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Abstract

Simulations of weak-strong pp collisions with a periodic tune modulation
show the possibility of beam blowup at sufficiently strong modulation amp-
litudes. This beam blowup is associated with the appearance of nonrepeatable
“chaotic" trajectories and occurs when low order resonances are crossed by the
modulation. The implication of this modulational beam blowup for beam-beam

limitations and modulation amplitude limitations in pp colliders are discussed.

Introduction

In proton-antiproton (pp) collisions in the ”Tevatron“I

particle tra-
jectories will be affected by the highly nonlinear force of the "beam-beam"
interaction, the electromagnetic force field of the opposite beam in the
collisions. The trajectorijes between collisions will be subject to tune
modulation from turn to turn through sources such as power supply ripple or
synchrotron oscillations with uncorrected chromaticity. Previous investiga-

2,3,4,5 have con-

tions of the beam-beam interaction by the present authors
sidered a constant "beam-beam" interaction form and particle transport. In
this paper we add the complication of tune modulation and investigate its
effects.

We approximate particle circulation around the accelerator ring as the
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product of two transformations} a linear transport around the storage ring
followed by a nonlinear beam-beam "kick" at the interaction area.
Transport around the ring can be represented by a 2x2 matrix for both

transverse (x and y) dimensions:

prirmre. —

X cos Zwvx Bx sin 2ﬂvx X
= (1)
sin 2mv
X! -— X cos 2mv x!
After | By X ] Before .

In this Tinear transport x and y motion are decoupled. Vg Vi Bx’ R. are

¥ y
the usual Courant-Snyder tunes and beta-functions. The beam-beam kick can

be represented as

X 1 0 X

X |

[4'ITA\)X
3 Fx(x,y) 1] 'x!

After X

Before

with a similar expression for y, y~.
The product of these transformations is equivalent to integration of
the equation of motion:

AAv
B

X' K (s)x = - % F (%) x8,(s) (3)

X
s, the distance along the storage ring, is the independent variable and
6p(s) is a periodic delta-function.

In the present report we choose parameters which approximate the

conditions1 in the Tevatron: Avx = Avy = 0.01, Bx = By = 2m and we choose

e P20
Y P2l
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with o = 0.0816 mm which is the nonlinear force due to a round, gaussian
charge distribution of rms radius o. This nonlinear force function does not
change from turn to turn which means that we use the “weak-strong" approxi-
mation where the "strong" beam is unaffected by the weak beam.

To simulate tune modulation, the tunes v and Vy in Equation (1) are

changed from turn to turn following

<
H

+ .
X vxo aX sin mxt

(5)

<
It

y vyo-kay sin Qyt.
We have used Wy =y in all cases, which is expected for most reasonable

sources of tune modulation and we have considered two possible relative

phases:

a

y aX labelled ++

1}

and a

y -a, Tabelled +-.

The magnitudes of a, and a_ are chosen as equal. We have chosen values of

Y
a, between 0.001 and .01 = Av, in agreement with expected values, in the
present paper. For the frequency w we have chosen a frequency precisely

one thousandth (.001) of the collision frequency. Since the Tevatron
collision frequency is 50 kHz, the modulation frequency is 50 Hz, quite
close to expected power supply modulation (60 Hz) as well as the synchrotron
motion frequency. The modulation is chosen as a precise fraction of the
collision frequency to simplify computation; the matrix given by (1) can be

calculated initially for each of the 1000 possible values and stored. This

eliminates the necessity of recalculating (1) on each turn.

Possible Sources of Tune Modulation

One possible source of tune modulation is power supply ripple. Ripple

in the power supplies of the focusing and defocusing quadrupoles will cause
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a ripple in the tunes vy and Vy If there are separate focusing and de-
focusing quad supplies then we expect modulation of the + type, if they
are connected to the same supply, modulation of the 1 kind. Thé modulation
should occur at low order harmonics of 60 Hz. The amplitude of modulation
s
824 "

where G is the magnetic gradient and I is the magnet current. With v = 20

and év = .001 - .01, we find an equivalent power supply reguiation

-%; ~ 5><1O'5 - 5 x10"4; somewhat Targer than that expected at the Tevatron.
Another possible cause of modu]ation is synchrotron oscillations coupled

with uncorrected chromaticity. Synchrotron oscillations medulate particle

momenta, following

Ap ~ Ap, sin(vsr4-¢).

This leads to tune modulation of the form (i)

~ ApO .
Bvy E vk, 5 sin(vgt + o)
8
= —9 5 +
G\Jy \)yiy 5 Sm(\)st d) .

We expect %F-? 10'4 in the Tevatron. gx, gy are the x and vy chromaticities:

v
= éLJ_JS (9)

X X P

£

If chromaticity is uncorrected gx = gy = -1, The values of &v(.001-.01)
correspond to |£| = (.5-5.) in the Tevatron. The chromaticity should be
corrected to much less than 1 by sextupoles.

Thus the modulations expected in the Tevatron should be less than those
explored in this note. {Other colliding beam machines (e+e') do have larger

tune modulations.) The relatively large values of this note are chosen to
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find Timits where large effects can occur.

Simulation Procedure

In the simulations a set of 100 initial particle positions are
generated randomly within a gaussian distribution in the 4-D phase space
(x,x',¥,y'). These are transported through many turns following the
transformations of Equations (1) and (2) with tunes modulated following

Equation {b). Every 2000 turns the rms emittances X,Y, and R are calculated

using:
-
X = Gfé(x—i)2> <(x'*§’)2>
- ]
¥ = 6/ (y-7)%> <(x'-x")%> (10)
R = A2 +Y°

In these simulations 6 million turns (corresponding to 2 minutes Tevatron
time) are calculated in each case, and 3000 emittance values are generated
and analyzed statistically.

"Doubling" times for X,Y and R emittance are obtained from the slopes of
the best straight line fits for X.Y and R as functions of time from t = 0O,
using rms emittance values calculated every 2000 turns.

The straight Tine fit of the x-emittance values can be written6 as

X = X+b(t-t) (11)
= 1
where X = N&:xi (12)
t=1st (13)
Nt
b= flex.t.-%% | (14)
GEN [N=%9t4 .

N is the total number of particles, and
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The calculated slopes have a statistical error associated with the

scattering of the points Xi, which is given by

A negative doubling time is obtained if b<0; that is, X is decreasing.

In these simulations the calculated slopes are cumulative slopes, calculated
by including all emittance values generated from t = 0 up to the measurement
time.

Simulation Results

For our simulations of tune modulation we have chosen initial tunes at
v, = .3439, vy = 1772, bvgg = .01. These are the parameters of Case C of
Reference 3, which is a case chosen in a tune region free of resonances lower
than ninth order and showed the greatest stabjlity in the Tong-time simuTlations.
The addition of tune modulation permits the appearance of low order resonances
in combination with the modulation. Figure 1 shows the "tune-space" near the
Case C tunes, and one finds third, sixth and eighth order resonances within
dv = .01 of Case C and therefore accessible by tune modulation.

We have considered 12X separate modulation cases:

(1) &v = 0 (no modulation) which is Case C of Reference 3.

év, = .001, .003, .005, .007, .00S, .01,

Y

—6vy = .001, .003, .004, .005, .007, .0T1.

{(2) (++} modulation with évx

It

(3) (+-) modulation with évx



-7-

In Tables 1-3 and Figures 2-4 we present results of the (++} simulations
with 6v = .003, év = ,007, & = .010. In each case we have simulated 6
million turns of beam storage. In Tables 4-7 and Figures 5-8 we present
results of the {+-) simulations with &v = .003, .004, .005 and .010.

In the (++) simulations we saw no significant changes in the rms beam
emittances for év & .009. However, for 8v = ,0]1 some statistically significant
changes appear. There is a strong anticorrelation between changes in
x-emifttance and changes in y-emittance, as can be seen in Figure 4 and the
cumulative correlation coefficient of Table 3. There are also statistically
significant changes in these rms emittances, but the changes are £1% after
6 million turns, and represent "doubling times" of 20.1 days, only a few
standard deviations from zero change.

For the (+-) simulations more dramatic changes occur, For &v < ,003
no statistically significant changes occur but for &v > ,004 there is a fast
blowup of the beam emittances, with doubling times of fractions of a minute
rather than days. The blowup is evident within 200,000 turns of particle motion
and continues throughout the six million turn simulations.

Qur tentative conclusion is that beam blowup can occur when there is tune
modulation and beam-beam jnteraction, when the modulation is of adequate
amp1itude.

Repeatability Experiments

Our basic test of computational accuracy is a repeatability test. In
these tests initial particle positions are transported forward N turns, the
transport transformations are reversed and the particle trajectories are
returned. Forward and return particle positions are compared. As we dis-
cussed in a previous paper4"chaotic” trajectories diverge exponentially in
a repeatability test and the test is a useful tool for distinguishing these

trajectories,
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In Table 8 we summarize the results of repeatability tests for 11 tune
modulation cases. In these, 100 trajectories are transported 100,000 turns
forward and returned. Most trajectories develop errors of order 10'20 in
agreement with the expected error for non-chaotic trajectories. However in the
(+-) simulations large error trajectories appear for &v > .004; about 10/100 for
dv = .004, and ~50/100 for &v > .005., In the (++)} cases no large error tra-
jectories appear until the largest &v value (.01) where 3-6% are large error.

Following the analyses of Reference 4 we identify these large error
trajectories as '"chaotic" trajectories. There are some differences between
this and the previous case of Reference 4. First, the division between
"chaotic" and non-chaotic cases is not as clearly defined; some trajectories
with small exponential divergence appear, Second, in this case the chaotic
trajectories can diverge to large amplitudes.

We use a strong correlation between beam blowup and the appearance of

chaotic trajectories, and we can infer that the appearance of chaotic trajec~

tories is necessary for beam blowup.

Tune Modulation, Chaotic Trajectories,
Resonances and Beam Blowup

In this section we undertake a more systematic discussion on the

inter-relationships between the topics discussed above: tune modulation,

beam blowup, low-order resonances and chaotic trajectories. As we mentioned
above, the addition of tune modulations permits the appearance of low order
resonances. In Figure 9 we show the tune diagram for (+-) .005 = &v, a case
with beam blowup and ~40 chaotic trajectories. A box representing the tune
spread of the beam (Avx = Avy = ,01) is outlined at the center (6vx = 6vy = 0)
and at the extremes of the tune modulations (dux = ,005, Gvy = ,005 and

évx = .005, Gvy = .005). The full extent of the modulation is outlined with

a darkened line. Low order resonances of third, sixth and eighth orders are

also indicated by darkened lines within the modulated beam tune spread.
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(The other lines are higher order rescnances.)
The appearance of chaotic trajectories in the (+-) simulations is
definitely correlated with the inclusion of the third and sixth order

resonances (-ux-+2v =0, 4vx-2v = 1). This can be made more definite

Y Y

by considering the progression of (+-) cases &v = .003, .004 and .005 (see
Figures 5,6 and 7). At .003 the resonances barely intersect the edges of
the tune modulation and do not affect the particle motion; there is no beam
blow-up. At .004 the resonances do intersect the beam for large amplitude
particle motions, we find 10% chaotic trajectories and beam blow-up. At

v = .005 the resonance line intersects the center of the tune square at the
extremes of the tune modulation; ~40 -50% of the trajectories are chaotic.

In Figure 10 we show particle tunes averaged over the first thousand

turns for the +.005 case, These tunes are calculated by taking the differences

N éx'
ATAN. (—;—)

ATAN ( %l)

in the phases

%

by

from turn to turn (see Figure 11). For é an amplitude dependent average
between g = Bo {at zero amplitude) and B = 8* (the matrix B for « amplitude)
is used.

The tunes are concentrated near the diagonal b, = Avy as is expected
from basic considerations.,

The investigations of particle trajectories find that they can be
categorized into three distinct groups.

1. "Non-chaotic" (repeatable) trajectories which do not change their
mean amplitudes substantially in long-time simulations.

2. "Chaotic" trajectories which may undergo some change in mean ampli-

tudes but do not diverge to large amplitudes.
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3. "Chaotic" trajectories which do diverge to large amplitude.

In Figure 10 we have identified these three separate types and find
that they occupy distinct regions in tune space. The largest amplitude
particles (these are those with largest beam-beam tune shifts) are pre-
dominantly chaotic and divergent. Intermediate amplitude trajectories
are chaotic but not divergent, Smaller amplitude particles are non-chaotic.

This separation is in.agreement with an intuitive picture in which
chaotic trajectories are caused by sweeping of a low order resonance
through the beam, and only those trajectories which reach an amplitude
swept by the resonance can be chaotic.

This picture is confirmed by consideration of the (+-) .004 case.

The nine chaotic, djvergent trajectories are among the largest amplitude
divergent trajectories of the (+-) .005 case and are consistent with the
observation that the lower amplitude of tune modulation should only "sweep"
through the largest amplitude particles. These largest amplitude particles
are also labeled in Figure 10.

We have also confirmed the hypothesis that tune modulation is necessary
for the appearance of chaotic, divergent trajectories. We have undertaken
six million turn simulations at the center (vx = ,3439, v = 1772, Av = .01)

Y

and at the two extremes of the tune modulation, (vx = 3489, vy

= ,1822, Av = .01} without modulation. No

= 1722,
Av = .01) and (vx = ,3389, vy
chaotic trajectories and no beam blow-up are seen, even though the extremes

do contain third or sixth order resonances,

Discussion of Chaotic Trajectories for {++) Simluations

For the (++) simulations only the largest amplitude case shows evidence
of chaotic trajectories and it shows no large beam blow-up (v = .01).
In Figure 12 we show the tune diagram for the .01 modulation case and this

shows a few low order resonances within the modulation amplitude.
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Investigation of particle amplitudes indicates that the sixth and third
order resonances in the lower right of the tune diagram are probably
associated with these chaotic trajectories, Only largest amplitude par-
ticles which could reach these resonances are chaotic; and these would

not reach them at a Tower modulation amplitude. Since only a few particles
can reach these resonances and even these do not cross them at significant

speeds, there is no beam blow-up in this case.
Conclusions

Simulations of the beam-beam interaction with tune modulation find
that beam blow-up can occur if the modulation sweeps the beam through a
Tow order (<8th order) resonance. Modulations 2,01 would be forbidden
by this criterion with a beam-beam tune shift of 2.01, since it is dif-
ficult to find a region free of low order rescnances. HNo beam blow-up

should occur at the tower amplitude modulations expected at the Tevatron.
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TABLE 1

TABLE 1 Emittance data Case C+.003 9# = 0,3439 + 0.003sin§ § = 2 (n-1)/1000
Cumulative values, \)y = 0,1772 + 0,003sin) n = turn nunber
av = 0,01
iillion  DUIRE Pt Mimen | Comelation Coefficlent
(days) (days) (days) erage umulative

0.2 (#o.0122)  (%o.0110)  (Z0.0165) L

0.2 0,0240 0.0L35 0,0169 -0,025 -0.025
Q. -0,0425 -0,0741 ~0,0567 -0.126 -0.089
0.6 ~0.162 0.166 0,562 0.002 -0.062
0.8 0,665 0.109 0.179 -0.0L3 -0.049
1.0 0.235 0.0750 0.111 -0,080 -0.053
1.2 0.286 0,173 0.215 0.085 -0.033
Lo -0,824 -0.455 -0.578 -0.101 ~0. 044
1.6 ~0.5%92 -0,195 ~0.286 0.009 -0.035
1.8 -0,855 ~0,28L 0.1 0.054 -0.021
2.0 -0.443 -0.607 -0.517 0.1k ~0,009
2.2 -0,312 1,04 -1.01 0.031 -0.007
2.4 -0.205 04630 -0,709 ~0.17L -0.022
2.6 ~0,221 0.479 -1,01 -0.,125 ~0,0731
2.8 -0,276 0.533 ~1.30 0.027 ~0.027
3.0 =0,Lk46 0.622 -5.38 0.008 -0.025
3.2 ~1.15 0.842 4,51 0.148 -0.015
34 -8,66 1.07 2.30 0.104 -0.009
3.6 -5,L4 0,647 1.37 -0,056 -0.012
3.3 91.6 0.658 1.24 0,099 ~0.016
4.0 147 0.735 0.965 -0,103 -0.,019
.2 1.20 0.775 0,937 0,069 -0.021
L4 1,81 0,677 0.965 0.021 -0.019
L.6 5,98 0.978 1.63 0.078 -0.0L5
4.8 ~3.71 1,60 5431 0.203 -0,006
540 -2.00 2.16 P2, 0.064 -0,003
5.2 =2,11 é1.8 e 55 -0.121 ~0.008
St 9.58 3,06 4,68 0.006 -0.006
5.6 2.52 247 2.55 ~0.025 -0.007
5.8 1.56 2,32 1.92 -G, 040 -0,007
6.0 1.23 2.68 1.76 0.182 -0.001

6.0 (21.77) (11.66) (*2.41)



TABLE 2

Million
Turns

0.2
0.2
1.0
2.0
3.0
4,0
5.0
5.2
5.4
5.6
5.8
6.0
6.0

Emittance data for Case C#.0U7:

X
Average
(mm=mragd )

0,01 75451
0,01 75494
0.017518
0,01 75440
0.0175370
0.0175384
0,0175400
0,0L754L 3
0,01 75411
0.0175415
0.017:418

Doubling
Time~X
(days)

to.0111)
0,0675
-1.3
=0,361
=279
=0.595
~1.92
=25.04
3.18
4,29
3.11
2.87
(Z1,81)

Y
Average
{ mmemrad)

0.01876/8
0.0187952
0.0188039
C.0LE7904
0.0188046
0.01 8804
0.0183008
0.0163021
0.0LE5042
0.0188033
0.0183036

v, = 0,439 + 0,007 sinf
0.1772 + C.C07 sing

i}

Vy
AV = 0.01

Doubling
Time-Y
(days)

(X0.0114)

0.0430

0.112
0.177
3.30
0,700
3038
=757
4.88
1,50
2,52
2.34
I1.64)

R
Average
( mm=mrad)

0.0256926
0.02571 55
0,02571 68
0.02571 51
0,0257141
0.02571
0,02571 3%

0.,02571 52

0.02571.66
0.0257L62
0,02571 66

<>
i

=
It

Doubling
Time-R
(days)

(Z0.0159)

0,053

0,225
0.0573
49,1
=736,
~13.b
-12.3
3.81
2.13
2,74
2e55
(22.43)

21 (n~1) /1000

turn nrunber

Correlation Coefficient

Bar Average

0,003
~0.027
~0,059
~0.170
~0,119

0.113

0.0L5
~0.233

0.012

0.122
-0.096

Cumulative

0.0026
0.0344
0.0204
0.0165
0.0062
0.0015

~ 0,0008

-0 L) 00”’6
-0,0008

-O . 0030

g TV



TABLE 3

Million
Turns

0.2
0.2
1.0
2.0
3.0
4,0
5.0
5.2
5.4
5.6
548
6.0
6.0

Emittance data for Case C+.0L0:

X
Average

(mm-mrad)

0.01 74482
0.01 74502
0.0174321
0.0173396
0.0173504
0.0173539
0.0173501
0.0173497
0.0173558
0,01736L5
0.0173697

Doubling
Time=X
(days)

¥0,0129)
~0,00679
0.0248
-0.0639
-0,0286
-0,0854
-0.,175
~0.171
-0.179
-0.292
-0,596
2.18
(FL.47)

Y
Average
( mme-mrad)

0.01893:2
0.0182071
0.0187847
0.0189546
0.0189498
0.0189573
0.0183625
0.0169655
0.01£9563
0,01804713
0.0189343

Qx
V)

Y
4y = 0,01

Doubling
Time-Y
(days)

(X0.0104)

0.00912

-0.,0L00
284
0.0190
0.0484
0.0786
0.0794
0.0835
0.117
0.177
0,445

(%1.14)

0.3439 + 0,010 s8in§
0,1772 + 0,010 sin}

R
Average
(mm-mrad)

0.0257479
0.0256575
0.0256291
0.0256926
0.0256959
0.0257036
0,0257055
0.0257068
0.,0257041
0.0257013
0.0256974

<>
H

i

Doubling
Time=R
(days)

(X0.0L72)

-0,0289
-0.145

0.0778
0.170
0.2
0.241
0.255
0.327
0439
0.705
(¥2.31)

21 (n-1)/1000

turn number

Correlation Coefficient

Bar Average

~0.172
-0,084
=0.067
-0.361
~0,066
=0.173
-0,200
-0.,232
0,070
-0.033
~0.184

Cumulative

-0,172
~0.319
-0,385
~0. 40
0,476
-0,448

=0k

-0.4739
-0,440
"0 .440

=0.453

€ 979vy



TASLE 4

TARLE U Emittance data Case (-,003 yx = 0,435 + 0,003sin§ § = zm(n.,l)/logo
Cunulative values, Vy = 0.1772 - O.OOBsinBA n = turn number
av = 01
M;llliign D;l{iiiig D;’;ﬁiigg D;;Isl'i;g 5 Correlation Coefficien‘f.
(days) ( da.ys) (d.ays) ar Average Cumulative

0.2 (Xo.0112)  (%0.00933)  (*0.0145)

0.2 0.0290 -0,0150 -0.0523 -0, 049 ~0,049
0.4 -0,0426 0.0193 0.0592 0.042 -0.006
0.6 0.131 £.105 0.116 0,040 0,0C7
0.8 10,0625 1.11 0,131 ~0,028 0,00k
1.0 0.0587 0.0547 0.0740 -0,089 -0.0L2
1.2 0.i26 0.230 0.166 -0.225 =0, Ol
1.4 0.204 0.3 0.261 0.004 -0.038
1.6 0.422 0.226 0.291 0.050 -0.028
1.8 ~0,406 0.638 =3.17 ~0.070 -0.031
2,0 ~0.268 1.07 -0.809 0.040 - =0.022
2.2 =0.543 1.41 -1.51 0.013 ~0.019
2.4 -0, 584 0.421 2.17 0.175 ~0.007
2.6 -0.533 0.425 2,66 . 0.C34 -0.004%
2.8 -1.54 0.515 2.88 0.138 -0.007
3.0 ~1.28 0.788 1.74 ~0.085 -0.0005
3.2 1.19 0.679 0.847 0.029 0.002
2h 0,978 - 0.998 0.985 ~0,072 ~0,003
3.5 0,828 8,05 1.58 -0.010 -0,004
3.8 0. 7u1 1.75 1.07 0.307 0,011
4,0 0.8L1 2.35 1425 0.083 0,014
4.2 0.73L 1.90 1.09 0.202 0,023
Lb 0.505 1.12 0.7L7 0.099 0.027
4.6 0.70% 0.982 0.831 -0.151 0,019
4.8 1.09 1.52 1.29 0.105 0,023
5.0 0.962 1.14 1.05 0.020 0,023
5.2 0,538 1,60 1.12 0,060 0.02%
Sk 0.857 2,36 1.30 0,028 0,024
5.6 0.711 3.0k - 1.20 0.603 0,024
5.8 0.739 36.7 1.55 0.092 0.026
5.0 0,755 -103, 1.65 -0.017 0.025

6.0 (Z1.71) (%1.686) (22.35



TABLE 5

FKillion
Turns
0.2
0.2
1.0
2.0
3.0
4,0
5.0
5.2
5.4
5.6
5,8
6.0
6.0

bmittance data for Case C~-.004;

X
Averapge
{ mm-mrad }

0.0178009
0.0272806
0.0309307
0.0322477
0.0337890
0.03541 56
0.0358952
0.0365291
0.0371243
00376764
0.0361485

Doubling
Time=X
(minutes)

(I3.24)
0.409
0.356
1.33
2.48
3.05
3.38
3430
3.11
3,00
2.94
2,95

(t187.)

Y
Average
(mm-m:ad)

0,0190967
0.02274€9
0.025%:052
0.032/815
0.0353257
0.0400501
0.0411124
0.042 5069
0,0435673
0,044 762 7
0,04 58627

L

v
X

V&

av= 90,01

Doubling
Time~Y
(minutes)

(b, 7l)
3.89
2.40
L.24
0,942
1.42
1.56
1.56
1.51
1.51
1.53
1.56

(T1é4.)

0,339 + 0,004 sinf 0
0.1772 = 0.004 sin

R
Average
(mm-mrad)

0.0265777
0,0360013
0.,0406852
0.0469281
0,0500670
0.054288%
0,0554246
0.0569123
0,0581714
0.0593655
0.0605107

]

=
]

Doubling
Tine=-R
(minutes)

(27.43)
0.782
0.557
1.26
1.36
1,96
2.10
2.07
1.99
1.96
1.96
1.97

(%266.)

2% (n-=1)/1000

turn numher

Correlation Coefficient

Bar Average

~0.314
-0,672
-0.570
«0.639
~0.530
f0.662
=0, 764
-0.706
-0 .64k
-0.569
-0, 104

Cumulative

=04 314
=0,101
-0.118
+0.116
+0.207
0.367
0.398
0.466
0.518
0.552
0,581

JTEVL
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TABLE 6

Million
Turns

0.2
0.2
1.0
2.0
3.0
L,0
5.0
542
Salt
5.6
5.8
640
640

Emittance data for Case C-.005;

Cumulative values,

X
Average
(mm=mrad)

0,031293%
0.0641 678
0.0857574
0.t07731
0,120106L
0.131416
0.1357520
0.1377507
0.1401047
O.1424630
0,14488%

Doubling
TimewX
(minutes)
(t1.73)
0.096
0.324
0,608
0.827
1,20
147
1.57
1.64
1.70
1.76
1.80

(Z255.)

Y
Average
{( mm=mrad)

0.031 8081
0.05503C2
0,0712130
0.0893808
0.104097+
0.1151200
0.L17H79
0.1194487
0.1217876
0,12656252
0.1276645

n

Yy
Y

¥
Oy = 0,01

Doubling
Time~Y
(minutes)
(%1.56)
0.072
0.393
0.719
0.861
1.11
144
1.50
1.56
1.60
1.61
1.63
(%att.)

0.%39 + 0,005 sinf ¢
0.1772 ~ 0.005 sin§

R
Average
( mm-mrad)

0.0448839

0.,0850926

0,1121701
0,1403270
0.1595+78
0.1773397
0.1800303
0.18291 808
0.1862225
0.1898706
0.1937078

1

=]
H

Doubling
Time-H
(minutes)
(%4.29)
0.082
0.351
0.652
0,834
1.16
L.45
1.54
1.61
1.66
1.70
1.73
(Tant.)

27 (n-1) /1000

turn number

Correlation Coefficient

bar Average

0,647
=0,706
-0.265
~0,787
-0.520
-0.614
-0.679
-0.703
=0.616
-0.525
-0.652

Cumulative

0,647
0,706
0.820
0.872
0,869
0. 88
0.886
0,887
0.892
0.896
0.899

9. 3Ta¥L



TABLE 7

Million

Turns
0.2

0.2
1.0
2,0
3.0
4.0
5.0
52
5.4
5.6
5.8
6.0
6.0

Emittance data for Case C-.010:

X
Average
{mn-mrad)

0.0220899
0.0395563
0.049L 526
0.0679651
0.0986038
0.1356766
0.1415717
0.,14845026
0.1 527236
0.1585753
0.16722004

Doubling
Time=X
(minutes)

(X3.48)
0.3
0,310
0.772
0.667
0,649
0.733
0.769
0.796
0.832
0,880
0.929

(Z187.)

Y
Average
{ rmpirad )

0,0203253
0.0370738
0.0710811
0,1027513
0.1315055
0.1554637
0.1605772
0.1670340
Q.l751262
0.1835314
0.1920187

v, = 03439 + 0,010 sinf g =
v, = 0.1772 = 0,010 sin{ n =
Ay = 0,010
boubling R Doubling
Time=Y Average Time~R
(minutes) (mm=mrad) {minutes)
(33.72) (£5.79)
0,370 0.0300772 0,186
0.274 0.0544489 0.201
0.350 0.0877118 6.429
0,527 0.12421 % 0.572
0.716 0.1655559 0.696
0,956 0.2063694 0,850
0,988 0.2163504 0,584
1.00 0.2258152 0,907
1,01 0.235436% 0.930
1.02 02846775 0.958
1.02 042 FHOLL0 0.985
(220.) (£399.)

21 (n-1) /1000

turn number

Correlation Coefficlient

Bar Average

04590
-0,.558

-0.280
~0.568
0.170
-0.298
04309
0.170
~0. 542
~0,204
0,187

Cumalative

Q0,590
0.839

0. 790
04895
0.914
0.910
Gl.9l8
0.928
0.926
0.916
0,906

RTIVE
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TABLE 8 Summary of reversibility tests (100,000 turns forward; 100,000 turns back) for the 100 particles of

cases C T A: v, = 0.3:39 + A sinf 9 = 2w (n-1)/1000
vy = 0.1772 7 A sin§ n = turn nunber
Ay= 0,010

Integer part of error loglo-\/( Ax)z + (Ay)z + ()BxAX')z + (ﬂyA.Y')z

Case &£~10 -10 -11 =12 -13 -14 -5 =16 -17 -18 -19 =20 -21 -22
¢-.001 90 9 1
C-.003 90 g 1
C-. 004 9 1 1 1 1 1 76 9 1
C=.005 38 1 1 t 3 bg 10 1
C-.0L0 31 1 2 2 4 3 i 3 3 g1 14 2

(&=4)  (=4) (=5) (=6) (-7) (-8)
- Qw010 SINGLE FahkCISLOR 45 2 2 32 16 3
C+,001 90 9 1
C+,003 ' 90 9 1
£+.005 90 9 1
C+,007 _ 1 89 9 1
C+.009 1 2 87 9 1
C+,010 3 1 L 1 8l 9 1
(<4) (<) (=5) (-6) (-7) (=8)
C+.0L0 SINGLE FLECISION 6 81 12 1

g8 TV



Figure Captions
Figure 1
Figure 2  Results
Figure 3  Results
Figure 4 Results
Figure 5 Results
Figure 6 Results
Figure 7 Results
Figure 8 Results
Figure 9
Figure 10

C +.005)
Figure 11

Tune region near case C

of
of
of
of
of
of
of

{(++
(++
(++

+

Tune region of

Particle tunes

.003) Simulation
.007) simulation
.010) simulation
.003) simulation
.004) simulation

.010

)
.005) simulation
) simutation

(+- .005)

averaged over the first 1000 turns for case

Calculation of individual particle tune shifts

Figure 12 Tune Region of {(++ .040)



Figure

Figure j. Tune space showing the limits of Case C and how close the corners

come to the undesirable lines of order 3, 6 and 8.
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Figure 4
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Figure 9

F"s. q Area of tune space swept out by
Case C-,005: v = 0,3439 + 0.005 sinf = 27 n/1000
uy = 0.1772 - 0,005 sin{ = turn number
Ay = 0,01
- 0.1922 ' 7 , N
Xt T
~ \
L
oy I
v
/
)
v z
’ 7 N>
**J\
\ X
T~ AN \ _ -
Nn.,1822 < : T = —
A |
K
|
, +
0.1722 :
0,3389 0.3489 0.3589



Figure 10

Fig, 10 Tunes averaged over turns 0 to 1000. Case NC=-,005
The lower-left corner corresponds with Vig? ")y'
The upper-right corner corresponds with Ve AV, \Jy + LV,
Labels: A Reversible and small emittance after 6 million turns.
Non-reversible and small emittance after 6 million turns.
Non-reversible and large emittance after 6 million turns.

C
F
@ Also non-reversible for ¥0.004 modulation.




I:l"g- H Figure 11

Individual particle beam~beam tune shift calculation. The total particle tune

shift /UT is calculated by considering motion from the center of one beam~beam kick
to the center of the next beam-beam kick.

For the example shown in the first quadrant below, the linear transport /1°=60°,

Vo = /UO/(ZTT) = 0.167 and the total particle tune shift A/-‘T = 660, 9T = 0,183
50 the beam~bear kicks .contribute an additional tune AVBB = (0,016,
The F_ used to scale the vertical dimension is calculated as follows:
2 ER < 0.02 mn-nrad
ﬁ = { linear interpclation 0.02 £ 6R £ 0.04 mm-mrad
where /9, is the matched beta and where £§ = Ei + E§ and where
= 2 ! 2 = 2 - 2
£y = 30X py * X)) Ey = 30X/ g+ BAYIA).
Fx .
Beam-beam kick
Linear
transport

X R e ——— X
Next
: ' 7 bean-bean

kick




Figure ik Area of tune space swept out by

Case C*4010: v = 0,339 + 0,010 sin §

)’y = 0.1?72 + 0.010 Sing
Av= 0,010

Figure4o
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