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1. INTRODUCTION

The aim of this note is to describe the methods which we have used
to calculate the chromaticity in LEAR, i.e. the dependence of the betatron
wave number on momentum

AQ/Q,
Ap/Po

which plays an important role in the design considerations for the correction

and extraction system.

The obvious starting point was to run computer programs like SYNCH or
AGS to determine the natural chromaticity (using the FXPT-tracking routine
in SYNCH or the AGS lattice output for off-momentum particles). However,
to our surprise, SYNCH and AGS gave very different results for the
same LEAR lattice. In fact, it had been pointed out to us by B. Autin that
care is necessary in interpreting chromaticity given by AGS for small machines.
This was confirmed in discussions which we had with the SATURNE Group
(J.L. Laclare, G. Leleux): using their computer programs they found a chroma-

ticity for LEAR different from both the AGS and the SYNCH values.

We have therefore tried to compare other methods and programs available

at CERN and to develop an independent method based on non-linear differential

equations. The following machines were used as "test cases":

a) the 25 GeV Proton Synchrotron (PS)D, an existing combined function

machine with sector magnets;

b) the Antiproton Accumulator (AA)za an existing separated function
machine (a simplified "model" of the AA with straight parallel

ended magnets was taken for the purpose of comparison);

c) the Low Energy Antiproton Ring (LEAR)3), a designed separated function

machine with sector magnets.

Our results are summarized in Table 1, page 10.



2. THE COMPUTER PROGRAMS

2.1

i)

ii)

2.2

AGS™

In AGS, the chromaticity is calculated in two different ways (see
Appendix III):

In the normal lattice output the program gives Q' = Aﬁ?p = &Qo.
For simplicity, only contributions from the quadrupole components
are taken into account in this calculation as explained in the AGS
write-up. They are computed using the formula of Gratreau -
Leleux (see 3.2). This is sufficient for machines like

the PS or larger ones where the chromatic effect of the bending
magnets is negligible (D/p small compared to unity, with D the

dispersion function and p the bending radius).

The second more general possibility is to compute the lattice pro-
perties for off-momentum particles and to determine the chromaticity
from the off-momentum tune values. Sextupole lenses can be included
in these computations and their strength can be adjusted by a

matching routine to give the desired chromaticity in both planes.

PATRICIAD

PATRICIA is a computer program which allows the tracking of particles

and the determination of an appropriate set of sextupoles for chromaticity corrections

provided the linear lattice is knwwn. The calculations are restricted to machines

with rectangular bendihg magnets (straight parallel ends). An example of the
PATRICIA run for the AA is given in Appendix IV.

2.3 SYNCH®’

SYNCH is, like AGS, a general lattice program; computations for off-

momentum particles are possible (see Appendix V).

The chromaticity estimations are carried out in a similar way to that in AGS,

either by using the normal lattice calculations (CYC-routine) which compute

the Q' from a simplified analytical expression or by tracking off-momentum

particles (FXTP-routine) and calculating chromaticities from the corresponding

phase advances 27(Q).



2.4 TRANSPORT ’

TRANSPORT is a general purpose program for the design of beam

transport systems, but it includes no direct option to calculate the chroma-

ticity of a circular machine.

However, the first and second order matrix elements calculated by TRANSPORT
(see Appendix VI) can be used as a basis for another method proposed by S. Peggs
(see 3.3). It should be easy to introduce this method into TRANSPORT

in order to have included in this program a standard chromaticity routine.

3. ANALYTICAL METHODS

3.1 Method of B. Autin

The formalism of B. Autin &) to obtain the chromaticity is based
upon the determination of the trace of the transfer matrix of a period of

the machine. It can be summarized as follows:

Let (A] denote the transfer matrix of an element (bending magnet, lens ...)
which contributes to the tune shift; at least one element of [hJ can be
expressed as a function of the momentum. The inverse of this matrix multiplied

by its derivative with respect to the momentum forms a matrix [C],

[c] = (A]7" - [aa] = [A]7 . ;;;—5)—— o

If the trace of [C] is zero then the tume shift due to this perturbation

element is given by

1
AQ = 77 (2€C110 = Croy + CyjB),

N =
element

where the Twiss parameters a, B and y are to be taken at the entrance of

the element.
For our purpose, we consider the Cij to first order in Ap/p. . The contri-
o

butions from all structures in the ring have to be added to determine the

chromaticity.

An example will demonstrate this method:

The transfer matrix for the vertical motion in a thin lens is

Dq - 1 0
-K2 1
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Since the strength of the lens is a function of the momentum

N L 9B,
= B { = - =
= K. (1 e + ) with Ky B0 3%

and one gets

Ci1 =C2 =C22=0
Ap .
C21 = Ky 7 + .... higher order terms
o

Therefore the contribution of a thin lens to the tune shift in the vertical

plane 1is to first order

>

1 P
AQV lens= "%r S By E;

In this method, the transfer matrices of the magnetic elements play the
main rdle. In an unpublished note¥ B. Autin gives the exact transfer
matrices for zero gradient magnets of both sector and parallel ended
type. For a sector magnet with a bending angle ¢ and a bending radius p
the matrices lead to the following expressions for the tume shift, up

to first order in Ap/poz

AQy = - i%v{Zal sin ¢(D} cos ¢ - sin ¢) - y; p(cos ¢ sin ¢

+ D] - D} cos? ) + B1 %-sind>(D§ sin ¢ + cos ¢) } %B
o
@9
Ap

P

80y = = g5 = 1100 + DI = D) + (80} - #10]) )}

where "1" denotes the entrance and "2" the exit of the magnet. Together
with the well-known contributions of the quadrupoles and the equivalent

horizontal focusing (K = —?J;) of the bending magnets
P



-5 -

-1 L Ap
O R

(2)
1 : Ap
AQV=-.Z}_1; {r KVBV dS}-I;;

these formulae have been used for the chromaticity calculation of LEAR
included in Table 1.

3.2 Formula of P. Gratreau- G. Leleux

A formula derived from a Hamiltonian formalism, first by
P. Gratreau!® and then given in a very concise derivation by G. Leleux!V

leads to the following expressions for the natural chromaticities:

[aal
]

C C
-1 1 _ 2 y_1
H A QH{'[ (52' KV) BHdS+ [ E(DBHIS,'*OLHD "é‘YHD)ds}

c c
o1 / / N (3)
A 4m QV o KV BV ds - 0 D(BV KV + YV) ds

o

vy
]

C is the circumference of the machine, p the bending radius and ay g o
H

BV,H and YV,H the Twiss parameters of the lattice.

The application of these relations to a machine with parallel ended magnets

is not obvious, since the quadrupole effects due to the non-orthogonal beam
~entry and exit are not directly included in the formulae above (for the AA

the corresponding result in Table 1 is denoted by (iii)). By replacing a

straight magnet with a bending angle ¢ by a sector magnet enclosed between

I+

=tan

Nje
[

(+ ... for the horizontal plane, - ... for the vertical plane) this can

be overcome (for the AA the eorresponding result in Table 1 is denoted by (iv)) .
A further remark is in order: In ref 11, the magnetic field B = rot A

is derived from a vector potential which has only a longitudinal (s) component.

Hence the contributions of the stray field BS at the magnet edges are

neglected both for straight and for sector magnets.



3.3 Method of S. Peggs

S. Peggs' method!? needs the elements of the first and second
order matrices Rij and Tijk of the computer program TRANSPORT. The
analysis described in more detail in his thesis!3) gives the betatron
wave number as a function of the momentum spread § = Ap/po in terms of

the TRANSPORT matriées for a periodical machine:

cos [ 2mQy(8)] COS[ZT‘QH(O)] +% {(2Ty31 + T212)D + Tyy6 + Toogl

cos EZHQV(g)] cosznQv(O)] +.% {(T313 + Tu1u)D + Ty3g + Tyugl

The dispersion function can also be expressed as

1 y 7
= 71,78 (1 -Ri1~T1168) = V(1-Rpy ~T1368)% = 4T1116(T1g66 + Rig))
Similar relations can also be obtained for the variation of the Twiss para-
meters B(68) and o(S) with the momentum. The machine tune for zero momentum

spread can be calculated from the diagonal elements of the matrix [Rl for one

revolution
1
cos[ZnQV(O)] = %»(R33 + Ryy)

These equations permit one to obtain the relevant information from the

TRANSPORT output.
Peggs' method is based on the observation that the Twiss transfer matrix
[R] for the motion around the off-momentum orbit can be represented in terms
of the first fR] and second order [Tj matrix for the central ray. One obtains
e.g. for horizontal motion
Ryp = Ryp + (2Ty3p D+ Tppp DY+ Typg)s
Rjz = Ryp + (2Typp D'+ Typp D+ Tygpedd

Rp; = Ryp + (2Ty1; D+ Tpyp D' + Tpy)6

(2T222 D! + Toy2 D + T226)6

I

e
N
N

+

Ryo =
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The chromatic tune values are obtained from the transfer matrix [R]

for one turn by interpreting
ﬁll + §éz = ZCos{ZnQH(G)] etc.
The method implies that the determinand of Li'] is unity which can be used

as an "accuracy test". By expansion for small AQ and assuming sin(271Q) # O

one obtains the following practical formulae for £

-100
th = Gmqy sin(2nQy) {2Ty31 + T212) D + Ti16 + T226} 5
(4)
-100
£y = Taq, sin(21Qy) {(T313 + Tu14) D + T336 + Tunel
v

The factor 100 comes in due to the convention of TRANSPORT to use &§ in
units of percent.

A further remark is worth mentioning: since the accuracy of this method
depends only on the second order matrix elements Tijk’ great care should
be taken in the input of the program TRANSPORT to get all second order
contributions. For example, to take into account the edge effects of a
magnet a pole-face rotation instruction must immediately precede

the first and follow the last magnet element instruction. Even

for a sector magnet where no pole-face rotations are necessary in first
order, 'pseudo'-rotations by an angle zero must be included as they

contribute to the second order matrix elements.

3.4 A method based on non-linear differential equations

*)

formalism, we derive from

the 2nd order differential equations given, for example by K. SteffénlS),

. 1
Following the Courant and Snyder

formulae for the chromaticity contributions of quadrupoles and sector

magnets. As outlined in more detail in Appendix I, this gives the relations
C

C
= - 1 2 (] - \
EH m ;{(h KV)BH ds + ./0' h(ZKVDBH + 2D oy DYH) ds z

1 5 c c o o
" = - b id — 1L T — * - 1] \J
Ey v (f K Byds f hK DB, ds f WDy, ds f L'D'B, dss
V¥ 0 0 0
e e e ™
term due to: focusing change of change of edge effect
focusing orbit due to stray

strength length field BS

(5)
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with h(s) = %-. For the horizontal plane the formula is identical to that

of Gratreau-Leleux but in the vertical plane they differ by the "edge-effect"
5)

‘term, which using hard edge approximation can be expressed as

C
f h'D' Bds = Z "]:' (DiBl - Dész)
0 ) P

Here again "1" denotes the entrance and "2" the exit of a magnet.

The advantage of the form (5) for the vertical chromaticity EV is
that it exhibits the origin of the different contributions and can therefore
be helpful for a physical interpretation of these contributions. For

practical calculations the following equivalent relation (see Appendix II)

may be useful:

1
v =T Qy [,[ KyByds '/(;

4, COMPARISON OF THE RESULTS AND THE CHROMATICITY IN LEAR

C
h(Dyy + 2D'av - hey + hznsv) ds] (5a)

Results are summarized in Table 1 below.

For the PS, all methods applied led to chromaticities which agree
within a few percent error with each other and with the measurements.
Since the PS bending radius is about 70 m and the dispersion function
D X 3 m, the contributions of the bendings are negligible. For this

machine where Dmax << p all the approaches considered are satisfactory.

For the AA, which has a bending radius of about 7 m and a maximum
dispersion function of about 11 m, the tracking for off-momentum particles
in SYNCH gives the correct chromaticity. The other big computer programs
(AGS, PATRICIA) are unsatisfactory. Since the "simplified AA" considered
has parallel-ended bending magnets, the formulae of Gratreau-Leleux as
we interpret them cannot be used as mentioned in section 3.2. Replacing
the straight magnets by sector magnets enclosed between the edge-rotation
matrices the application of the samé formulae give an acceptable value
only in the horizontal plane but not in the vertical since there the edge
effect contribution of the bending magnets in the form

1

_ ¢ 1 1
AEy = Tﬁr—-b-‘-]- > (1+ tarf 5) (- 5 B1D] + > B2D2) (6)
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is missing, The other two analytical possibilities, namely Autin's approach
which was developed for the AA, and Pegg's method, lead to results which

agree very well with the measured chromaticities.

For LEAR (bénding radius and Dmax both about é.m) the off-momentum
tracking calculations of both AGS and SYNCH failed. The same values for
the horizontal chromaticity in LEAR are obtained using the formulae of
Gratreau-Leleux, Peggs and Autin. Inh the vertical plane only the results
of Autin's and Pegg's methods agree with each other. The edge effect

neglected by Gratreau-Leleux changes the result by about 207.

Since also the approach based on non-linear differential equations
gives chromaticities which agree exactly with the results obtained by
other analytical methods we believe that the natural chromaticity 6f LEAR

is close to the values

EH = =-1.29

EV = =2.76.



TABLE 1 :

CHROMATICITIES EVALUATED BY DIFFERENT METHODS

P S A A LEAR
p =70,08 m p=7.3m; p=6.49m p=4.29m ; p=3.99m
(QH = 6.25 QV = 6.25) (QH = 2.,2811 ; QV = 2.2834) (QH = 2.33 3 QV = 2.75)
tn v tn ty ty by
AGS (i) ~-1.04 -1.04 -1.21 -0.55 -1.17 -2.11
(ii) -0.93 -0.97 -0.89 -0.55 -0.60 -2.18
PATRICIA - - -0.89 -2.95 - -
(i) -1.03 -1.04 -0.90 -0.76 -0.90 -2.11
SYNCH ..
(i1) -0.89 -0.98 -0.65 -1.49 ~-2.32 -2.77
TRANSPORT - - - - - -
Method of B. Autin - - -0.65 -1.49 -1.29 -2.76
Formula of (iii)-0.98 -0.74
i -0.85 -1.09 -1.29 -2.19
P. Gratreau-G. Leleux (iv) -0.68 -0.96
Method of S. Peggs -0.85 -0.98 -0.65 -1.50 -1.29 -2.76
Non-linear different equations -0,85 -1.09 (iv) -0.68 -1.48 -1.29 -2.76
Measurenients -1.00 -1.00 -0.62 -1.56
(i) Normal lattice output
(ii) Tracking routine
(iii) Pure application of the formulae (3) to a machine with rectangular magnets 1 o
(iv)  Rectangular magnets replaced by sector magnets enclosed between 'short lenses" with K& = 5 tan 5

- 01
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5. CONCLUSION

The problem of estimating the natural chromaticity of LEAR has led

us to compare various computer programs available at CERN and analytical

methods.

Whereas all programs work in a satisfactory way for large machines,
care has to be taken for small synchrotrons and storage rings where the
dispersion function is not negligible compared to the bending radius.

In this situation the tracking routine of SYNCH gives the correct chroma-
ticity for parallel ended magnets. The other programs fail in all situa-

tioms.

From the non-linear differential equations we have derived analytical
formulae to calculate the natural chromaticity which for the horizontal
plane turn out to be identical with the ones of Gratreau-Leleux but differ
in the vertical plane by the edge effect. The formulae of Gratreau-Leleux
are also applicable for machines with parallel ended magnets if the magnets
are replaced by sector magnets enclosed between '"short lenses'". Also in
this case the edge effect contributions should be taken into account to get

acceptable results for the vertical plane.

The approach of Peggs' and Autin's method - both based on matrix

ork in a satisfactory manner for both types of magnets.

formalism - seem to w
Thus these two methods or the Gratreau-Leleux formulae augmented by the

edge effect term (eq.(5)) can be used to calculate the natural chromaticity

of small machines.
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APPENDIX 1

An independent derivation of the chromaticity

1. An approach based on differential equations

We start from the trajectory equations of a particle in a static

. . . 15 . . . .
magnetic field, as given by K. Steffen ), but with opposite sign convention

for the x-coordinates

z" +
x"+
with
1
h(s) = =
P
w=s
v

EIN IS’

5

z' =

Y [-¥B+ 1+ h0B |

oo

(A1)

v = &YV [a -
X h(l + nx) > v [z BS (1 + hx) Bz]

curvature of the reference orbit

velocity of particle projection along the reference orbit

total particle velocity

distance along reference orbit (' indicates the derivative

with respect to s)

radial and vertical deviation from the reference orbit.

Within a small range of S the co-ordinates z, X, s can be viewed as a

cyclindrical system 2z, r, € with r =p+ X and 6 = s/p

The terms v2/w? and w/w2? are given by

N

rglﬂ‘ ﬁ°|<

These equations

=

15)

x'2 + 2'2 + (1 + hx)?

(A2)
1 d/ds (v2/w?)
5 ———

(v2/w?)

so far include no approximation.
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To calculate the chromaticity we expagd them around the reference
orbit characterized by p = P,» b = h =e =2, s= So ¢ We retain terms
up to second order in X, z and their derivafives and insert x = DS
with & = Ap/pO into the vertical and x = x + D&, z = 0, z' =0 into the

horizontal equation, i.e. we define the chromaticity in one plane by

referring to particles of zero betatron amplitude in the other plane.

In the same spirit we neglect terms with x2  X'2, 82 +.. thus

referring to small amplitude oscillations around an off-momentum orbit
for small Ap but mixed terms like x DS, x'D'§ ... have to be retained as

they give a linear contribution to the chromatic frequency shift.

We then arrive at differential equations of the type
y'+ (k +AK)y +2gy' =0 (A3)

where g and Ak are the perturbations linear in §. We elimintate the

y' term by the transformation

y = u exp(- J g ds)
which yields
u" + (k + Ak - g' - g2)u =0 (A4)

Dropping the second order g2 term, we obtain the frequency shift from

14
the Courant and Snyder ) theory as

AQ = -41; f(Ak - g") g ds (A5)

What remains to be done is to find field representations for the magnetic

elements. This will be carried out below for sector magnets.
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2. Application to sector magnets

With the field expansion for a sector magnet

_?_Bz=h—Kx
po

9B
e . 1 z
T)_BX=—KZ with K KV -p—-—i—'-g}—(—'
(o] [s o]
.._e_.Bszh'z
Po

we obtain the following differential equations for z and x up to second

order:

z" - (hx'" + h'x)z' = - [K =~ K§ - 2Khx + x'h'] z

x" - %— hx'2 - h'xx' = h8 - [h2 - K + K8 - 2h28]x - [h3 - 2Kh] x2

Putting x = D in the equation for the vertical plane and substituting
x = X + DS (where X presents the deviation from the off-momentum orbit

D§) in the equation for the horizontal plane, we get

z" - (hD)'6z' + [K + (h'D' + 2KhD - K)§] 2z =0

x" - (hD)'6x' + [h2 - K - (h'D' +2h2 - 2Dh3 + 4Kh - K)8]X = O

By virtue of (A3) - (A5) these equations yield the tune shifts

N,

TV - .51; /[ + %(hn)" + 2KhD - K] gds

A

——?—1-{— = -4 S [n'D' - 2(kD)" + 2h% - 2Dh3 + 4KED - K] gds

Integrating by parts, using the identities
B' = 2a , a' =K -¥

and the differential equation for the dispersion function
D" + (h? - K)D =h

and taking into account that h = 0, h' = 0 far enough outside the magnet,

one finds the following expressions for the chromaticity in the vertical
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and horizontal plane respectively:

- 1 - / - (BN
&y W‘; {IKSVds i) hD(KBV + yv) ds J h'D'Bds }

= .- 1 2 - , _
tp = 2T {/ (h? - K)B, ds+ S h(2KDB, + 2D'a, - Dyy)ds}

3. A further derivation for sector dipole magnets

Since our formula for the vertical chromaticity is different from

the one of Gratreau-Leleux we give yet another derivation of the vertical

contribution for the special case of dipole sector magnets:

For 6§ = O the magnet simply acts as a drift space with length 2= [ds
in the vertical plane. For § # O the drift length is changed to

2(8) = S (1 + hDS) ds
M

to first order in 8. In addition the off-momentum orbit enters and leaves
the magnet with an edge angle Dj$§ and D)8 respectively. We represent

the corresponding edge focusing by a thin lens with
Ke =-— tan(D'6) = — D's
o fo

We calculate the contributions of the changed orbit length and the non-
orthogonal beam entry and exit to the tune shift QV following the method

of Courant and Snyder (eq. 4.24-4.30). In our case, the matrices are given by:

1 ds 1 (1+hD8)ds
o o

° lo 1 -h'D'éds 1

1 hDd8ds +q sl i
8 5, cos p +a sin M, B sin M,

~hIn! - . - . ’
h'D Gdso 1 y sin ug cos u_ = osin g

Tr[M] = 2cos p = 2cos u, - thGdso sin u, - Bh'D'Gdso sin IR

and get for sin p # O with pu = u, + Ay



_As_
28u = 47mAQ = yhD&ds_ + Bh'D'éds_ "

Adding the contributions over the whole circumference we obtain for the

chromaticity contribution of sector dipole magnets in the vertical plane

- 1 mt d
gy 4"Qv{thYVds +/ h'D'g s}
This agrees exactly with the formula derived from the non-linear diffe-
rential equation putting K = 0.
This derivation helps in interpreting the contributions physically:
the first integral is due to the changed orbit length and the second one

is due to the edge focusing.
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APPENDIX II

Equivalence between different formulae

1. Vertical plane: equivalence of the equations (5) and (5a) with (1), (2)

Using the differential equation for the dispersion function D" +D(h?-K)=h
and the identity B' = -2a, taking into account that h = O far enough
outside the magnet, and integrating by parts, one finds that the magnet

contribution to (5) may be expressed as
- / h(KDB + Dy)ds = / h'D'Bds = = J h(KDB + Dy)ds + / h(D"B + D'B')ds

- / h(KDBR + Dy - hR + h2DR - KDB - D'B')ds

- / h(Dy + 2D'a - hB + h2DR)ds

In order to prove that the corresponding term in Autin's formula
1
- v10(¢ + D] - DJ) + E(SzDé - B1D})

is equal to the above expression with K = O we divide the magnet into infini-
tesimal slices of length d¢. Applying the formula to the i-th slice gives
- Y.p.(d¢ + D} - D! ) + —1(g, . D! . - B.D!)
i7i 1 i+l Py i+l Ti+l i7i

Adding over all slices and putting ds = Py d¢ leads to

1
- v - v = ] - 1
Fvdss Bripg @iy = PP+ 2 5(Biay Phay ~ 857
The sums can be expressed as
v ' ' - '
5 Div1 D; As  and 2-3L Bi+1Di+1 BiDi As
¥iPi As pi As

which for infinitesimal As becomes f yp D" ds and [/ %(BD')' ds.
Substitution of D" = h=-Dh2 gives theh

- Jyds + fyds = JyhDds + J hB'D'ds+/ hZBds -/ h3Dgds
B

and finally
- / K(Dy + 2D'a - hB + h2DR)ds
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2. Horizontal plane: equivalence of the equations (5) and (1), (2)

Neglecting terms with d¢2, Autin's formula
207 sin ¢(D} cos ¢ - sin ¢) — vy p (cos ¢ sin ¢ + D{ - D} cos?¢)
1. .
+ B 5-51n ¢ (D) sin ¢ + cos ¢)
gives for the i-th slice
1

' - | . — dé.

2a,D;,q d¢ = v;p;(dé + Dy = Dyy) + By o d¢

Under the same conditions as used above for the vertical plane, this

leads to

2/ hD'ads = Sy ds +/y p D"ds + / h2gds
which finally can be written as
J h?gds + [ h(2D'a - Dy)ds

This agrees with equation (5), derived from the non-linear differential

equation, putting K = 0.
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Appendix III

AGS - Output for LEAR
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SYNCH - Output for LEAR

SYHNCH RUN BEGIN

CHROMATICITY-ESTIMATION FOR L E A R (4 SUPERPERIODS)

wkanx  QPL 3 /7 0,50
wxx  BaRl| 3 /77 1.00
axa 81 DRF 7/ 1.155917
xen 82 DRF /7 0,3
xen 33 DRF 77 4.0645
xtx  GAP DRF /7 0.0661
akx  KF = A 1.,2A39286
xxx KD = /7 =1,4371403
e BIHY HAG /7 1.09206 0,0 BwRH 0.23325779
xex  BII35 MAG 7/ 2,065 0,0 BaRH 0.,285944436
ata  FRB HAG 77 8 0539 «3,486419 BaRH 0.25044527
xxx QD MAG 77 QBL KD fIwRH
x*x QF HAG /77 QpPC KF BeaRH
see AML BML // 83 QF 82 AD S1 RH1 BH3IS FRB GAP
*hw cyc w4 // BML
POS s ox ay BX RY AX AY X DX Y DY 03
0 0,0000 000000 0,00000 1.98809 5.,07830  0,00000 0.00000 3,51841 =,00000 0.,00000 0,00000 0,00000
$3 4.0045 17760 440742 10,29766 8.33139 =2.04443 =.80037 3.51841 «.00000 0,00000 0,00000 0,00000
aF 450645 T1R54Q | 1579 9.37520 2.44697 4.26664 -8.06529 2.96R868 =2.13979 o.ngooo 0.,00000 0,00000
$2 4,9{45 .3037 <1193 6237990 8.63972 3.4 ;59 «9.9333 2.25076 w2.$3979 0,00000 0,00000 g.ooooo
0 5.4145 30747 .1{2311 5.15100 1.60985  <l74711 4.72117 1.49548 =.84354 0.00000 0,00000 100000
5 St 6.5404 323703 ,13409 7.21685 12,34477 «1,08770 3,50774 ,54573 =,84354 0,00000 0,00000 .03259
9 BH 7.3375 25798 .55439 9,38586 $.96873 "85536 2.33gao .,24480 -.soqa; 0.00000 0.00000 =,30904
nués 9.6975 12R947 32319 10'7459é v93817 22564 .10530 «.86802  .0063 000000 0.00000 =.32076
8 FR 9.7514 729927 .33238 10,23176 292863 .00616 07154 «.86785  ,00000 0.,00000 0,00000 =,32076
9 GAP 9.8175 229125 .34375 10.73135 232390  =.00000 200000 «.86785 00000 0,00000 0,00000 «~,64152
10 REFL 19,6350 58250 .6R750 1.98809 5.07030 200000 .00000 3,51841 =,00000 0,00000 0,00000 =,64152
R=  12,50000 THETX= 6.28318484 THETY=  0,00000000 ax= 2,33000 Qy= 2,75000
TGAM=(  0,00000, 5.5323%)
m BRI gk leggmh e B ol BG4 elen v i fimns
= = = - 9)= -
CONTRIBUTIONS TO) éHRUHATICI%? (ONUI(DPIé)) éRUM MAGNETS“EXPLICITLY IN CHRX = '=2,0873, CHRY s <5,81{19
ren GO, . ay8. 0, .0 /7 . . . . . .
.;;:.hp'..-.wvac'.Ol’..l..;;":b:bl,,...0.'.'0.....O'.O'l...."..C-C.D.l'.'0.'..:6:66‘...l.0’!.l..'."OO‘.........'.."......'l'l
NN FXPT Y] ;5 p BHL
X
ann INCR 6 7/ P 0,001
wrx . . . LEND. . .0, .0.77. . . .

00000 W E000002000000000c00000000000000000000000000006000000C0D00000CO00C0I000C0000000000000000000C0ECPILOANOBNOCIEOINCOOEOCsICEIOOIEVIOEOEOEOIEEOPOECOIOPOEOCTEES

LA CALL ) /7 GO

. . N1 N
000000 0000esar0°0000000°0000000000000000000C00000000CC00e0 0000000000000 0C00c0eedioreinetcrsosrececerpteteostedsonescssocseoctosocospsesreneneces
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CALCULA TION OF THE EQUILIURIUN uP , ATRON FUN
CATEILLTRO CFCREnl Rip xtg uéo “3 BIT AND BETATRON FUNCTIONS OF .
X3 =0 70090 X = 70,00000000 Y 3 0,00000000 DY = 0,00000000 DS = 0,00000000 OP/P = «,00100000 1,00000000
7X7 MATRIX FOR
-,8644104% =1.01013A0A 0,00000000 0.00000000 0.00000000 6,56199582 200000186
«25025745 «,86441045 0.00000000 0.00000000 0,00000000 -,88080837 «,00000025
9.00000000 V.00000000 -,37140855 «4,65919325 0.00000000 0,00000000 0,00000000
0.00000000 0.00000000 .18502252 -.37140855 0.00000000 0,00000000 0,00000000
.88980837 «6,56199582 0,00000000 0.,00000000 1.00000000 -2,42654966 200002008
0.00000000 0.00000009 0.00000000 0.00000000 0,00000000 1.00000000 0,00000000
0,00000000 0.00000000 0,00000000 0,00000000 0.00000000 0.00000000 1.00000000
EIGENVALUES OF THE 4X4 SUBMATRIX
Yeeo LMD 2 ( JeB6441043 278681 C(1) = 1,00000000, MUC1) = 2.61477295 RAD ac 4
Tt T/NDY = ¢ =086441043 oB0270e51 J: ciz! 3 1.00000000, uugzg = «2.61477298 RAD, I *§a%a8a8
Yooo LMD3 2 ( =,37140R55  ,92846954 3) 3 1.00000000, MU(3) = 9513219% RAD Q M 4225014
" I/LHDY = ( ~137140R55 092846954 ;: 834; 3 1:00000000; Hucay = 1133133193 RAD S 053; 2 :353§29é6
X DX Y oy DS DP/P
EQ NRBIT «,00351861 0,00000000 0.00000000 0,00100000 0.00000000 «,00100000 1,00000000
ETA URBIT 3,51960901 «,00000000 0.00000000 0,90000000 0.00000000 1,00000000 0,00000000
DETATRON FULCTIUNS UF
R= 12,8004 HET .2894 N R .
12,%0042 T6AMSC  0.00000,  5.39929) THETX2 6,28947432 THETY=  0,00000000 axs 2,33538 ays 2,7877%
1AXIMA BETAX 7)1 10.60490 XEA=( 10)=  3,51941 BETAY 4):  21,61613 YEAC 10)s  0,00000
MINIMA RETAXé ) 2,00908 xsu=§ 62: =02573 A 9 9 :
(u~§nxourxons T0. unu§A7lc1r§ (ONU/Z(DP/PY) FROM Acnerézrxpfxc17L9E}u 7 curt 3?39~2.0535?$CHég):‘_ ;5?3323
CALCULAréuu QVN'“EQE“U'Lguﬁlg"n““B“ AMD BETATRUM FUNCTINUS OF .
xug'zAL-.%§$75055 Ax"E ‘bfooox 0000 Y = 0,00000000 DY = 0,00000000 DS = 0,00000000 OP/P =  ,00100000 1,00000000
3
7X7 MATRIX rnn
«,87281467 «,95978996 0.000000y0 0.00000000 0,00000000 6,58721863 ,00000178
.2481736? «,872R1467 0.00000000 0.00000000 0.00000000 «,87289677 «,00000024
0.00000000 0,00000000 -,39352935 -4,72280106 0.00000000 0,00000000 0,00000000
0.00000000 0.00000000 .17894776 «,39352935 0,00000000 0,00000000 0,00000000
.87289677 «6,5R721863 0,00000000 0.00000000 1,00000000 ‘»2,4604553) 200001988
0.00000000 0,000000)0 0.00000000 0,00000000 0,00000000 1,00000000 0,00000000
0.00000000 0.00900000 0,00000000 0.00000000 0.00000000 0,00000000 1.,00000000
EIGENVALUES OF THE 4X4 SUBMATRIX
M 7281467  .4ARB05179 €(1) = 1.00000000, MI(1) = 2,61173640 RAD a(1) = 67541543
Yoo %10501 : s 13730}487 -1 4RB05179 ;: céz; = 1.00000000, MU 23 = =2.63173640 RAD, 022) . 132458457
o LM 2 «39352938 21931209 c(3) = 1,00000090, NU(3) = 1.97526390 RAD, () = 029749209
Yoco &,Eios s f .3935%035 -.9193%205 31 ciag = 100000000, nufn} = =1.97526390 RAD, oia; = 274230795
X nx v ny DS DP/P
£0 ORBIT .00351823 0,0000000) 0,00000000 0,00000000 0.00000000 ,00100000 1,00000000
ETA ORBIT - 3,51728269 =,00000000 0,00000000 0,00000000 0.00000000 1,00000000 0,00000000
BETATRON FUNCTIONS OF
R=  12,49960 THETX3 6.27690794 THETYT 0,00000000 ax= 2,32458 oys 2,74251¢
TGAM2(  0,00000, 5.67447)
MAXTM RL‘A!( 7)2 10,89284 xsnsg = 3, 172& BETAY(  4)= 21,60568 YEN( 10)z  0,00000
nin 6)= BETAY( 9)=2 92433 YEQ 0)= o 0Qn
cén%wxnuyxons Tu. éun&ulrxcx*# (oNG/(nP/ﬁ)) ron®dicneT4? sxPcherv N 2 cnrt’d «2,0948, CHRY 3 3 1)
0: ;......'.'!Mca....a.'"’77"#"".'.'.'.6 666666...".Vll:l',e.'..".....661666....'.'.....'.'........'."...'...'..'............‘
ann FIN 0 0 // CORE USE SUMMARY MAXTIMUM USED UNUSED
STURE  (ELEMENT STURAGE) 9600 sL"AX) 1404 8196
INFF (LLL"E.N DEFINITIUNS) 400 (HMAX) 44
i Rttt it ittt e it ittt ittt it i it ittt ittt it ittt ittt ittt ittt ittt ittt it ittt tti ittt ittt ittt ittt ittt ittt ittt i 2 2 2

END OF 3YNCH RUN BEGIN
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Appendix VI-1

TRANSPORT - Output for LEAR

"CHROMATICITY FOR L E A R
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TABLE

1

CHROMATICITIES EVALUATED BY DIFFERENT METHODS

PSS A A LEAR
p =70.08 m p=73m; p=6.49m p=4.29m; p=3.99m
(QH = 6.25 ; QV = 6.25) (QH = 2,2811 ; QV = 2.,2834) (QH =2.33 QV = 2,75)
éH EV 3% EV EH Ev
AGS (1) -1.04 -1.04 -1.21 -0.55 -1.17 -2.11
(ii) -0.93 -0.97 -0.89 -0.55 -0.60 ~-2.18
PATRICIA - - -0.89 -2.95 - -
(i) ~-1.03 -1.04 -0.90 -0.76 -0.90 -2.11
SYNCH .. ,
(ii) -0.89 -0.98 -0.65 -1.49 -2.32 -2.77
TRANSPORT - - - - - -
Method of B. Autin - - -0.65 -1.49 -1.29 -2.76
Formula of (iii) -0.98 -0.74
. -0.85 -1.09 -1.29 -2.19
P. Gtatreau-G. Leleux (iv) -0.68 -0.9G
Method of S. Peggs -0.85 -0.98 -0.65 -1.50 -1.29 -2.76
Non-linear different equations -0.85 -1.09 (iv) -0.68 -1.48 -1.29 -2.76
Measurements -1.00 -1.00 -0.62 -1.56
(1) Normal lattice output

(ii)
(iii)

(iv)

Tracking routine

Pure application of the formulae (3) to a machine with rectangular magnets
Rectangular magnets replaced by sector magnets enclosed between 'short lenses"

with K& = %-tan ¢

2




