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NONLINEAR EFFECTS AND CHROMATICITY STUDIES FOR THE AGS BOOSTER

ZOHREH PARSA

This is a summary of the presentation at the April and May 1987
(Interdepartmental) Accelerator Physics seminarsat the Physics Department.
It includes a theoretical overview of our‘f‘or*malism? and some results of our
chromaticity studies for the operation of the Booster. Compari'son of our

""" analytic results and those obtained from progrma HARMON and tracking programs

PATRICIA (F. Dell) anq opsIr (G Parzen) are also included.



I. Theory (an overview)

II. AGS Booster



IT. THEORY
The Hamiltonian of a dynamical system can be expressed by

= 27 0 2r o
H= o Yy JX + ¢, Jz + v (JX, JZ, ¢x’ ¢z, s) (1)

0
where (Jx,¢x) and (Jz,¢z) are the action - angle variables; Vx and
0
Yz are the linear tunes; C is the circumference of the machine and V

(the perturbing potential) is pericdic in ¢x, ¢z, ard s.

Expanding V in a fourier series about cbx, d’z, and s, we find a term
in which the argument of the Sine and Cosine term varies the slowest
with s. Since this term gives the greatest contribution to the

dynamics of the system, we only consider this term and neglect the

others. This leads to the following Hamiltonian:

A 21 o
H= C\)X Jx-i- C\)Z JZ+I(JX, Jz)
1 2w
+ c A (JX, JZ) cos(nx¢X + nz¢z - PS + 8) (2)

Where A(Jx,Jz) is the Hamiltonian Resonance strength, 6 is the
constant phase and I(Jx,Jz) is the term that causes the perturbation

of tune, p, n_ and n, defines a given resonance.
x

To find the resonance strengths, we make a canonical transformation
of the Hamiltonian Eq. (2) with the generating function of the

form:

G(Kx’ Kz’ d)x’ ¢z’ s) = Kx ¢x + K'z ¢z.+
(3
g g K K, 8)

k sint (n v +n v
Xk X Zk z

) cos(nXk ¢x +n ¢z + ek)

k



Where g, (Kx,Kz,s) are the generating function ‘rescnance strengths
whose magnitude shows to what extent Jx and Jz deviate from the

invariants of the motion. The n X ard n, are integers defining a

k
given resonance and 6, arethe phase.

The new Hamiltonian can be found from the generating function

as;
9
Hy = Hy (Jx, dzs &g, 9z, 8) + 75 G (Ky, Kz, 9y, $5, 8)
(4)
with
]
JX = _37& G (Kx; Kz) ¢X’ ¢Z’ S) (5)
= E /21 |
X
Jg = g—¢'z' G (KX’ Kz, &g 975 s)
- EZ/ZH (6)
and the new angle variables;
y -2 _ g (Ky, K ) (7)
X— '5’K_X' X? Al q)xr ¢z: S
v o2 G (Kys K s) (8)
A BKZ X! Al (i’x: ¢Z’ .

With Xx, Kz, ¥ and Yz as the DV action and angle variables respectively

9
% %k (KX, Kz, s) cos(nx ¢x + nz'¢z
X k k

bo=¢ +1I [
k

2 .
EE; EK (Kx, Kz, s) su‘z(nxkd)X +

+8,) -fgk K> K,, 9)
1

sihm(n_ v+ 1n v )

X, X z, 2

F, 8, 8]

(2

and



Yy =¢ + I EE; -3 (Kx’ Kz, s) cos(nxkdax + nzk¢z

3 8 .
+8,) ~ g (Kx, K., s) —-—aKz K (Kx, K> s) sm(nkabx

L (10)
+ nzkd)z * 6k)]sinw(n v_+n v )
x, ¥ z) 2z

Thus the perturbation on the tune due to the nonlinear elements (e.g.

sextupoles and octupcles) can be found as

H

8
—111 (s) = (11
Ji-w = + 2a(s) K + b(s) K
ds "x BX( ) X z
and
_ 1o .C 4
vx - 2m é [ds ¢£S)] ds
or
o .
v.o=v +2a K +2a K (12)
Similarly, .
where . v, TV, ZaZZ Kz + 2uxz Kx (13)
i c _ L C |
@ = /7w é a(t) de, @ = 5 é b(t) dt
with
o =1/r 1 ceryae
ZZ 0 ”

Where the coefficients a(s), b(s) ard c(s) are given in Reference 1,

and the machine tunes Vx and Vz depends on the beam emittance. The

AY)
% and “zaretheunperturbedttmesandex 2Kzare 2 +to the

average beam emittances d1v1ded By # , <E>and <E > and
s



o _1_ JC dt
27w

o]

o "LJC dt
2m ] Bz(t)

<
N
i

ThuS ye find the emittance growth to be

£ _ g (K, K , s)

x sinaT (n. v+ n v)l:l x4
k X, X zy 2

FIn e S 2 1 as)
Kk Zk sint (n_ v_+n v ) 5.
X Xz z

These estimate the upper limit that emittance grow to as long as the
tunes are far from any resonances

Further, we can deduce the contribution of a single resonance to the

emittance growth:

) a(Kx, Kz) .
Ex = 27 [Kx + n, T cos():xxapX + nzq)z
- 2T ps + 6)] (19
C
a(KK, Kz)
E, = 2v [Kz +n, ——F—— cos(n ¢ +mn ¢,
s ps + 6)] a7)
C

with n >0 when n <0 for difference resonances. The emittance
oscillates about its average value (with oscillation amplitude
proporticnal to g(Jx,Jz)=a(Jx,Jz)/ & ), where 6 is the bandwidth

(e.g. § =0 near resonance) defined as
§ En v _+n v -p (18)
X X zZ Z

which determines how far the tunes Y and Vz are from the resonance

(defined by integers n, o, and p).

F4



SMEAR

To find the "smear" (that 1is, the measure of the extent

to which the emittance deviates from an invariant of the

motion) we consider the variation of the emittance with
respect to the time variable of the Hamiltonian s. The coeffi-

clents of equations (. 14.= 17 '-).» Which are periodic func-

tions of s, ¢y and ¢z; can be expressed as functions of s

times the sine and cosine of (ngdy + nchz). Then keeping oy

and ¢, fixed, the emittance is periodic in s:

Ey (¢x:¢z,KX:Kz,5) = Ey (dxcs bz KygsKzr8 c),
. a9

Ey (dy,dz:KxsKz,8 + C)

E"Z (¢X’ Cbz:KX: KZyS)

(20) -
" Where C is the circumference of the accelerator.
Note that, as we increase s by C then to the lowest order ¢x
increases by 27 vy and ¢y 1lncreases by 2w vgz. Thus, overall Ey and

E, does not remain periodic in $ if we include the ¢x and ¢z

. 1
dependence of s. From the phase plots of Ex (or Ey) versus éx

Fig. 1* we note that, if we had no non-linear elements all the

points would fall on the line Ey = Ey (Ave Ey).

Y,
Ey(or EZ)

)
v t .
-,

| dx




Since the nonlinear elements cause the deviation from
this line, we can find the measure of this deviation from the
"standard deviation" D(Ey) which is related to the emittance

as D(Eyx) = 8Ey, where smear is defined from the standard

1
deviation of E:éz.

1 /2

1/ 2 3 _’
D(E,?) = smear = y O 7 01/
<EZ >2 + <EZ >j

1 - 1
where oy = <Ey> - <EI}€2 >2 and oy = <Ep> - <I~:£2 >2 or

1/2»
Ey> + <E>

1 1
<EZ >2 + <1<:é2 >2

smear =

ard as a  simpler alternative, the smear can be defined as:

1 Ex(max) - Ex(min) 1
Smearx = 5 <Ex> = 5 lnxg(Jx, Jz)l (2D

1 Ez(,max) - Ez(min)

1
Smearz : = E > = A |nzg(Jx, Jz)| 22)

Which are useful for obtaining the resonance coupling streng‘th
g(I%,Jz), (e.g. from the tracking results).

LINEAR APERTURE

We obtain the linear aperture a from a = Y 8paxEo/T,

where Bpax 1is the maximum betatron amplitude and E, is the

initial beam emittance which gives a smear of 0.1.



Finally in our analysis of the beam behavior versus -chromaticity

(¢ ) we consider

+ 5(s) D(s)) Bx(orz) ds @3

gx(cn: z) =Zn o (- Kg‘%)orzz)

with K(s) the quadrupole focusing strength, S(s) is the sextupole
strength (including Focusing, Defocusing and Eddy current in one
case and sextupoles due to saturation in the second case
respectively). Where D(s) is the horizontal dispersion and B(s) is
the betatron function.

Thus, we first calculate the sextupole strengths inorder to obtain
the desired chromaticity then using second order perturbation theory
we study the effect of the sextupoles (e.g. due to eddy current,
chromatic correction and saturation) on the beam. In addition we
compare the ordinary perturbation theory with the superconvergent
perturbation theory, illustrating the amplitude dependence of the

tune due to nonlinear elements in an acéelexator.
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AGS-BOOSTER

Due to the interest and request for more information on the Booster (dur-

ing my April '87 talk) I first give an overview of the AGS Booster

(the Parameter List) and a comparison of our analytic results (for

the Booster) with results obtained from program HARMON and tracking

programs PATRICIA and ORBIT.
The AGS-Booster is designed to be an intermediate synchrotron injector

for the AGS with the capability of accelerating protons from 200 MeV to 1.5
GeV (with the possibility of an upgrde to 2.5 GeV), and capable of accelerat-
ing ‘heavy ions to a magnetic rigidity equal to 17.52 Tesla meters at a 1 Hz
repetition rate. The Booster has six identical superperiods and circumfer-
ence of 201.78m; with an opera‘bing point at vy=4.82 and vz=4f83- The goal
for the Booster is to increase the AGS proton and polorized proton inten-
sities (by factors of 4 and 20 (to 30) respectively) in addition to enabling
the acceleration of all species of heavy ions at the AGS. To increase the
number of particles per bunch in the AGS, we need a high intensity beam in
the Booster which may produce a large space charge tune .shif‘t in the Booster
at injection. That space charge tune shif‘t’ can use crossing of the fourth
order structure resonances 4vy=18, 2vx+2vZ‘=18 and 4v,=18 ;(and possibly the
2vy-2v;=0 resonance), thereby destabalizing the beam. Depending on the
amount of the tune shift the third and sixth order resonances may have to be

examined (at operating tunes of approximately vy=4.01 and vg=4.11).
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QUICK REFERENCE
AGS BOOSTER PARAMETER LIST

Protons Polarized Heavy
Protons lons
Energy
Injection 200 MeV 200 MeV > 1 MeV/nucleon
Ejection 1.5 GeV 1.5 GeV p = 5.25 Q/A (GeV/c)/nucleon
No. of Particles/Pulse 1.5-3 x 0% ~1012 15 X 10°(S), 3 x 10° (Au)
Lattice
Circumference 201.78 m (1/4 AGS)
Magnetic bend radius 13.75099 m
Periodicity 6
Number of cells 24 FODO
Cell leagth 8.4075 m
Phase advance/cell 72.3° /72457
v /vy {nominal) 4.82/4.83
8, max/min 13.6/3.7 m
z, max ) 295 m
transition 7 4.831
RF System
Number of stations 2 2 2
Harmonic number 3 3 3
Frequency range (MHz) 2.5 — 4.11 2.5 — 4.11 0.200 — 2.5
Peak RF voltage 20 90 17
Acceleration time (ms) 62 62 500
Reptition rate . 7.5 Hz (4/AGS puise) 1 Hz {1/AGS) 1 Hz (1/AGS)
Dipoles
Number 36
Length (magnetic) 2.4m
Gap . 82.55 'mm
Vacuum chamber aperture 66 mm
Good field region (< 107) 16 X 6.6 cm
Injection field (kG) 1.58 1.56 0.108 A/Q
Ejection field 5.46 5.46 12.74
Quadrupoles
Number 48
Length (magnetic) ) 50.375 e¢m
Aperture 16.5 em
Vacuum chamber aperture 15.25 em
Injection pole tip field (kG) 1.02 1.02 0.068 A/Q
Ejection pole tipe filed (kG) 3.6 3.6 8.3
Field Quality 6/2 ‘ 0.0
All other harmoanics < 107
Chromaticity Sextupoles
Number 2% 12
Length (magaoetic) 10 em
Max. pole tip field (kG) 3.0
Max. Vacuum Pressure 3 X 1071 torr

Reference: 2Z. Parsa, Booster Parameter List, BNL-39311, 1987;
and Design Manual.
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TARBLE 1. Isotopes, Charge Stactes, and lonic Masses.

Q Z A Ionic Ienic
Reast Mass Rast Mass
Ezerzy

() (GeV/zuclecn)

D 1] 1 1 1.007° 0.93328
d +1] 1 2 2.01335 0.53751
1c =5 | 6| 12| 11.98671 0.93175
s | w12 |18 | 32| 31.96439 0.92047
Ca | =21 | 26 | 83 | 62.91808 0.93029
I | =20 |53 | 127 | 1°s5.88857 0.93068
Au | =33 | 75 | 197 | 196.94848 0.93125

TABLE 2. Injection Energies and Fields

vfc f r - E

ing

é-

(MEz) | (GeV/e) | (MeV) | (MeV/nucieon)

—~
b
"
——

P 0.5882 | 2.5233 0.54+4 200.0 2C0.cco 1.338
d Q.1787 | 0.7373 0.3388 30.0 15.CCo Q.817
C 0.1282 | 0.3823 1.421 g0.0 7.500 0.373
S 0.10CQ | 0.4457 2.9¢25 130.0 4.888 0.518
Cu | 0.0782 | 0.3435 4,5369 130.0 2.837. 0.531
I 0.0385 | 0.2833 7.0489 210.0 1.834 0.58C
Au | 0.0478 | 0.2131 8.78GC5 210.0 1.068 0.543

TABLE 3. Ejection Energies and Fields — B =127+ kG

-~ S- ax

¢ f P E. B,..

2702 il

(VEZY | (GaV/e) | (GeV) | (GeV/ameleca) | (2

o 0.2220 | 4.114 2251 1.5C0 1.35C0 5233 1

d 0.8699 | 2.577 3.208 1.¢27 0.9633 8.024
C 0.371¢ | 3.884 19.847 | 11.502 0.9683 3.0+
S 0.8718 | 3.385 | s52.925 | 30.932 0.9672 8.173
Cu | 0.833¢ | 3.30¢ 95.922 | 53.810 0.8541 11.081
[ 0.7900 | 23.322 132,345 | 7L.522 0.3330 12743
Au | 05863 | 3.081 173.233 | 68.930 0.2300 12,723

7. Parsa, Booster Parameter List, BNL-3931l1, 1987 ;
and Design Manual. '



TASLE

1. Isoctores, Chargze States, anc lonic Masses.

Q zZ | A Tonic lexic
Rest Mass Rest Meass
(1) (GeV'/avclezz
5 1| 1 1 1.00738 0.93328
4 1|01 2 2.0138§ 0.93781
Jc | +8 | 8 12 11.96671 0.93125
S 14 | 18 32 31.96439 0.9304T
Cu | +21 | 26 | 63 | 6291308 0.93029
I 429 | 33 | 127 | 136.888ST 0493063
Av | =32 | 7S | 197 | 1956.54846 0.93126
TABLE 2. Injection Energies and Flelds
vfc f ? E.. B
(VEZ) | (GeV/e) | (MeV) | (MeV/nuciecn) | (kG)
D 0.566L | 2.5235 | 0.5444 | 2c0.0 200.0C0 1.563
d | 0767 | 07873 | 0.3368 30.0 15.CCO 0.817
C 0.1262 | 05623 | 1.4211 90.0 7.500 0.575
S 0.1000 | 0.4487 | 29g28 | 1300 4688 0519
Cu | 0.0782 | 03485 | 45943 | 1300 2.8s7. 0.531
I 0.0595 | 02653 | 7.049q | 2:0.0 1.654 0540
Au | 00479 | 02181 | $.7%9S | 2100 1ol | 06ad
TABLE 3. Ejection Energles and Flelds — B_ = 12.74 kG
/e | f - E,. E,. |
T i
NEZY | (GeVi Y ’ (GeV) | (GaV/oueiecnt | (23 |
o 04923 | 4.4 2925\ | Lo \.Se00 L4459
d 0.96 3871 338 | 19 0.9635 .04~
C | 08714 | 3.98¢ | 19841 | 1180 04668 9024
S 08716 | 3.835 | 52936 | 2095 03672 9.470
Cu | 08534 | 3904 | §5.932 | 58910 0.8541 LL.gL
I | 04000 | 3522 | \52345 | 74428 05350 13.743
Au | 0.4863 | D06l | 113358 | 68,050 D350 12743

and Design Manual.
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FIG. 2. a) Schematic Diagram of the Booster and
b) Components of the Superperiod .-

cluding two families of chromaticity correcting sextu-
poles (chosen), 1ocated at 1,7 (SF), 2,4 (SD) per
superperliod (each of 10 cm length with aperture of
16.52 cm). ’



Figure3. The layout of the Booster.
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NOTE:  ALL DIHENSIONS ARLC [N HETERS

Refarsnce: Z. Parsa, Booster Pazrsmeter List, BNL-39311, 1987;
and Design Manual.
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Fig.4 , shows the betstron functions and the
amplitude dependence of tunes for the AGS Booster.



We have studied the effect Oof the systematic
TeSonances in the Booster; and in Table ITand 11T, we
present some of our results (obtained using program
HARMON and NONLIN), for the third and fourth order
resonances. These and higher order resonances are
discussed in Reference [ 2 ], since HAARMON is limited

td the calculation of fourth order resonances. )
Table

-I., shows the perturbation to tune (Qg, Q7) at the
corresponding operating (linear) tunes (A%, Qz) at
whica the resonances were Investigated.

TABLE I. ° Tune Shift

Operating Tunes . Perturbed Tuges
Q [ « 9
4,82 4.83 4 820476 4,834616
§.501 4,511 §,500944 4.514804
4,001 b .01 3.982678 4,000854

Tables I - III shows that the results obtained from

HARMON and NONLIN agrees quite well with the largest
diffe?ence in the fourth order resonances (due to the

2nd order sextupole effects).



TABLE II AGS-Booster Lattice [NONLIN]

.001

Stop Tunes

Resonances Strength Bandwith Vy Vey
3vyx =12 6.0420E-08 0.010876 4,001 4.011
3vy =18 2.1010E-07 0.037819 4. 001 4.011
Vyt2v, =12 3.5657E-07 0.035657 4,001 4.011
=18 1.0916E-06 0.10916 4,001 L.011
=y *+2v5=0 2.6354E-07 0.015813 4,001 k.ot
= 1.7728E-06 0.10637 4,001 4,011
by =18 9.51T1E-07 0.003046 4,501 4,511
by, =18 2.2488E-08 ©0.007196 4,501 4.s1
2y t2v,=18 3.0213E-08 0.004834 4.501 4.511
2vx=2v,= 0 3.9000E-07 0.031200 4,001 4,011
1.5020E-07 0.021016 4,501 b.s511

1.6589E-07 0.013271 4. 820 4,83

by, =24 1.8992E~Q7 0.0060Q77 4.820 k.83
by, =24 6.5537E-08 0.020972 4,820 4,83
2vy*t2v,=24 6.8447E-08 0.010952 4,820 4.83
2vy=2vy=-5 5.2447E~-08 0.0041957 4.820 4.83
va+2vz=18 1.2538E-06 0.5010 4,001 4,011
=24 2.4479E-07 0.097916 4,001 4,011
6vX =18 7. 44L45E-07 0.53600 4,001 4.011
=24 1.1435E-07 0.08233 ) 4,011



TABLE III AGS-Booster Lattice [HARMON]

Stop Tunes
Resonances Strength Bandwith Vg Vo

3vy =12 6.04187E-08 0.010876 4,001 L.,011
3vy =18 2.10103E-07 0.037819 4,001 4,011
Vyt2v, =12 3.56559E~07 0.035657 4001 L.om
=18 1.09163E-06 0.10916 4,001 h,011

=g *t2vy= 0 1.633876E-0T REXEE X 4,001 Lb.011
) =6 1.77282E-06 FhEXERX 4.001 4.011
Uy =18 7.64062E-09 0.001223 4,501 k.511
by, =18 1.08154E~08 0.001731 4,501 4,511
2Vy*2v,=18 3.13890E-08 0.002511 4.501 4.511
2vy=2vy= 0 1.9042E-07 Hk KKK % 4.001 k,011
1.10073E-07 FRREERR 4.501 4.511

1.2U24E-07 KeXER%¥ 4,820 L.830

by, =24 6.8891E-09 0.0011023 4.820 4.830
Uy, =24 1.84457E-08 0.00295135 4.820 4.830
2vyt2v =24 7.002513E-08 0.005602 4,820 4.830
2vy—2v,=-6 13.446 KRR AR 4,820  4.830
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all resonances fros order 3 to 4
.88

4.98

489 12

4,78 4 .o

4.68 -

Qy  4.58 _.: -

4"’48 4 '. .. .‘.'...'4‘...-...

4.38 A :

4.28 A

0
419 { A BN ._ \.\\
488—[l| l T - T |~ T N T T Y o\
4.98 4.18 4.28 4.38 4.48 4.50 4.68 4.79 4.88 4.98 S5.88
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Figure § shows the tune diagram and resonance lines
for the Booster with operating point o(u.82, 4.83).
The dashed line shows the expected region of tune
shift due -to the space charge.
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UNSTABLE—

UNSTABLE
I

120 — ]

max
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ANALYTICALLY 7

100 i~

£y =E,= 507 (INITIAL)

]
50 | l | | | |

-30 -20 -10 -5 O 10 20 30

Fig. 13 shows the maximum emittance (in x or z direction) obtained from track-
ing3, and the maximum total emittance obtained analytically, as functions of
the Booster chromaticity respectively. We note that one particle was used
analytically and four particles were used in tracking. In region I, varia-
tion of the perturbed tunes (due to initial ¢yx(s=0), ¢z(s=0)) are small and

do not cross the 2vy - 2v, =0 resonance for any particles. In region II and
I11, variation of the perturbed tune, (due to different initial phases

dy(5=0) and ¢5(s=0)), becomes large, allowing the crossing of 2vy~2vz=0 rescn-
ance for some of the particles.



To relate our analytic result with those obtained from

tracking we must relate the initial conditions. The initial

conditions used for tracking are the phase ¢ (s=0) and emit-~

tance for the par‘ticle(s). However, the phase and the new

actions Ky and Kg are the parameters for the initial condi-

tions in our analytic approach. These initial conditions can

be related with the following expressions:

Ex(s=0) = Ex{Ky, Kz» 0x(5=0) , $z(5=0)

E(Kz, Kz, 9x(5=0) , 07 (5=0)

"

Ez( S=O)

If there is a strong coupling term(s) in those expres~

sions (e.g. 2vgx=2vg for the Booster, then changing the ini-
tial phase ¢x and ¢z (for different particle(s) put keeping

the same initial emittance (Ex,Ez) will produce a large

spread in Ky and Ky which in turn results in a spread in the

nonlinear tunes (for the particles) and the likelihood of a.

particle crossing the coupling resonance.

However, in tracking several particles are used, the

particle that gives the smallest bandwidth (2vg-2vz) Will

lead to the greatest emittance growth due to the coupling; 30

many particles will excite the coupling resonance while (at

.the same time) many others would not. Thne number of par’ti—

cles that excite this resonance depends 2n now large are the

1 as how

coerficients axx, oxzs ozZ (see eq.12. &.13) @8 wel

large is the (2vy—2vg) resonance strength. Our analytic and

tracking 5 pesults (both) indicates at chromaticities Cx=C="5,

26
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both the «s and resonance strengths are minimum. (This is-

the reglon where chromaticity correcting sextupoles 1s mini-
mum.) This point is illustrated in Fig. 13, which shows the
maximum emittance (in x or 2 direction) obtained from track-
ing (of particles) and the maximum total emittance obtained
analytically (for one particle), as functions of the Booster
chromaticity respectively. In region I, the strength of the
coupling resonance is weak and ds are small (hence variations
of the perturbéd tunes due to initial bx (5=0), 65 (s=0) are
small) thus no particle will cross the (2vx—-2vz=0) coupling
resonance as confirmed by tracking. However, in region II
and III variations of the perturbed tunes (due to different
initial phases déy(s=0) and 67 (5=0), bec:.omes~ large, (since the
as are large) and the spread in Ky and Kz is larger than in
Region I (because the‘ coupling resonance is larger) thus
allowing the crossing of the coupling resonance for some
particles. This can be seen from the analytic (one particle)
and tracking (of four par‘ticles) plots in Fig. 13, where
both methods predict the smallest contributions from

nonlinearities at cnromaticity of -5 for the Booster.

29
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1 1
Figure 16 shows the plot of EZ/2 Versus Ex/2 (for the Booster) where the

emittance values were computed with the initaial conditions ¢x=0, ¢z=0;

Ky =EXO/2n and KZ=EZO/2n at a given sextupole position. When the initial

-

conditions are changed to the position of a different sextupole (multipole)
the maximum values theemittance grows to remains almost the same. Thus, no
preference in the choice of initial tracking position. Given ¥y and ¥y,
using equations (9-10, 14~17) we solve for ¢, and ¢z; then solve for Ey and
EZf The next point in the sequence is'found by incrementing ¢y and ¢, by
2mvy and 2mv, which is the position of the same sextupole in the next revolu-
tion,

From our plots (e.g. Fig. 16) we éan calculate "smeAP", "linear aper-
ture" etc.

These type of plots contain the same information one would obtain from
tracking program and can be used as alternative to tracking. That figure
also illustrates the presence of strong coupling due to 2vy-2v;=0 resonance
which is indicated by the negative slope of the shaded area.

<

Similar observations have been made using tracking programs PATRI-

CIA (F.Dell) and ORBIT (G.Parzen).
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Comparison of the phase
plots, E‘igur‘eszo and 21 obtained analytically with Figures 99
and 23 (obtained from trackings) indicates good agreement
(e.g.. for the maximum X, x and z, z). However, the fine
structures seen 1in Figures 20 and g1are not apparent.in
Figures 22nd 23 due to slight differences in tune and the
fact that the tracking plots nave a coarser bin, that .smear's
out fine structure. The width of the bands in these Figures

indicates the amount of coupling (and varies with change in

tune as seen by comparison of these figures). It becomes large
when the chromaticity of the Booster is corrected to zero, in-

dicated by our analytic and tracking results.
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Furthermore, com-

parisons of Figures 25 and 26 (phase plots of x, x and z, z
respectively) which illustrates the redpction in the
(2vy-2vz) coupling at chromaticities Cx=Cz=-5, with Figures
27and 28 (obtained from tracking also with Cx=Cz="5) again
shows good agreement between our analytic and tracking

results. (Noting a slight tune difference in tracking.)
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CONCLUSION

A large space charge tune shift in the AGS-Booster at injectipn, may
cause the tunes to cross the fourth order structure resonances. If the space
charge tune shift is large enough we may get near the third and sixth order
resonances at tunes near 4.0. Tables I - III shows the perturbation to tunes

and our results (e.g. stop bandwidths, resonance strengths for the third and

fourth order resonances) obtained from NONLIN (Table II) and HARMON (Table

III). Our analytic results agrees well with those obtained from tracking
programs, if the initial conditions are considered. We note no preference
for the choice of the initial tracking position. Since the maximum emittance
growth will remain about the same regardless o.f the multipole position in
the ring (Booster) from which we start the tracking, We also showed the exis-
tence of a chromaticity window for the Booster, where there is no 2vy=2v,
coupling. The size of the window would increase if either we decrease the
total initial emittance and/or increase the number of the sextupoles per

superperiod.
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