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I. INTRODUCTION

This report describes a preliminary investigation of particle orbits in FFAG
fields which do not possess median plane symmetry. The impetus for this investi-
gation was the realization that many of the difficult problems of the Ohkawa two-
way acceleratorl’ : are related to its large circumference factor. The two-way
accelerator derives its guide field from the difference in vertical field between
positive and negative magnets along a 'scalloped" equilibrium orbit. If radial
fields on the median plane are added, they give rise to additional vertical fields off
the median plane and to additional equilibrium orbit scalloping off that plane. The
average vertical field on the equilibrium orbit can be increased in this way without
increasing the magnitude of the field, so that the circumference factor is lowered.
Such fields have, of course complications over more symmetric fields, perhaps
the most notable being the existence of twice as many essential resonances.

The success of such an idea rests ultimately on the question of orbit stability.
In the present report we treat only the linear problem in scaling radial sector
accelerators. The one-way spiral sector accelerator is not in need of much help
in the matter of circumference factor. In a two-way accelerator spiral sectors are
not the striking refinement they are in the one-way case, for by the nature of the
two-way accelerator the negative magnets cannot be eliminated. Spiral sectors do
aid vertical focusing in the two-way accelerator, but at the expense of greater
complication in magnet construction.

It should be noted that a special case of a one-way spiral sector accelerator
has been treated by Ohkawa?’n The treatment of fields in the present investigation,
in particular the splitting of the median plane field into vertical and radial parts,

derives from his work.
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The conclusion drawn from this work is somewhat negative. It appears that
the gain in the circumference factor of the two-way accelerator is achieved at the
expense of the already weak vertical focusing. It is planned to extend this work
to the non-scaling case in the hope that some amelioration of this difficulty can be
found.

11, FIELDS AND POTENTIALS

Things begin in a conventional manner, The field components in cylindrical

coordinates (r, @, z) are expandable in powers of z/r. Thus

a2 O

“

i N
& /{:“ - / : 2 )
B, = -5 (R & O

I _§ (?)3 Zu008

o W =9

(2.1)

The coefficient 1s negative (B > 0) because a downward field is required
to bend positively charged particles around a circle in the increasing 8 direction.
The relevant Maxwell's equations /- B =0 and VXEBE =0 give
relations between the coefficients of (2.1). Here (and throughout) total derivatives

with respect to © are denoted by primes.

Zw = (wm+/) Qm'h‘
(/W?-f-l)/fm-/'l (}é»/m) Lo
(#+1-m) Om = R

/ =
(£+1-m) Ry + Om 7 () '{W"' < (2.2)
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Two symmetries are evident from (2. 2). R ~and 6, of even (odd) m are
related only to R, and en of even (odd) n and to Zp of odd (even) p. Further,

R, even (odd) in © is equivalent to Z  _ 1 even (odd) and to 8. odd (even)in 8,

Because of the first symmetry, the field can be split into two parts which
satisfy respectively on the median plane (z = 0) the conditions

B.oaBas0" ')

and

B,

0 (ID).

Fields of type I are determined everywhere (barring convergence difficulties)
by specification of Bz on the median plane, while fields of type II are determined
everywhere by specification of B,. on the median plane, except for azimuthal fields
which are independent of 9. " Such fields are not governed by the Maxwellian
restrictions (2. 2). They are not of much interest in the present work, which is
directed toward two-way accelerators.

Since only fields periodic in 8 are of interest, the coefficients of (2.1) can
be expanded in Fourier series.

Fu = B, Srm

- -0

Qw % é 7/w,v- i 2:5

N =00
457 - <
z . 2 wa,w =
W g
where
ine
€y = ¢ (2. 4)

*I am indebted to Dr. L. C. Teng for calling this exception to my attention.
4
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For fields of type 1 a little manipulation gives the recursion relations

! [% (#-m)*]3,,,

Somsam . (me1)(mea)
03 -m
§w+1,w B T s (2.5)
= o= T‘m,‘n 5

which show by repeated application that all the fields of type I can be expressed

in terms of the foJ n '’

For fields of type II,

= 4 ﬁ"/—nl [”’1"' (ﬁﬂ-"”)f] gm,w
Efmv-:z,,, pi frﬂﬂ)(‘m*z) k#—l—'w
N

’7»"," S e~ (2. 6)
{ [m‘—(ﬁf—/-“m)l] S, g

K'yn,l-/,'n k (mri)( k+l=w)

so that all fields of type II {except for those of the form ’77"/0 ) can be expressed
in terms of the $g,4

B can be derived from a vector potential A which is of direct interest be-
cause it appears in the Lagrangian. The vector potential components can be
expanded in a manner quite analogous to the field expansion above. That is, we

define
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4= -nB () E L P B e

The potential components are related to the field components (from _B_ * V)‘f_\_ )
by
§ = z'nzz/w,n = (W) 470"‘“'”)14
M, M
= (Wf/) ;QMH)M T (,é+l-— s )IM'M

7’“" 4 (2. 8)

f = (,é/—:(,—’m) WM,M— Z'%?«a,‘m )
W, M

while from (/- ,_[_\ =0,

= 0.
o+ (wi+l) X amsi, m

(5+z~m) Porca, 9 + E% P (2.9)

From (2.8) and (2. 9) recursion relations can be derived:
2 - ,é )r - (wmti) 3‘1~w+/ m
% ” [/@z-m}-w’]@ﬂww- (&t2-m )3 .
it m+2) WYy s ' ' .
W+ N 4 7_11_[_@_1’_’_) ‘fw, o

2 e = (WMD) Tarnm Kra-m
4 -W - M '4,"‘11
/’n’)*’)/fwr?";() Pomr2, M - [/é""’z /)) ]¢

|

e ' (L +-m) D (2.10)
f[(ﬁf/wn)-’wij,w 7n§mm ( )7

(fyn+lj(’7”*2)2/w+2,)’l
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The r.h.s. of the third of Eqs. (2.10) is identically zero, from the second

of Egs. (2.2).

We choose a gauge such that

%O, M =a

e
fon ™ % (2.11a)
Z(oh %0

Then from (2. 10) or from (2. 8) and (2. 9),

s '7wn
Yim = = Sa (2. 11b)
xb‘n = kg f";‘ﬂ/é_’_az L
; -ihé i z'n}f,)ln
fan [¥+4‘£”+72]" e
r A
o LT B §/, = —ﬁ(éu) i il
Fan ” 2 a(k+3a)
Lyn =°
e tV : 5
%}”-—-}/—72,1’1 A Z’” (%*/)__7.)0);;
1 Rl o (R
[W K (2.11d)

y g _'/ — e
L,J:'m‘ - 1 §‘—’?»7’ 6 %t
%

2. g .
Xs N - % N ro/‘” 0
Tad NG ILY.
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1II. EQUATIONS OF MOTION

The equations of motion of a charged particle of momentum p in a static

magnetic field are derivable from the Lagrangian

=rf? J(0)% % b e ZA"*”*’)AG*JAJ_]/

(3.1)

where the relative deviations x and y from a circle of radius r, in the median

plane are defined by

=V (ltx)
= (3. 2)
g ey
and
0( 3 CV‘C Bc,
SF (3. 3)

is the parameter first introduced by Oh.kawal.

©¢ is a measure of the circle
about which the motion is expanded. It can have either sign; negative values of o<

Qﬁc/ < O T =% L 2
correspond to /b . A change of sign of describes a particle
of opposite sign in the same field, a particle of the same charge in a field of
opposite sign or a particle of the same charge in the same field circulating in the
opposite sense of rotation. "

Different circles of expansion r_  and r; corresponding to &, and o

of the same sign are related for a scaling field by

£+1

_ ; /) (3.4)

since for a given field bc . Thus a motion of a given sense of

circulation can be expanded about any radius.

™t was first pointed out by Parzen that changing the sign of % is equivalent to choosing

the opposite sign of the radical in (3.1), which is equivalent to motion in the opposite
direction. 8



MURA-406

The magnitude of <. depends on the units in which the magnetic field is

given, since the field always occurs in the equations of motion multiplied by

If a new scale is chosen for the magnetic field such that B —>» a B
then o« —» *</&-
o 1is also related to the circumference factor
= Max / .Ef‘_(,e-) »
A(8) (3. 5)

where rgo (8) is the radius of the equilibrium orbit of a particle of given momentum
and /0 (8) is the radius of curvature of that equilibrium orbit, both at azimuth 9.

Now c ’b

/0 . e/ﬁ(@)e‘;’e)/ '

Suppose that the maximum of (3. 5) occurs at 8 = 90. Choose o< =X¢ such that

rap, (90). Then

& = iR P )

(3.6)
This is a generalization of the usual formula to include fields of type II. Note
that r, is the radius in cylindrical coordinates. The height of the orbit above the

median plane enters only in the calculation of the field.

The equations of motion following from (3. 1) are

2’,/ / = [+ % 3 2 . )
A1) + 277+ (7"' V00 ey’ o, /?Hz) < BG]

a/ )/ o é_‘ ZIBQ-— (/+Z) Br] :
Tt peegn :

(3.7)
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In a two-way accelerator Eqgs. (3.7) must be invariant under the combined
transformation X—> - , 6 —» -6 . This can be accomplished
by constructing BZ so that it is odd about some point 8. Then, from Maxwell's
equations, Br is also odd and B9 is even about 91.
IV, THE EQUILIBRIUM ORBIT

The first task of an analytic development is the seeking of a periodic solution
of (3.7), the equilibrium orbit. In order to proceed it is necessary to expand the
equations of motion in powers of x, y, x' and y'. It should be noted that expansion
of the equations of motion can produce equations which differ from those derived
from an expanded Lagrangian, because it is easy to transform the equations in such
a manner as to lose their Lagrangian properties. The solutions will, of course,
also differ.

We expand the Lagrangian (3.1)

| = 1exr 3 (XHY7) -3 2 (2457

ol / /
X YA+ 1+7) As *, ] ’
+¢B:,[ g / J (4.1)

where the square bracket is symbolic of the expanded vector potentials from (3.11).

The approximate equations of motion derived from (4. 1) are

2
2’—/+’z’i7/1"‘"
- 2 2

[t g 2l g g en(d))
y.”: 17’—/-}((7% - O(Zl(/+l’) £6W/+y) (14%) é*/%\ F%%)7;4.2)

10
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where the square brackeis are again symbolic of an expansion too laborious to

write out here,

Since we seek a periodic solution, it is natural to resort to Fourier series.

x:%ﬂfﬂen

Mz -

# =§¢ v (4. 3)

» E-

Thus we write

Substitution of (4. 3) into (4. 2) and use of harmonic balance or use of (4.1) as

the integrand of a variational principal with (4. 3) as a trial solution both give an

infinite set of equations for the x, and y  (given here correct through second order

in x, y, x' and y')

//" 77:'2{,,, e &qo_dfo,'n—d(éf/); Jom 7(.,,_,,,'*7'0(1?71107”’70),’_,"‘0(; Tm ;“'"’

!

e s

w

—:T’o([éf/)}é%‘l’w p Som-m-p =% éZ w;/o )M~
i

w,p

- Z(yw;p ) - +za<f%47ﬂdl/ '7 PZ" "‘}’+M£ij7/5;””’
) p
ey
e <o G g $UVE o o
= Zl”m W T . Z 5‘“5’/’ i’:”"”'/b _z'é‘:\%‘mlm 70/""”? (4. 4)
oc/aéﬂ)éj $ori-map +df€ Lo s 5, -m-p

_z'w%’ wZW /IJP;!”’",-P 7"”

11
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In any reasonable accelerator the x_ and y, are small compared to unity.

n
A system of successive approximations based on this smallness is not difficult to

construct. We will substitute the ith

approximation in the r.h.s. of (4. 4) to
: . : st
determine the (1 + 1)°".

Such solutions can be calculated using any value of <X . It is interesting to
choose x, = 0 and calculate ¢ from (4.4). In this way all the possible values of
can be found. This method, which was used by Ohkawalﬁ has also the advantage
that all the contributions of X, to (4. 4) vanish, which speeds the convergence of the
system of successive approximations. With x, = 0, the difference between the

(i + 1)5t and itB

approximations relative to the ith is of order 2 T/n*
where 7 is the size of the largest field harmonic. This quantity has a value about
1/5 for any FFAG accelerator.

The sums in Egs. (4.4) all run from -2 to ©°, << is calculated from
the first of (4.4) with n = 0. The second of (4. 4) is used to calculate y,. Inan
accelerator where y_ =0 (e.g.. a two-way accelerator), the second of (4. 4) is just

a statement of the fact that the r.h.s. of the second of Eqs. (4.2) has zero mean on

the equilibrium orbit.

We take as our initial solution xflo) = yﬁlo) = 0, Then, from (4. 4),
So
£ Y - o= T
Xy' = ¢ Lo
(// - = -4 E),?’) (4 5)
W e ’

(4. 5) may have an error of about 30%. A relatively simple solution with an

error not much larger than 10% can be found by choosing the largest terms of

2 2)
<) ana 3@

and y Such a solution is

12
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M FN

Tbmro,wm
> 53/50': * "‘/f*’)z R

w ot L= Fle 0] Fom B
i (/n_m)R

£timion

/{f:;m;bn-m i (’é/");":’" ro,n-m
= - Z =48 o : (4. 6)
‘ym E ,,,,,l/;o,n w%‘ (n w)*
£ o D B v o }
447¢C,-n

The non-linear terms of (4. 4) make no contribution in this approximation,

because the x, and y, are so small.

n
Clearly, if the process of successive approximations is continued, higher
and higher powers of * enter the solution. Then the equation determining o< is
in our approximation a polynomial of infinite degree. There are therefore an
infinite number of roots, i.e., values of & , To each real value of << there
corresponds an equilibrium orbit, so we should not be surprised at the occurrence
of multiple equilibrium orbits. However, most of these do not appear to be of
practical interest, since /«/ >>/ and consequently the circumference factor
is very large. Examination of the order of successive terms shows that only a
few roots are of order unity. In addition, it ie doubtful that the oscillations about
many of these large % orbits are stable, which probably accounts for the fact
that they have not been found.

The equation determining &% is

13
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2 2.
2 ] _3 + L = O
/‘ O(fp,o S O(/[)éf-a)(c:-/ Gi)/ ’ :
(4.7)
where
2 S‘O,W l’o)'m
(G = ey b
/ MEo
(4.8)
G_L = ?c,m Jco)-w
i W 0 w & :
The direction of the vertical field enters only in the calculation of & | If

the sign of the vertical field is in the wrong direction for particles to circulate about
the accelerator, the sign of every term of (4. 7) changes and there are no real roots.
In the interesting special case of a two-way accelerator, the ccefficients of all odd

powers of & vanish. To very good accuracy,

%
X = i/ﬁg—f—j/@*@//' e

Since the two roots are equal and opposite, a particle has the same dynamical
properties in either direction., It may be noted also that there are no real roots for
k € 0, so that it is impossible 10 construct a two-way accelerator with negative

momentum compaction.

V. LINEAR OSCILLATIONS ABOUT THE EQUILIBRIUM ORBIT

It is not difficult to introduce axes moving with the equilibrium orbit?

as in
the conventional case. However, for simplicity we expand in a less elegant manner
following earlier work? on the spiral sector accelerator, We introduce new variables

u, U by

14
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v :,Zefﬁj"u

g:oz/"(e)f‘lf 5 (5.1)

where x€ (8) and y® () are the solutions of the equilibrium orbit equations.
Linear equations of motion follow from a Lagrangian containing only quadratic
terms (terms independent of u, V', u' and g give no contributions to the equations
of motion and terms linear in these variables vanish because the equilibrium orbit
is a solution of the equations of motion). Then

L = tayuts oy wle 1oy v ay uu’ 4 ap 4TS AT

7
uv’f’av‘

ta, vl s LUt A 2 7
(5. 2)
where
ol crx) gyt
[ o= T T
s AL . N
" 92’90':' - Vi
2 [ R
a = 2L _ (w)*e X
4 ){g/z e L:
W Y(tx) . & DA
7 oxox 3 Cpox
¢
e S g'crtx) ¢ A
Re WAt - F /7 + c75 5—29 (5. 3)
i e ;)Ao
A, - 977'51’ = cp 9‘7
a = "J_;£/ = £ 9AJ
7 2 ¢ 2
i Ty

ap = 3_;2 - u _f_c/)[/fﬂr_/ 9 ((/-rz)A) +5f ‘)I;]

T - QAy' A / alA

%q ?YJJ C/b[ 919 ((/”)d B) *d 9;91
- / DAr QAB ‘A

La,o— = = c/:[ 9‘1+ (/+z)j +°‘l ;.,1‘}]

15
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and

Lo * 1/(/1,_)/)1* y/;"o‘f/L‘

(5. 4)
All quantities appearing in the a; are to be evaluated at the equilibrium orbit.
The linear equations following from (5. 2) are

1,

a il va ! =i a8 P (G g v (hy o) YU+ (R T
G bR e S o g iy g R JH (O s
(5. 5)

The coefficients appearing in (5. 5) can be evaluated in terms of the median
plane fields by use of (2.11). These coefficients are again essentially expansions
in powers of X% 7/ m* . We expand only through first order in this quantity.
This means that we need only the crudest approximation (4. 5) for the equilibrium
orbits, since more accurate expressions are of higher order in & 3 T/ym*

We define Fourier coefficients of the a; by

o~
- : &
QZ' o Z Q,J7/ n 5 6
M= =00 (5.6)
Then
FQ of = X Sem 3 Jom Tanom + oS o Fouom
Ln 7L e 2 o M N=-m) 2 SR MW (n-m)
0(2' TO'W SO,‘”'M
2 Wl H=m)
Bh W3omn
= g( - “r‘%" _/o(’él -Ya,w —run;-m _._-?_,,(1 §:J,m go,w-m
a/j,,n no i + 3 +

2,
W#O)‘H m ""4*0"" m('"'W)

16
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g {'_o_(_;gz, ,é Z(’Vl ) - fa,'m Fa) n-wm

mFn

= t'oé__;_o i R fa” M ¥
B " e T, Sgm 30,n-m

ok r4kra < w5
i X ) ) U=
%+ Som ™ (ler1)(#+2) i, (n-m) %

7h g 1’”0( 3’0'_" -/_ (,p(; ;é M g y
g £+ 2 2O Mm o, MN-wi
. £ra g, (m-m)
2
aé,”? = ik 2

\
— X 2 ro,'m j;,ﬂ—m : gw -Fa)'n-m

N
#+2 ; m #On W M- )
(5.7)

2,3
- Som Som-we (%) = Som Som-wm

R+ R wan (m-m)* mpm (MM

Gen = o((ﬁ*")} +o(‘/é+/),€f £ e,

wE (MN-m)?*
+o< ___._[f v 4 %+
Oy -m Om z ? 7 fo} -
m FO ﬁ+ o ks
Z [W " 75//5,+2)j c
‘é-l-.{ iy /’h ’M) o,m 20, n-m
2.
a’/om == éi/ffzj Som * é’?d 2/4 44—;,:” ‘r",w fo/‘”'””
+ R w0
it '75 0‘22' ’m-—- é/gﬁl) 3
fr2 (n-m)* San o
wm N
i
= ot é’/ /‘ ’W'q“(és‘/) E
e = o, [ .
’/5-»‘»/ A (m-wm)% W ), M=

17
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If we specialize to the case of a large accelerator (k >> 1), many terms

of (5. 5) may be neglected. For example

ot T / :
a/—/ ~ QJ"/ ~ ’Vl.-_"’ ~ /n\/%_ D)
/
/ / N SR
a’ A a{ /\/aj g- ?

so that

y Pl 7 et 4 ! R |
Q. QZuMQA’U' fvaj‘U‘ o

\f//\/z,

where vV is the betatron oscillation wavelength. Such ierms are of order unity,

while the leading terms are of order k. In the same way

/
(e, - a, )V
(a-g'a;)u

AN
%i‘

To good accuracy, the equations of motion are

"

Ku+ Lv

u —
U” - Mu + /V‘L/—)
where
e
K= &,-af =£ Ko Em
Mfo;ﬁ
L: ﬂq- aé/ - Z( Ly)fn
MN= -0
9&2
M= ag- e T = Ml
Ne =X
/ 3 o0
/V = Gy g T é/ Ny En
Ne 0

Floquet's theorem applies to (5.8). That is, there

18
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(5.9)

is a solution of the form
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V6 o
A U En
g 1
2V6 2
’ vV, €xn
Yoot Z‘, (5. 10)
NEB-
If we substitute (5.10) intc (5. 8) and equate coefficients of e, we find
o0
_(w-—n)‘u,,, S 2 //(11-»« Uy t V)
W =-0 ‘5. 11)

S é (Mw T /va‘;,w).

Eqgs. (5.11) are exact. If we now assume that u

o @nd U, are large compared

) w)
to the other Fourier coefficients and substitute U, = guo U, ) U, = { vV,

1 ho
on the r.h.s. of (5.11), we find

D i Ll (/(m Mo'/'l‘%u;)
o Yn )

(5.12)
v (/% Wi 4.th0);
(V% n)?
and, from Eqgs. (5.11) with n = 0,
o\ _ [+ 4 _ 2 M ;
(°) = L Kt N E (e M) a1 o

Substitution of (5.12) in the r.h.s. of (5.11) gives in the same way a second

approximation for V ,

(.\) - Kow Kory #2 Lo Moy Vi V.,
’m*o ('\)w)* w )

2 / A’..«M-n.M
No Mo s Kom ) 4 () = K L-m? w/V/(
£ Yo g o2 G TSI 1

_'/(o-'

o
Py

19
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(5. 14) is equivalent to the usual smooth approxima’cion6 except that we have
)
not neglected 4)  compared to m in the denominators. In this way it is akin to,

though presumably not as accurate as Vogt~Nilsen's treatment. d

In cur approximation, where 1/k is neglected compared to unity

Koig= (m #0)

from
_9_.% B ?_,Br s
X ()Cy
and
L ] /\40
from
?__6.39 + 2._/:_""
< Ca; ¥ >9 =0
since < %g°> = 0

Then (5. 14) reduces to

LmM 2 L
( (r)) Z /(‘”'/(”'(o:ﬁ % [KQ*A/) {I 1/(/\/0— /Vu) + 4Mo
mho (V) (5.15)

VI. THE TWO-WAY ACCELERATOR

For the case of a two-way accelerator with k >>1, we have

/

vk (67 +&)

< =z

(6.1)

defining the average radius of the equilibrium orbit and, from (5.7),

20
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2
2 2
N, =k GG dA(FTeF )
2
L Sl mewiat by (6. 2)
£ -n>
Z—‘n 'y o % ‘;-01'”
M‘V\ y 0<'£ gq'” b)
where Gl and GZ are defined in (4. 8) and
{
2
/C/- o Z TD)W fo,—wu
Mm#Eo
2
s e (6. 3)
W #0
/:/_21= 2 ;D,W So,—w
W Ho
From (5. 15)
‘\)2 ﬁ_/_\_/_ /;-1_ /\/7 Ff—F 1]2 4( //:z1 )1
- 7L e —
(6. 4)
In the case where ?u,-ﬂ 0 , this reduces to the well-known result
2%k = w)xz
¢ R > (6. 5)
e /z/r S
% &* e
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In the case where fo - = (purely radial field in the median plane)
oY ey
’\) %, e % G—l
Iy g (6.6)
o)

so that there is no stability for one mode of oscillation and it is impossible to
construct a two-way accelerator with purely radial median plane fields.

Let us consider for simplicity a field with a single harmonic and even

symmetry. That is, we take

\50 -~ " \i r ( ‘g“;N e gﬂ"/‘/)
F Lt e Lo 6.7)
}‘o)m T 7 ( it i N) d
Then
2 / fl - 2 <
67 = 37\/'2- 5 /7 e ELf’
2 o /KL
2 / p e )
ALY e i el R
. /—ZNL
AR B0 . T

Field maxima occur at the centers of positive magnets, i.e., at 8 = 2Tp/N

(p integral). We calculate the maximum value of the field to first order in o(‘)@/N"'
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Then, using (3.6) and (6.1), we find

C ‘\/iﬁ/? [+«(F(t%g)-F )]+ g° } |
Yk

From (6. 4)

e évbaé/j(;zi:) . ﬁﬂ?///— %7L+ 4/;{7{5 )7‘.

In the following table we give C and the values of V  for k = 200 and
k/N2 = 0.04 as functions of g/f.
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gl/f C ~) v,
0 9.07 20 5.00
0.5 8. 80 19.9 4. 40
1 8.47 19. 7 3.41
2 8.02 19.5 2,10
o0 7.28 13. 7 0

It is apparent from the table that the expected gain in circumference factor
is accompanied by a weakening of vertical focusing. The same discouragement
can be achieved by inspection of (6. 4).

The radial motion has a focusing average term arising from the equilibrium
orbit scalloping. The vertical motion has this same average term with the opposite
(defocusing) sign and Thomas focusing terms also arising from orbit scalloping
(these last are the same as edge focusing). The alternating gradient terms add
focusing in both dimensions, cancelling the effect of the defocusing vertical average
term, but the Thomas focusing which arises from vertical orbit scalloping has a
defocusing effect on the vertical motion, weakening the already small Thomas
focusing. The term in (6. 4) containing F{, is also a Thomas term and is always
small compared to the k term also under the radical,

It appears that radial median plane fields offer little practical advantage
for the two-way accelerator, The vertical scalloping can be used to reduce beam-

beam interaction, 2 put only at the expense of vertical focusing.
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