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INJECTION INTO FFAG ACCELERATORS

INJECTION INTO F.F.A.G. ACCELERATORS
Lawrence W, Jones

February 16, 1955

I. Introduction

The problem of injection into F.F.A.G. accelera-
tors in the multi-Bev range is greatly simplified due to the
elimination of the eddy current problem and grest reduction
of the field problem. Low energy injection therefore only
presents & problem from the standpoints of a) gas scatter-
ing, b) space charge repulsion, and ¢) r.f. range of frequency
modulation. We will treat a) and b) below, considering the
entire problem of the injection aperture of the accelerator.
We will concern ourselves particularly with two numerical
designs, a Mark Ib 10 Bev design and a Mark V 20 Bev design.
II. Space Charge:

Laslett1’2

has treated spsce charge in the convention-
al strong focusing accelerator. He assumes a tube of beam

of constant cross section and uniform charge density to calcu=-
late the effective change in the focusing force of the magnet
gradients. It has beén pointed out that the effect of space
charge is to weaken the focusing and strengthen the defocusing
effects both radially and vertically, hence the effect can

not be represented on the simple necktie diagram. Symon has

suggested that space charge might be compensated for by



Internal

pairs of programmed quadrupole lenses which effectively
incresses the lens strengths to preserve the same & s.

Laslett's expression for space charge is
q - _/iq(m‘rr?,,) v 3* 51,/ courfom bs
-] GO & ge

Where RO

the machine raiius (em

3 x 1010 em/sec

c -
(3 = v/c of the injected particle
A = the radius of the beam "tube" of charge.,

il

In the strong focussing case, )4L_G*L Trk where

the allowable change in n.

k = nC for either the Mark V or the Mark I in the smooth
approximation. first estimate would be to ask what

change in k would move i one eighth the distance between
integral radial resonances. If the operating point is midway
between an integral and a half-integresl resonance, this
corresponds to moving half the remaining distance to the
closest resonance. In the above, §5n_ 1s replaced directly

by $ k. For 5 Mev injection the above can be rewritten as

= 2.2 X /9‘”} da/gk r«c"‘anﬂ-
Z. R r

A lens analogy3

indicates that the 45 (or y@ )
for interspersed lenses of different strengths result in an

effective G (or \7 ) for the combination equal to the sum
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of the squares of the components ( $ e

2
In genersl, @ = JN:P PR - \), is the
mmher of betatron wavelengths per revolution neglecting
annne charge, \) the number including space charge,

and 1 \73‘ the effective )) from the defocussing

effects of space charge, then a
.2‘ 2 2 SV :_%_
l% Sy >§- J 2;>Z,x
ﬁr’pjac))o-
8 7
2, % — 2
o Pl S el e
\)? ))"-‘3 S, § Y7 7 -23)7
Since ))93 is, for usual F.F.A.G. designs, about
4&_),21 s shift toward vertical rescranceswould probably
be more severe by a factor of two than the shift toward
radial resonance, We must evaluate S‘k for a change

S \)K = 1/8.
V4 t Vk+S k
Vi

SV =
%A

)

b9

s
_

o
2k

S&=.?%%)z Sk-=5 .

:;){5 1/8, this should in general be divided by two.

Sk - g))x
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IIT. ©Space Charge-Numerical examples.

10 Bev Mark TIb,

Ro - 104 cm
k = 200
)) - 28
X
A = 5.0 cm
Sk = 200/8x22 = 1.1

2.2 x 104 o 25x1.1/10% = 6 x 10™*

protons per pulse,

Q
o
n

For a one turn injector, this would require a current,i

1y 1.6 x10%92 x 1075 =

5 milliamperes.,

1=09yx 1.6x 10"‘19 xt=6zx10

20 BRev Mark V

B, =5 % 103 om

k = 200

yﬁ = 1&.

5% = 1.8
A em g, protons i (one turn) milliamperes
1.0 8 x 1010 1.3
1.5 1.8 x 107 2.9
11

2.0 3.2 x 10 L
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IV. Gas Scattering,.
Hammermeshu has applied the gas scattering
formulation of Courant and Blackman5 to the F.F.A.G.
The probability of survival of a particle in a given

accelerator is P (:7 ) where the argument

723'?2‘ %NC/QV[,Z,&«_( )]
Y, = 282 x 167" axé’*[o?’éw(;{)] e,

M e i

2T A ))3,

o

ERE -4, —1 1A
X = 1.396 x 10 / 1+2.04 T ]

C is the circumference in centimeters

A is the vertical semiaperture in centimeters

T; is the injection energy in Mev

ey is the energy gain per turn of the particle in Mey°

P 1is the pressure in the vacuum chamber in units of 10_5mm
Hg of air or nitrogen.

)} is the number of vertical betatron wavelengths pe}
revolution.

For 5 Mev injection,

kT 1075



il
MURA-LWJ 8
Internal

The function P (?/ ) is plotted in Reference 5, If the

beam has an initial amplitude, 41

and the phase space from injected particles, the argument,

as from gas scattering

must be increased. From Reference 6,

Y - (17;4- A”/léaz)%o ;

The aperture, A, should probably be chosen less than
the total vertical aperture due to r.m,s. misalignments
of the magnets. In the numericel examples considered,

A is taken as about 2/3 the semiaperture available physically.

Ve Gas Scattering, Numerical Examples,

Mark I. )é-: 5.5, other parameters as in III,
A =10 cem
eV = 25 kev/turn

Aem  px10™>mmig M, Y P )

5.0 10 .093 0126 00

5,0 0.5 0L7 .085 .90

Mark V )ﬁ = 8.7 other perameters as in III
A= 2enm

eV 25 kev/turn

A em P X 10-5mm Hg 4719 47 P(qf)

1.0 1.0 .16l .196 .50
1,0 0.5 .082 11l .80
1.5 1.0 .16l 31 .28
2.0 0.5 .082 256 «35
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VI. Injector
A 5 Mev electrostatic generator can be expected
to give an admittance of 0.5 x 10-3 cm-radians of injected
beamT. The amplitude of oscillation resulting from such

en admittance will be, where O is the half-angle of

divergence and a is the radius of the injected beam,

R )
A= 824 2Ro & )21 A minimum amplitude results
¢

‘when = 2 K, S"‘y";'.' At LB a s
/o
Therefore, ”
minimum A = a,qf;:‘
if Y =ad
lﬁ = Yi?jgo Clgl = ‘t [@ )
Y L M, }/
in Mark I = 10” cm
= 5.5

RO
B
Y = 0.5 x 1073
A = 1.9 cm

in Mark V Ry = € x 103 em

1% 2 BT

"f = 0.5 x 103
iﬂ = 1.2 em

We conclude that values of A used in the space charge

expressions are realistice
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“7VII. Conclusions, Numerical Results.

Combining the effects of space charge and gas scattering, one
may arrive at a final figure for the protoﬁs accepted per pulse. As
a first guess, 50% of the protons might be lost due to R.F. phase
acceptance, and 50% might be lost in Mark V in crossing the transition

energy. The following table summarizes all results.

————— r—————————l—————-———c——————————————-q--——q-——-————-—------————-——ﬂ-———----———
Mark T Mark V
Emax 10 Bev 20 Bev
By 5 Mev 5 Mev
Ry 100 m 50 m
A 10 cm 2 cm
%- 5'5 6-7
a VAL 5p 1
eV 25 kev 25 kev
|5 k] 1.1 1.8
e - e — ———— S e e -
‘ a q
Machine| 4 | q 1 F ’V) q after 50ff after 50%
cm |protons | ma 10-5| e 47 Prﬁ) protons R.F. in=- Xitron E
jection loss
loss
o5 1.0 | .093| .126 | .80 [ .8x1011| 2.x10%

o e ——— v - ——— o - e e .-

%3 1.0 | .26k <24 |.ho |7.2x10%°] 3.6x1010 f.8x1010
" 1.5|1.8x10 .9
10

0.5 | .082]| .167 | .65 |12x10 6.0x10 3.0x10

ot - ——

1.0 | .16l | .31 |.28 | 9x1 .5x1020 b, 10
" 2,OJ3.2x10115.1 Lk o5 3x10
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Appendix: Justification of substituting Sk in the F.F.A.G.

!
case for 3n in the case treated by Laslett. From reference 1,

_ - ge (1-F%)
Fse. “Tr2e 2%, ¢

s the space charge force.

From the magnetic field of the accelerator

F. SBe v, = mev B,

) ~ By 7
- J
where S [3 ? ,},T,

: _-R AB_. R, 28
since N —-Ei = —g:’ Pl

where (3 1is the magnetic field averaged over one sector pair,

C is the circumference factor.
Fr=9SBey = KBev SR
R
So for KX motion, 8 K in the F.F.A.G. case plays the role
of Sn in the vy motion of a conventional machine.
In Mark V, k is shown by the smooth approximation
to uniquely determine rgdial focusing.

Fr = §Bcv=]<_‘_3t§_g S K
R
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