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dbstract
The dependence of beam bdlow-up in Zp 20l1liding beams with %une
modulation upon the modulation frequency has been sxplored Qith a computer
simulation. Tt is determined that a2 threshold frequency UTH axists;
modulations at Ifrequencies gZreater than Vpy do not i2ad to beam blow-up.
The relationshi; between this threshold and cclliding beams parameters is

discussed.



In & previcus szper, we xad notec tihat  romouter lmuiations  of

wveak-strong Dpp <colliizions  show  the possiblility of team slow-up at large

noduilaticon amplitudes. In tniz -aper we report resuliz ol zn Iavestization
3f the dependence of tais hlow-up upon the modulaticn fregquency, with the
nodulation amplitude fizxed,

The tasic featurss of our simulations of the Ttzam-beam Interaction
have ©been described creviously,! and we will only summarize these briefly
in the presgent paper, Farticls transport around =n  z2ecelerator ring is
simulated as the rroduct 2 two transformations: Llinear <ransport around
the rings represented by a "Courant-Synder"? (C-S) matrix with the C-8
parameters 8

B. and tunes and a nonlinear beam-beam kick

x? v vxsvyi
determined by assuming a "zerc-length" - "weak-strong” Interaction with a
round gaussian "strong" beam, with the strength of %tYhe Interaction
determined by the "beam-beam tune shift"™ Av, Av = .01 Is wused iIn this
paper, a large but possible value for Pp ccllisions.

Tune modulation I3 simu.atsd by changing the tunes Vv snd V. “rom turn

o turn following

with wx = Wy = 2T/Nm, where Nm is the modulaticn pericd in number of turns,

Ly

and wnere ¢ = N-1, ¥ = turn number ¥ = 1,2,3... In ke zrevious paper,1

Vg * .3439, vyo = .1772 was chosen, a ''resonance-free" case with long-time

stability.? The parameters a{ znd ay were varied and Um was set at 1000, a



A

zogulasizn  period  sxpected T Ip zolliiders. 4 large madulational slow-up

was rnoted [or the oases 3 : -z, 3. > .LCU, wners the =oodulation :arries

tne Tezam aeress low-ordsr rasgnances (3rd and Sth corder).

in the present paper we Ilx V.o 2nd vyo =t  She 3ame values /.3439,

1772 znd Tilx a_ = -3, =z ,205, 2 case known “o have modulational blow-u
X > y

at Nm = 800, znd vary Mo frcm im o= 3 oto Nm o= T00,0C00. Tigure 1 shows the

time zpace swept Sy the =odulation in this case, zhowing the lcw order

resonances which are crossed.

Simulatlon Procedurs

In our analysis of stabllity of particle motion two types of

simulations have been used: "long-time" simulations and "reversibility

I, b

tests"”. These have previously been described in some detaills and are

briefly described below.
In a "long-time" simulztion 100 initial particle positions are 2hosen

I

randomly within a 4=D phase space zaussizan distribution, and trajectories
enerazad from “hese izitial :onditions are “racked for zillions 3f turas
> -he 3torage ring. In the gzresent paper - milillon turn long-time

simulations were generated I each 2ase, correspcnding to 1 minute of beam

¢

LE €. and

storage in the Tevatron I. BRMS x,y, and r emittances < Sy

— - 2.
€., = €, e,

turns sfter *he first “housand *“urns 2and changes in thess values were

for the 100 particle ensemble were calculated =very 2000

monitored. "Doubling times™ zre calculated from *these =2mittance values
from z _zast squares Cit, which obtains a =slope or rate of increase
{decreass) of thase values., The "doubling time" 1s the average =mitftance

divided =y this slope, 30 a short doubling time indicates beam bHlow-up.



nonitored for 3iznificant
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impiliiude onanges,
Zn previzsus simulations of modulstional zeam blow-up, the blow-up was

-

sscciated with the appearance ¢l "onaotice" trajectories, where a "zhaotio"

$1)

trajectory 1z a particls btrajectory wnich diverges axponentizlly 12 time
from «csarby trajectories  Ia phase  space. "Reversibility" tests are
performed to detect these trajectoriszs. In these ‘tests tLtrajectoriszs are
tracked forward "00,000 turns and returned by reversing the
transrormaticns, and forward and return positions are compared, "Chaotic”
trajsctories develop deviations =xponentially and, 1in these cases, can
accummulate errors of order unity in 100,000 turns, "Non-chaotic" cases
develop errors linearly, and, in our double precision tests, develop errors
of order 1072%, A4 clear empirical separation between these two *types ig
obtained.

Revergizility Tast

Heversizility <ests for o set 22 100 particles were run Zor 'im = B,
i5, :2, 5%, °"20, 290, 420, 200, 1000, 20CO, -000, 10,000 and '00,C00. For

Nm < 10,000, “he tests ineluded 100,000 Jorward and return turas. For

100,000 ten pericds were <tracked 11,000,000 turns). In eacn test

-
B
n

trajectories ware classifisd as chaotic when the error cver the Tull test
length axceeded 10"'8, The results of Shese repeatability %esis are
summarized in Table T,

4 gradual increase in ths number of chaoticz trajectories from zz=ro for
Nm = % ~2an e seen with a maximum of » 50 (out =f 100) for Mm > 200. The

number zppears to remain zonstant or decrease very slowly for largsr Nm



Sragusncy .

(low modulation
A complementary Yenavior 2an be seen in the bshavior of  the Lizpunov

axponents of the trajectoriss., The Liapunov =xponent Is the factor i which

appears In the error growth eguation

where A i3 an initial error znd & is the exponentially enhanced =rror at
turn N. For Nm 2000, 4 does not show any significant dependence on Nm for

™
-
Iy

those trajectories that are ohaotic with A = *.0 x 1073 on average, or
Nm > 2000 = noticeable decrease in A occurs, with 4 = 107* for Nm = 10,000

and 4 = 107% for Nm = 100,000, apparently approaching a v 1/Nm dependence,

This behavior is displayed graphically in Flgure 3.

"Long-Time" Simulation Results

We have completed "long-time" simulations for values of Hm = 8 to

s

Nm = 100,000, These =imulations fneluded » 2 a2illion turns {1 minute
Tevatron time). The results are summarized In Table II, where @ean
=mittance values and "Zoubling times" are tabulated.

The mean emittance values Ex' Ey are averaged over the 200,000 turns
previcus %o the iadiecated Surn numbers (¥ = 0.2, 1., 3, million) where

measurements of £ for the i00-particle ensembls are taken every 2000 turns.

—

The "doubling -imes" are found from the inverse of the slope of a least

£ = - 2 2 . . - .
squares Tit to S “ys “p o= 7/E:K + EY 28 a function of time; that is
g
- AN -
e =& . 22 and 7. : —= minutes
X X, N, X A
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whers L - 3 milllcon turms = 1 ominute real tize,
111 =2mittance viluss zezasured peisre thia Lxdizatsa  tura cumber  are

Lacluded In the itublin ime esztimates. Note that i negative doubling
“ime Zndicates 3 jezerezsing emittance,

These doubliznz tizes can be ~gmpared  to  "statistieally signficant®

doubling times T3 i3 found from tae statistical =rror 7 in the slope A:

TCI = E/g0

In the tables, ., <he ratio ©tetween <he statistically =ignificant

doubling time and the radial doubkle time is displayed:

When S. iz suffielsntly larger than 1, a statistically signiflicant change

in peam amittances Iz Iandicatad. 3imilar comparisons Tor o and 7

7]
A}
o)

2mittaznces *tave s2en ~ade tubt are nobt =zxplicity included ia Tabl

reasonable estimate ~zn ce obtalned from symmetr; oy noting

from whilch Sx and Sy ~an be deduced,
Table II shows tzat for Mm < 100, no significant increases in total
beam =mittances zre chserved; sxtrapolated doubling times are many hours,

for Nm = 200 signficant Increases appear aand for Mm A 400 fast beam blow-up

oceurs with doublingz tizes of severzl seconds,



“or Mm 3 10,000 a noticeanls dzerease iz the 2alculatsd 230,230 Surn

izubling times 2an be chgerves, fzllowing the '/Nm izpendencs s23s2d in the
sbeservations =f Liapuncv =xpcnasnt., leseribad zbove.
This behavior i3 displayed grapanically In Figure - whers =ie :zlope

e
i

"1 is pletted. They show 3 "threshold"
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Zependence with Inersasing !a. it lm = 200, 7 ‘Mdivergent" <rajectories

3

appear. The number increasss with m fto an approximately constant value of

20 for Nm .. 7000 and decreases zgain for Mm > 1000.

Discussion of MModulational 3eam Blow-dp

This study of the frequency dependence of modulational blow=up
provides | information which can be used in constructing a theoretical model
to describe that blow-up. From this paper and reference 1, we ncte that
eam blow-up can occur when a low order resonance is swept across the beam,
nrovided the "speed of sweeping” (modulation frequency) I3 not "“oo fasg"
and 2ot "too slow". The re2sonance I3 mostly seen when %he modulation
frequency 1z comparabls with the precession frequency =f tne trajectory in
the resonance island ragiocn,

I

In our case, as we can see by Inspecting igure 1, %there are two

resonances which are actually involved in the sweeping.

Investigation of individual particle trajectories show that <hey can

be classifled inte three zgroups:

197}
J
()

“
oy

n antly.

i
+
F

1. Non=-chaotic trajectories; these do not change amplitude
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Iy

. "Non-divargent" ‘chaotio" irzjsectories which emain  confined fs)

smpiitudes near thelr criginal ralues,

Lad

. '"Divergsnt" cnaotic trajectcries, those whieh change amplitudes
zreatly In the 3 millilion c:urn simulations, These %rajectories
nartizipate in the beam slow-uz for Nm > 200.

“~

Tn Figure 2 and Table I we indizate the number of ‘these Jdivergent
zhaotic 4rajectories. We can cleariy note a strong correlation between the
appearance of this last kind of particles and beam growth,

Tn Figure 5 we 3how the l:seation 3£ <he particles Ian the tune

uq

"

ilagrams. It corresponds tc the 23se Nm = 300. The betatron tune values
are those obtained by averaging over the first 800 turns of the simulation.
We also show 1in the same figure the location of the two major resonanée
when they are the most inside intec the beanm. Reversibility test and
emittance growth measurements were done after 6 million turns. The
partiales, (A) that are not swept oy the two rescnances are stable and meet
the reversi®ility test positively. The non-reversible particles that also
zrow o oiarge emittance values [T zre swept 5y t“he two resonanze lines,
Thactic rcarticles () which do  zot grow in amplitude are confined in a
region between the (A) and (F) particles.

In Figure 6 we show the same distribution 6 million turns later. The
(F) particles have Dbeen pushed t3 larger amplitude. These particles are
those initizally at large amplitude znd are those that are chaotic and grow.

This 1s in agreement with some observations of the beam-beam effect in the

3PS ‘n CERN with proton and antiprozon beams colliding.’®
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Tabie I Results of Repeatabilicy

-25L8

Number of Chaotic
Trajeccories

{out

ST

100 teotal)

Number of
Trajectories which
diverge to large amplitude

w o O O o O

18

27

24

22
18



Case L: m = 3
Turn Xumber EK
{millions) ’
{(mm-~mr )
2.2 .01755
1.0 01752
3.0 .01752

Case I1: Nm = 32

o £

L X

M) (mm-mr )
0.2 .01762
1.0 01777
3.0 .01791
5.0 01779

Case III: Nm = 64

NT Ex
(M) (mm~rmr )
0.2 .01740
L0 01745
3.0 .01748
Case IV: Nm = 100

NT S
(M) {mm-mr)
0.2 L.01731
1.0 Q1734
3.0 L01743

11

IT IZeong Time Simuiarion Results
: T, T, T,
{ mm-mr ) Doubling Times {davs)
.01878 ~.005 .005 .04
01883 0.071 .085 -4.63
.01882 2.55 1.06 1.49
?_ T, T, T,
{mm-mr ) (hours)
.01894 .083 278 .133
.01882 .688 -.928 9.30
.01876 1.06 ~,928 10.1
.01888 7.4 ~-17.5 30.0
EY TX Ty IR
(mm~mr ) (hours)
L1906 -.59 36 1.35
.J:1891 35.8 ~-.78 -1.48
.JL889 -3.1 22.4% -3i.0
:Y Tx' Ty TR
{m_m-—mr) (hours)
L01914 -0.48 0.10 0.19
01904 1.32 -0.77 2.74
.01906 4.30 ~-4.39 51.6

0.38
0.036
0.565

.26
.56
.63

OO

1.85
[.35
0.37



Case Vi Xm = 200
Na £
L v
M) {mm-mr)
0.2 Q1779
i.3 L,01889
5.0 L02011
Case “IL: m = 400
XT ‘x
(M) (mm-mr }
0.2 .02347
1.0 .05540
.0 .07003
Case VII: Nm = 800
NT ex
M) (mm-mr)
0.2 .02739
1.0 .05137
3.0 .08193

T X
(M {mm-mr)

2 02594

1.0 07269

0 1184
Case IX Nm o= 4000

T X
(> {mm~mr)
0.2 .02838
1.0 .08313
3.0 . 1445

(mm—ﬁr)

. 01880
.01934
.02091

(mm~-mr)

.02333
. 03664
.06560

(mm—mx )

.02535
.07967
. 10930

12

T
i

(minutes)

T
¥
(seconds)

10.
35.
59.

~i O

T
y
{seconds)

10.6
15.7
59.

T

b4
({seconds)

4o
14.0
40.1

T
y

(seconds)
4.8
10.3
43.0

2.97
5.36
7.71

4b.
108.
127.

46.
70.
96.

38.
194,
187.

45.
136.
121,



wr— O
. s
o O ks

{mm-mr )

0.02762
0.08577
.21976

= 100,000

=
L]

W=
ooMN

£
X
(mm-mr)

0.01875
0.02961
0,06862

o

¥
{mm—mr)

0.03243
0.08065
0.25361

€
(nm~myr)
0.01876

0.02622
0.05353

13

T T
X ¥
{seconds)

5.7 3.7
11.1 13.9
38.4 32.7
T T

x(seconds) y
20.8 68.8
17.9 27.4
37.8 43.0

5.1
163.
3el.,

16.
70,
108,



Figure i
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Area of tune space swWept ocut by
Case C~-.005;: vx = 0,2439 + 0,005 sing
Vy = 0,1772 ~ 0.005 =in{
Ay = 0,01

N

Flgure 1

'arr(n-l)/loo'o

fturn number

; v / .
0.1822 o>/ \\\Tﬁ l\\ \\ \\ 7
6 7y
. 7‘\_{”'0
\ ,‘f\*
_ |
3 //
0,1722
0.338% 0.3+89



15 Figure 2

Reversibility test resulis; 100,000 turns forward, 100,000 turns reverse -
(except 105 forward and 10° back for NCYCLE = 100,000), :

}Jx/Err= 0.3539 + 0,005 sin(2 rN/HCYCLE) N = Turn nunber
py/BrT = 0,1872 - 0,005 sin(2 m N/NCYCLE) =00,
GX = GY = 2wAY, Ay = 0,01
Number
af
failed
particles
!
50 + i
-+
+
+
4o ¢ +
. + Ao w
30 ¢ |
i
+% |
!
29 - |
i
I
|
<+ !
1
10 + 4 ‘
+ :
+ |
0 e + $ + !
L 10 100 1000 10,000 100,000

NCYCLE
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mm-mrad,/hr

Slopes

3lopes after

L7

200,000 turns.

Figure

[

yy/Zn = 0,3539 + 0.005 sin(2 7 H/NCYCLL N = Turn number
uy_/er = 0.l672 -~ 0,005 sin 2™ N/NCYCLE) =0, L, 2, «.u
GX = GY = 2wiw, A= 0,08
b
35 - +
]i.
‘A
(
‘r_
L +
xn — +
L
25 +
L .
20 -+
L
|
is5 T
ﬁ +
i
f
0 ==
j-
ir
L
|
|
|
57
t
|
. +
0 : ~+— . -t + } - .
L i¢ 100 + 1000 10,000 100,000

NCYCLL



Figure 5
Tunes averaged ¢ver turns C to 2300, NCYCLE = 200,
p /2w = 0.2539 * 0.005 sinf § = 2r5/800, ¥ = Turn nuaber.
2 - 0.005 sin¥ GX. =GY = 2w Ay, Av=0,0]

,uy/?.n'= J.1572

Ihe lower=left corner corresponds with Pxfzrr

AV, Py/ZH‘- AV,

The upper=right corner corresponds with FX/Zn', Py/ZW .

Latels:

A
c
F
N

Reversible and small emittance after 3 millicn turns.
Chaotic and snall emitiance after 3 million turns.
Chaotic and large emittance after 3 million turns.

Reversiple and large emittance after 3 million turns.
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Flgure 6
Tunes averaged ¢ver turans 3,000,000 wo 3,CC0,EC0. NCYCLA = E0C,
B, /27 = 0.3339 + 0.005 sin & = 2w 5/800, i = Turn number,
py/2rr= 0.1872 - 5,305 sinf GX = Y = Zrav, AV = G,01

The lower~left corner corresponds with px/ZW - Av, py/2v - AV.
The upper-right corner cocrresponds with‘px/Zn-, py/Zn‘.

Labels: A Reversitle and small emittance after 3 millicn turns.
C Chaotic znd small emitiance after 3 million turns.

F Chaotic and lazrge emittance after 3 million turns,

N HReversitle and large emittance after 3 million tfurns.




