120

45

1100

6

9

0.

.7x10

627

243

121
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12. 3 Cost Estimate for SOC System, Initial Design.

It is estimated that an accelerator system incorporating the basic

SOC concept to provide a 1-mA beam of 1-GeV protons would cost about

$18 x 10 . This is the cost of the complete accelerator system, as

summarized in Table VI. It does not include the cost of the building or

the experimental facilities, which should be comparable to such costs for

other types of accelerators of comparable output.

The author assumes the sole responsibility for the cost estimates

given here. In the preparation of these estimates the following assump

tions were made:

1. Output - proton beam current 1 mA, mean, at 1 GeV.

2. (6 - at 20°.
s

3. DC-2 -rf conversion efficiency - at 60%.

4. RF power supply - at $100/kW.

5. Tubes, 500 kW - at $45,000 each.

2
6. Cavities - at $20/ft worked copper surface.

7. Coils, finished and assembled - at $3/lb.

8. Magnet pole faces and blocks - at $0. 50/lb.

9. Pole shims, first SOC - at $40/ft of ion path.

10. Pole shims, second SOC - at $20/ft.

11. RF parts (circuits, etc) - at $130/kW.
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Table VI. Cost Estimate for 1-GeV SOC, Initial Design

Cockcroft-Walton Injector (0. 5 MeV) $250 x IO3

Linac (15 MeV)

Cavity, drift tubes, etc. $280 x 103
Power supply (3 MW for RF) 400

RF parts 600

Tubes 200

Total $1,480 x IO3

First SOC (15-120 MeV)

Pole shims and adjustments $100 x io3
Magnet and support 200

Coils 600

Magnet power supply 70

Cavity 100

RF parts 300

Power supply 300

Tubes 150

Vacuum and beam pipe 100

Total $1,920 x
3

10

Second SOC (120 MeV - 1 GeV)

Pole shims and adjustments $250 x io3
Magnet and support 550

Coils 1, 300

Magnet power supply 600

Cavity 400

RF parts 2, 200

Power supply 3,000

Tubes 1,600

Vacuum and beam pipe 500

Controls 1,000
3

10Total $11,400 x

Total cost of complete accelerator sy
Contingency, 20%

stem $15 x
3

io6

TOTAL $18 x 10*
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13. Development of a Proposed SOC

Starting with the basic SOC concept used in the initial system

described above a more efficient design is developed for the second or

last section of the system. In Fig. 14, curves are given showing the

dependence of turn spacing, radius, and number of turns, each as a

function of particle energy. A plot of height vs radius of orbit path is

shown in Fig. 15 for the basic helical pattern. An obvious difficulty

with such an arrangement is the lack of rigidity of the magnet structure,

partly caused by the great height of the magnet stacks.

By using pairs of turns at the low energy end, some saving in

magnet power and in height of stacks is achieved, along with an increase

in rigidity. This is illustrated in Fig. 16. Extending this idea to

encompass the entire high-energy SOC results in a much more compact

magnet. Considerable saving in magnet power and also in rf power is

then possible, the latter occurring primarily because of the reduced

length of the cavities. The orbit path in (z-r) space is shown in Fig. 17.

A plan view of such an arrangement is given in Fig. 18; two of the four

straight sections are indicated. The manner of use of these straight

sections is indicated in Fig. 19, showing motion in the z-direction and

also crossing of the orbit paths. An obvious difficulty with such an

arrangement is that the orbital path lengths at high energy are not exact,

being either too large or too small. However, by changing paths, as at

point 'C, this defect can essentially be removed.

An alternative line of development now is examined. Instead of

using pairs of paths let the helical path be reversed in its z-motion at

the half-height point, as illustrated in Fig. 20. By rearrangement of

the magnet coils and magnet blocks, a more compact and very rigid

structure results, as indicated in Fig. 21. A plan view of this design

is given in Fig. 22.

The sudden change in direction of motion along the z-axis, however,

introduces some difficulty in the design of a suitable rf cavity. This is

overcome by making the change in direction less sudden, allowing several

turns to lie in the same plane, as indicated in Fig. 21 by the line of points.
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Fig. 18 Plan view of one quadrant of machine showing relative
positions of rf cavities and magnet stack. In this instance
the magnet coils surround each element of the magnet.
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Fig. 21. As Fig. 20 but with magnet stack reduced in thickness and the
coils turned on edge.
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Fig. 22. Plan view of one quadrant of machine. The magnet coils
are seen to lie over both the rf cavities and the magnet.
Wedge sections are indicated at both ends.
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A more detailed section, taken radially, showing possible magnet

structure, coils, and rf cavity system is shown in Fig. 23. Some experi

mental tests which have been made for the magnet geometry indicate its

feasibility. Section A-A, shown in Fig. 24, is a cross section through the

rf cavity, and Section B-B, shown in Fig. 25, is a plan view detail of the

magnet and cavity arrangement.

One of the vertical bending magnets situated in a straight section is

illustrated in Fig. 26, and in Fig. 27 a possible extraction magnet and

arrangement is shown. With such a system the output energy would be

adjustable with an interval of about 20 MeV. An artist's impression of

one such machine is given in Fig. 28.

To place the pole shims accurately and to permit them to be adjusted

in position, an arrangement such as shown in Fig. 29 and 30 could be used.

The basis for this method is that the pairs of shims are accurately located

relative to each other. Also, they are maintained accurately within limits

on tilt and twist by their position between the pole faces or blanks forming

the magnet stack. The only adjustment necessary to 'tune' the machine is,

then, the correct radial location of the shim pairs. To facilitate this

adjustment, the vacuum tube is constructed with bellows at either end to

provide flexibility.

The construction envisaged for the rf cavities takes advantage of the

large amount of duplication that is involved in the 2N cavities. It is pro

posed that the cavities will be built up from small, stamped and formed,

sheet copper sections of the type shown in Fig. 31. This type of construc

tion is possible because the joints bet-ween sections are parallel to the rf

current paths and do not impede current flow.

The sections could be cooled by passing -water through passages or

corrugations formed into the sheet metal which, besides increasing the

rigidity of the structure, reduce the rf skin losses. Approximately 88% of

each cavity could be constructed from this basic section, thereby consider

ably reducing the number of man-hours spent in fabrication.

In addition, two identical end sections and one 'elbow' section are

necessary per cavity. Although these parts could be fabricated in the

same way as the straight sections the overall cost might be less if the

sections are made with cooling pipes welded to developed sheet metal.

The outer vacuum vessel for the rf liner is indicated in Fig. 32.

To stabilize the cavities mechanically a tube of either fused silica

or alumina might be used as a spacer surrounding each acceleration gap.

Finally, to control the phasing and tuning of each cavity a servo-controlled

trimmer system could be used.
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UNCLASSIFIED

ORNL-LR-DWG 76886

Fig. 23. Radial-cross section of an SOC intended to accelerate protons
from 120 MeV up to 1 GeV. A single rf cavity is used and is
bent at the mid-energy point. End coils for correcting the
magnetic field distribution are indicated at both top and bottom
of the coil system. The successive points tranversed by the
beam are indicated by dots.
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Fig. 24. Cross section A-A of rf cavity showing path of beam and the
variation of line spacing to reduce cavity losses.
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ORNL-LR-DWG 76888

Fig. 25. Cross section B-B of Fig. 22 indicating the relative locations
of the rf cavities, magnet stacks, magnet support, and ion path.
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Fig. 26. Cross section and, below, side view of magnets used to impart
Z-motion to the ions in passing from one layer to the next.
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ORNL-LR-DWG 76890

Fig. 27. Plan view of machine showing location of extraction magnet
in relation to orbiting beam. A cross-section of the extraction
magnet is also shown.
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ENLARGED DETAIL

UNCLASSIFIED

ORNL-LR-DWG 76891

Fig. 28. Artist's sketch of whole machine showing location of -wedge
sections and the folded nature of the machine. The insert

shows details of the rf cavities, the coils, and the arrangement
of the magnet stacks.
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ELLIPTICAL FLIGHT TUBE

ANTI-STICK SHIM
(BRASS)

POLE SHIM

-ELIPTICAL TUBE

Fig. 29. Above: Cross section through one magnet shim showing
possible method of construction from four pieces, tack welded
together. The beam pipe, held firmly in place between the
parts forming the shim, could be sealed to the rf cavity vacuum
envelope by the seal arrangement shown in lower figure.
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MAGNET STACK SPACER
AND FULCRUM

TRIM SCREW

SPACER AND FULCRUM

Fig. 30. Plan of one magnet stack piece showing location of magnet
shim and beam pipe end seals. The shim is positioned by
means of two adjustable, pivoted levers pushing against the
ends of the shim unit. A pivoted spring provides the reaction.
This arrangement permits both radial and differential motion
of the shim in relation to the machine.
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FOLDED HERE AFTER FORMING

RF GAPS

COOLING
PASSAGES

Fig. 31. Part of the liner forming the rf cavity. Multiple cooling
passages are used to increase the rigidity of the structure and
to reduce the surface electrical resistance. Many such pieces
could be tack-welded together to form a complete cavity. A
suitable material for these units is called "Hole-in-strip"
copper sheet.
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O-RING
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3/8-in.
ALUMINUM

PLATE

Fig. 32. Part of outer vacuum vessel for the rf liner,
would be a suitable construction material.

Aluminum
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13. 1. A Developed Design for a 120-MeV to 1-GeV SOC.

The design developments discussed above make it possible to

calculate the design parameters for an improved second-stage SOC for

the accelerator system described in Section 12. The major changes

from the parameters of magnet described in Table II are, of course, in

the coil structure, as shown in Fig. 23 and 25. The new magnet details

are given in Table VI. Features of the radio-frequency system are shown

in Fig. 23, 24, and 25, and the details are given in Table VII.

As shown in Fig. 26 four pairs of z-motion magnets are intro

duced, on both the rising and falling sections. The numbers given in

Table VIII are for the falling (outer)side; the other set should be very

similar in power, weight, and cost. The details for the extraction mag

net shown in Fig. 27 are listed in Table IX.
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Table VI. Magnet Parameters for a Developed 120-MeV to 1-GeV SOC.

Height (ft) 7. 5

2 N (number of cells/turn) 100

Number of turns 60

r , cyclotron unit (in. ) 555

BQ (kG) 2. 25

at 120 M eV at 400 MeV at 1 GeV

r (in. ) 257 392 480

B (kG) 4. 50 4. 49 4. 88

Length of ion path (ft) -
3,725 12, 955

dB/dr (kG/in. ) 3. 0 -
2. 5

n 170 - 245

DA (in. ) 1. 5 1. 0 1. o

Width, mean (in. ) 6

DM (in. ) 1. 5

DC (in. ) 0

Magnet steel, less shims (tons) 530

Support structure (tons) 290

Magnet Coils

Number, 60 in each quadrant 240

Cross-section area, 2. 5 x 3. 5 (in. 2) 8. 7

Form factor 0. 7

Resistance (ohm/ft) ]L. 34 x IO"6
Length, plus two image coils (ft) 16 600

Total power (MW) 2. 25

Weight of copper, with image coil 3 (ton) 263
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Table VII. RF System for Developed 120-MeV to 1-GeV SOC

f , frequency in cavities (Mc/s) 191

Number of cavities 100

Total number of accelerators , in 60 turns 6000

Energy gain, mean (keV/gap) 147

Power loss of cavity (kW/ft) 3. 8

Power loss of cavity corrugated (kW/ft) 3. 0

Cavity spacings

2g (in. ) 4.0

A (in. ) 4. 0

B (in. ) 8. 0

C (in.) 12.0

Length of each cavity (ft) 25

Electric field strength in cavity (kV/in. ) 37

Total power loss to cavities, at p =0° (MW) 9. 5

Loss to cavities, corrugated walls (p = 0° (MW) 7. 6
s

Loss to cavities, corrugated walls (p = 20° (MW) 8. 1

Beam loading at 1 mA, mean (MW) 0. 88

Beam loading at 10 mA, mean (MW) 8. 8
2

Surface area of cavities (ft ) 15,700

Table VIII. Z-Motion Magnets, see Fig. 26

Field strength, mean (kG) 5. 0

Gap, mean (in. ) 1.5

Number of gaps/magnet 30

Weight, each (tons) 8

Weight, four pairs (tons) 64

Coils

2
Cross-section area, 3 x 5 in. , (in. ) 15

Form factor 7

Power loss, each (kW) 8. 7

Power loss, total (kW) 70. 0

Total weight, copper (tons) 11.5
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Table IX. Extraction Magnet, see Fig. 27

Length (in. ) 70

Gap, mean (in. ) 1.0

Width, mean (in. ) 2. 0

Field strength, mean (kG) 10. 0

Gradient, probably 0

Weight (tons) 2. 4

Coil

Cross-section area (in. ) 8

Form factor 0. 7

Efficiency 0. 9

Power, total (kW) 16. 2

Weight, copper (tons)
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13. 2. Cost Estimate for 1-GeV SOC System, Developed Design.

The improvements in the developed design for the second-stage

SOC, described above, significantly reduce the cost of the machine.

The cost estimate for the developed second-stage is itemized, along

with pertinent assumptions, in Table X. The total estimated cost is

under $9. 4x10; the comparable estimate for the basic design was

$11.4x10, see Table VI, page 43.

The author assumes sole responsibility for the cost estimates

given here.

The cost estimate for the complete accelerator system, as

outlined in Table I, designed to provide a 1-mA beam of 1-GeV protons

is summarized below:

1. Cockcroft-Walton injector (0. 5 MeV) $ 0. 25 x 10

2. Linac (15 MeV)

3. First-Stage SOC (15-120 MeV)

4. Second-Stage SOC (120 MeV - 1 GeV)

Contingency, 20%

TOTAL, Complete Accelerator

1. 48

1. 92

9. 31

12. 96

2. 59

$15. 55 x 106
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Table X. Cost Estimate for Developed Second-Stage SOC

Magnet Steel ($0. 50/lb)

For stacked magnet blocks $ 530 x 10

Support and spacing structure 290

Main Magnet Coils ($3. 50/lb) 1,960

Motor Generators, installed ($120/kW) 280

Pole Shim Assemblies

Machined shims ($l/lb) $100 x IO3
Working ($l/lb) 100

Spacers ($l/lb) 40

Jigs, for assembly 20

Stainless flight tube ($3/ft) 40

Bellows ends ($5/end) 60

Vacuum connections ($10/gap) 60

Magnet spacers ($l/each) 18

Adjustment arms ($3/each) 36

Spring ($5/each) 30

Z-Motion Magnets

Steel 130

Coils 160

Power supply 20

Extraction Magnet

Steel 3

Coils 3

Power supply 2

504

310

Partial total, carried over to next page $3, 882 x 10-3
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Table X, Cont'd.
3

Carried over from previous page $3, 882 x 10

RF Cavities

Outer vacuum vessel

Aluminum plate, 3/8 in. ($3. 50/ft2) 50 x IO3
Flanges and seals 60

Fabrication (welding at $3/linear ft) 100

Supports and ties 20

Vacuum connections 10

RF liner (except ends and elbows)

Copper sheet, 3/16 in. ($12/ft2) 190
Development of passages and 100

connections

Fabrication (welding at $5/linear ft) 100

Feed lines and couplings 50

Tuning mechanism 50

Liner ends ($150/ft2) 190
Elbows ($100/ft2) 240

$1,160

RF Parts ($130/kW) 1,170

RF Power Supply ($100/kW, 60% eff. ) 1,350

Tubes ($100/kW) 900

Vacuum, pumps and piping 100

Controls, magnet, rf, phasing, correlation 500

Mechanical Monkey, mechanical control, etc. 200

Beam Transport, from 1st to 2nd SOC 50

Total cost for developed 120-MeV - 1-GeV SOC $9, 312 x 10
3
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13. 3. Three Types of High-Intensity Accelerators (Meson Factories)
Briefly Compared.

Brief Comparison Between Three Types

of Meson Factories

SOC (ORNL) Yale Linac

Proposed final
energy 1,000 M eV 750 MeV

Upper limit > 10 Ge:V >10 GeV

Proposed mean
current 1. 0 mA 1. 0 mA

Upper limit 10 mA 1. 0 mA

Extraction

efficiency 100% 100%

Extracted beam

quality Good Good

Microscopic
beam structure 5% 1.4%

Macroscopic
beam structure 100% 20%

Energy spread
in beam 0. 1% 0. 1%

Cost of machine per
watt of beam $16

Machine cost for

1 GeV at 1 mA $16 x 10(

Machine cost for Interpolated
810 MeV, current to ,
as proposed

Variable energy
capability

$13. 8 x 10

Yes

$24

Extrapolated to
$24. 2 x IO6

$18. 5 x 10

Yes

Mc Cyclotron (ORNL)

810 MeV

810 MeV

100 uA

1. 0 mA

80%

Probably Good

5%

100%

0. 1%

$120

Not Possible

$14. 5x IO6

No
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