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Linear Orbit Parameters for the Exact Equations of Motion

George Parzen
January 11, 1994

1. Introduction

This paper defines the beta function and the other linear orbit parameters using the
exact equations of motion. The usual treatment! of the linear orbit parameters is based

on the approximate equation of motion

d2
d—sf + K(s)z =0 (1.1)

Approximations are made in obtaining Eq. (1.1) which are usually valid for large acceler-

ators.

The exact linearized equations of motion can be written as

d:

;iz = Anz + Ai2pz
p 8 (1.2)
é)z = Az + Ax2p:

s

x and p, are the canonical coordinates in a curvilinear coordinate system based on a
reference orbit and the A;;(s) are periodic in s with period L. The approximate Eq. (1.1)
assumes that A;; = Azo =0, 412 = 1 and Ay = —K(s). The exact values of the A;; are

given in section 2.

A treatment of the linear orbit parameters based on the exact equations, Eqs. (1.2),
rather than the approximate Eq. (1.1) may be desirable in the following situations:
(1) Symplectic long term tracking using a proced-ire where the magnets are replaced by
a sequence of point magnets and drift spaces. For the tracking to be symplectic, one
has to use the solutions of the exact equations of mtion. The linearized equations of

motion then have the form of Eq. (1.2).

(2) Small accelerators where the approximations made in deriving Eq. (1.1) may not be

valid.

Many of the results found using the apprbximate equations carry over for the exact
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equations. A few <[ the changed results are the following:

_1 (1
a—Al2( > s +A115)
d
Y= /Alz > (1.3)
_ Axo
V= 27r d 3

where C is the circumference of the accelerator.

Some unchanged results are

e = vz? + 2ayp + Bp’

M(s + L,s) = cos it + asinp Bsinp
AT —ysin p COS L — asin

vy=(1+a%)/8
p=1(s+ L)~ y¥(s)

(1.4)

L is the period of the A;;(s). More detailed results are given below. Because of Egs.
(1.4), the usual procedure used in tracking programs to compute v, 8, a,v and 1, from the

transfer matrix is still valid.

2. Equations of Motion

The exact equations of motion can be written!? as

de  1+z/p

ds ¢ 1=

dg. s

Ur oLy L0 alo)B, - 20/ |

dy _ 1+w/p (2.1)
ds ¢ dy

d‘Iy

- Ex RS AT
go=(1-a—-¢)"*,  Bp=pcfe

In Eq. (2.1), z,s,y are the particle coordinates in a curvilinear coordinate system based
on a reference orbit with the radius curvature p(s). pz,ps,py are the components of the

momentum and

z = Pz/P qy =Py, 4s =Ds/P (2.2)
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For large accelerators, ¢, ~ 2’ and ¢y ~ y'.
To find the linearized equations for the betatron oscillations, one expands Eq. (2.1)

around the closed orbit for a particular momentum, p. This gives the set of linear equations

dz; _
ds = ZAU:BJ (2.38.)
J

where T; are the 4 coordinates relative to the closed orbit. The A;; are given by

2

Aij - a.’Ej

f; ij=1,4 (2.3b)

evaluated on the closed orbit and Eqs. (2.1) have been written as

dd),‘
ds

= f; i=1,4 (2.3¢)

For the case where B, = 0, ¢, = 0, y = 0 on the closed orbit, the A;; are given by

14= (1+$ p) 0 0
P qs 9,
B aB, .
Aii = '1;7[7,1+(1+$/P) T _1;%7 0 0 (2.3d)
v 0 0 0 o '
0 0 —gl—’;(l +x/p)%%‘- 0

For large accelerators where ¢; < 1, ¢y € 1, 2/p < 1 one has

Ay = Ay =0, A, =1

2.4
A34 = 1. ( )

For the exact equations, A;; and A, are not zero, and one does not have Aj, =1, A4 = 1.

In particular,

A = —Ax = (1/p)(gz/4s)
Az =(1+z/p)/gs (2.5)
Asg =(1+z/p)/gs




3. Eigenfunctions of the Exact Linear Equations of Motion and the Linear Orbit Parameters

The problem now is, given the exact linear equations of motion, Eqs. (2.3), how
does one define the linear orbit parameters 3, «, v, %, v and the emittance ¢, and what are
the relationships that hold between them. To do this, one has to repeat the well known
treatment of the linear orbit parameters, and see where the definitions and relationships
change for the exact equations. The treatment given below is believed to reduce the amount
of algebraic manipulation required, and makes few assumptions about the A;; coefficients
in the linear equations.

For the z motion, the linear equations are written as

dz

i Anz + Aeps
d)s (3.1)
;x = Aa1ps + A2z

s

The A;; are given by Egs. (2.3).

The transfer matrix M(s, so) obeys

z = M(s,so)zo

xz(;) (3.2)

Aot =AM

ds

One may note that the symbol z is used in 2 different ways. The meaning of = should
be clear from the context. The matrix M is symplectic as the equations of motions are

derived from a hamiltonian.!? Thus

MM =1
0 1 10
=(50) =0 1)
S is the transverse of S. Also |M| =1; [M] is the determinant of M.
The one period transfer matrix is defined by
M(s) = M(s+ L,s) (3.4a)

where L is the period of the Ajy in Eq. (3.1). One can show that M(s) and M(s) are
related by

M(s) = M(s,s0)M(s0)M(s0,s) (3.4h)
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The eigenfunctions and eigenvalues of M(s) are defined by
M(s)z = Az,
|M — M| =0, (3.5)
A2 — (mn + m22)/\ +1=0

where m;; are the elements of M, and using |M| = 1.

Eqgs. (3.5) shows that the two eigenvalues Ay, A2 obey

Ardg =1, (3.6a)

and for stable motion, |A| =1 and A, = A}, and we can write

A1 = exp(ip) (3.6b)

Given the eigenfunction at sg, z1(sg) one can find the eigenfunction or any other point

s using
z1(s) = M(s,s0)z1(50), (8.7a)

and z1(s) has the same eigenvalue A;. This follows from Eq. (3.5), using Eq. (3.4b) to

relate M(s) and M(so). Also z1(s) obeys the linear equations of motion,

d

-(Z;.’El = A:IZ], (37b)

which follows from Eq. (3.7a) and Eq. (3.2). One can show that

z1(s)/ M7 = fi(s), (3.82)
where f1(s + L) = fi1(s). This follows from

fi(s 4+ L) = ay(s + L)/ A3/ EH!
= M(s)z1(s)/NEFT = 2y (s)/ 031 *
Thus, one can write
z1(s) = exp(ips/L) f1(s)

(3.8b)
fils+ L) = fi(s)

Eq. (3.8b) can be rewritten as
z1(s) = B(s)'/* exp(iv))
¥(s) = ps/L + g1(s) (3.9)
gi(s + L) =gi(s), Bls+L)=p(s)
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Eq. (3.9) defines the beta functions, A(s), except for a normalization multiplyer, for the
eigenfunction #;(s). The normalization multiplyer will be defitied helow. It will be shown

first that 9 and S are related. To find this relation, one uses the Lagrange invariant!
W =z, Sz, (3.10)

where z1, zo are two solutions of the equations of motion. Eq. (3.10) corresponds to the
Wronskian in the treatment of the approximate equations of motion. For z; and z,, we
use the two eigenfunctions z; and z, = z7.

T = (;‘1) (3.11)

For z; one uses Eq. (3.9) and for p;; one finds from the equations of motion

. 1 d.'l?]
Pzl = A, (73— - A11~’E> (3.12)

W = xz9pz1 — pz2ti

W = dml _ .'L‘]dmg 1
= |* ds ds Aqo (3.13)
2t _dip
V=1L

The beta function f is normalized by normalizing the eigenfunctions so that

W =7, Sz; = 2% (3.14)
which gives
dp A 5

Eq. (8.15) replaces the familiar result dip/ds = 1/ which is obtained when Ay = 1. From

Eq. (3.15) one can find a result for the tune. Using 27v = ¥(C') — 4(0) where C is the
circumnference of the accelerator, one finds

1 € Ap
= — ds—= .
V= o | s 7 (3.16)
From Eq. (3.12) we now find for p,;,
1 . :
Pl = 75—1—/5@ — «)exp(t) (3.17a)
1 1dpg
=— -2+ A 171
« " ( 5 I + 11‘/3> (3.17h)
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Eqs. (3.17) provide the new definition for the a parameter, which replaces the familiar
result a = ——%dﬂ /ds. At this point the definition of o may seem arbitrary. It will be seen
to be the convenient definition of @ when the emittance and transfer matrix are considered

below.

The eigenfunctions can now be written as, using Eq. (3.9) and Eq. (3.17),

Ty = i

(3.18)

4. The Transfer Matrix, the Emittance and the Linear Orbit Parameters

The particle motion can be written as a linear combination of the eigenfunction given
by Eq. (3.18)

T =azry +c.c

z = 2|a|B/? cos(v) + 6)

_az  2|a|sin(y + 8) (4.1)
Pz = B B1/2
a = |a|exp(i6)

Eqs. (4.1) suggest the new variables 7, p,

(n)=2(.)

4.2
P (42)
" la/pr B3
for then | cos(p + 8)
= 2|a|cos(yp +
(4.3)
pn = —2|a| sin(yp + 8)
one obtains the emittance invariant from Eq. (4.3)
772 + prf’, =€
2lal = €'/? (4.4)
n = el/? cos(¢p +6), py= —€l/? sin(y + 6)
Replacing 1, py, by, &, p; using Eq. (4.2), one gets
2 2
€ = vz~ + 2azps + Pp;
: (4.5)

y=(1+a")/p
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It will be shown below that € is the phase spéce area, divided by =, inside the ellipse

defined by Eq. (4.5).

Since |G| = 1, G is a symplectic metrix and 7, p, are symplected variables with the
transfer matrix U(s, so) and

1)< ()

U = G(s)M(s,s0)G(s0)

_ 1/2
G=G"'= (_f/ﬂl/z ﬂ—01/2>

U= U(s + L, s) has the same eigenvalues as M, and the eigenfunction of U,7n; and

ne =1y are related to the eigenfunctions of M,z and z, = z¥, by

m = Gz,

m = [1] etV (4D

2

where Eq. (3.18) was used for z;.
One sees from Eqs. (4.3) that p, = dn/dy and thus Eq. (4.3) can be rewritten as

n = ng cos(yp — o) + prosin(yp — o)

| (48)
Pn = —MNosin(yp — o) + pyo cos(p — 1)
Eq. (4.8) gives a result for U(s, so)
| cos(¥ — o)  sin(p —1hg)
Uls,80) = [— sin(tp — 1hg) cos(p —ho) | (4.9)
One can then find M(s, so) using M = G(s)UG(so),
1/2 . . .
M(s,50) (%) [cos(tp — 1Po) + ag sin(yh — tho)) (BBo)'/* sin(sh — o)
$50) = i - cos(yp~ 1/2 .
—(1+ aao)%%l —(a— ao)—(ﬁ(ﬂt/——o—)—ﬁb-g—) (%‘1) [cos(yp — o) — asin(yp — 3hg)]
(4.10)
One then finds
M—M( +Ls) = cos jt + asin B sin p
ST Ee) = —ysin g oS ft — qsin (4.11)

p=1(s+ L)~ (s)




Y NN .

The results for M and M are unchanged from those found for the approximate equations of
motion. These results and the result for the emittance Eq. (4.5) justify the new definition
for a, Eq. (3.17).

The connection between the emittance, defined by Eq. (4.5), and the phase space area
inside the ellipse area defined by Eq. (4.5), is given by

/ala:dpz = /dndp,, = me (4.12)

where we have used |G| =1 and Eq. (4.4) for the ellipse in 5, p, space.
The relationship between the parameters 3, a,v at s and §,a,v at sp is unchanged.

To see this, write
M = Icosu+ Jsinu

,_ (—:' —ﬂa) (4.13)

Using Eq. (3.4b) that connects M(s) and M(so) one finds
J = M(s,s0)J(s0)M~(s,s0) (4.14)

Eq. (4.13) gives the desired result

B m?, —2mjm, m?, Bo

a| = | —moimy; 14 2myomg; —mjomogg @g (4.15)
2 2

v mj, —-2moona mjg Yo

5. Differential Equations for the Linear Orbit Parameter

This section finds differential equations for 5,7 and £, o, 7.

5.1 Second Order Differential Equation for z

From the first order differential equation for x,p,, Eq. (3.1), one can eliminate p, to

find a second order equation for z. From Eq. (3.1)

1 ds
= — | — — A5
P Aqg (ds 11?)
dp d 1 d.’l: . A22 d”C .
A [A_lz (IS“‘AII"L)] —A21$+E(E§~An$> (5.1)

d 1 dx d A” A%l
RS et Ay — = (2 )
ds (A12 ds) ta ( A7 ds (Am) Aqp 0



It has been assumed that Ay = —Aj,.

5.2 Differential Equation for 8

To find a differential equation for f, into Eq. (5.1) for z put the eigenfunction
r =1b exp(iy)

b= I/ (5.2)
We find then,
de  (db  iAn\ .
Fr (db + -—b——-> exp(1y) (5.3)
using dip /ds = A;2/b%, Eq. (3.15)
4L\ _[d (L) i)
ds \Ar; ds) = |ds \ Az ds) ~ ¥ ds | PV
db 1A 1 A .
+ [-(E + blz} ™ bzn exp(zy)) (5.4)
d 1 db Aj2
= [g; (Ea—q) - _I)T] exp (1))
Putting Eq. (5.4) into Eq. (5.1), one gets
d 1 db A d ((An A%l -
as (A,z ds) Tt (—Aﬂ R (:r) ") 0 (5:5)

Eq. (5.5) is a second order differential equation for b = $'/2. It can be compared to
the result found when A;, =1 and A;; = 0,

d*b  Aq

5.3 Differential Equation for n

n and z are related by Eq. (4.2) which can be written as

z=0bn, b=p/? (5.7)

In the differential equation for n the independent variable is 1p or 8 which are related to s
by

dip = Ayg ‘j;
o (5.8)
@ = A
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We find dz/ds and d(A},'dz/ds)/ds which are then substituted into Eq. (5.1) to get the

equation fer 1, using Eq. (5.5) to eliminaie derivatives of b.

db dn Ay,
=TT H T
i(_l_éf) _ 4 (Lﬁ) L1 dbdy A
ds \A,ds) ds\Apds) " Agdsdp b2
d*n Ay, dn 1 db
dp? B di b ds

_J A d (An A%
= { E “’[A” 3 (An) ALl

d’n A
L PnAn
dyp? b
d A]] Al]
=t d Ay + = (21
{an+ (m) A
Thus the equation for 75 is
d*y =0
apr T
d?
i V=0

The differential equation for 7 is unchanged.

5.4 Differential Equations for 8, o,y

(5.9)

(5.10)

The differential equation for 8, «,7, ¥ = (1 + «*)/B can be found starting from Eq.

(4.13) and (4.14) which we write as

M =Icosp +sinp

Jg=( P
J(s) = M(s,50)J(s0)M(s0,5)
We note that )
—(%;M(s, s0) = A(s)M(s, s0)
d
-(-1-;111(30,3) = —M(so, s)A(s)
The last equation follows from M(s, s¢)M(se,s) = I. Thus we find that

d—JzAJ—JA

ds

11

(5.11a)

(5.11b)

(5.13)



Replacing J using Eq. (5.11b) in Eq. (5.13) we find

d

'&"? = (An - Azz)ﬂ — 242

d

-d—a- = —-.AQIIB - A]g’}’ (514)
S

d

27.; = —245100 — (A11 — A22)y

6. Perturbation Theory Using the Differential Equation for n

The equation for i, Eq. (5.10) is often used as a starting point in finding the effects
of a perturbing field. The particle coordinates are measured relative to a reference crbit
which is the particle motion in a known magnetic field with components B;. The exact

equations of motion can then be written as

dz; ) )
EjZZA:]:DJ‘Ff: 2:1’4)] =114 (618,)
J

where the f; includes all the terms not included in )~ A;jz;. These include terms due to
fields not included in the reference field B;, which may be referred as AB;, and nonlinear
terms due to the terms in the exact equations of motion that do not depend on B;.

One can see from the exact equations of motion, Eqs. (2.1) that the contribution to

fi which depend explicitly on AB;, when AB, = 0, are given by

fi= -1 +2/0)AB,
¢ (6.1b)

fi= *g;(l +z/p)AB;

Repeating the above derivation of Eq. (5.10) for 7, including the f; terms, one finds the 7
cquation for the z-motion

dz'l 2 V%ﬂzﬁ
g Y= g
A% d ( h
— 11 —_— L 6.2
fe=ft Ao 1t ds (Alz (6-2)
ds
@ = 4 Ve P

12



A similar equation can be found for the y motion,

2 233/2
_(.1__12 + V27’ — l}l.ﬂi__fy
d6? y Aszy (6.3)
et 4 ()
! Ass™ " ds \ Asq
For the case of a gradient perturbation
ABy = -Gz (6.4)
one can use Eq. (6.2) to find the change in v;, Av;. One finds
1 G
Al/z = Z;/d.S,BlE/‘; (65)

This well known result for Ay, is not changed by using the exact linear equations.
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