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" "ABSTRACT

We discuss here an attempt to simulate fhe beam-beam 1imit effect
in the SPEAR I 1.5 GeV storage ring Tocated at SLAC. A summary discussion
is given of the models used and the results obtained. Remarks are made

concerning the difficulties encountered in this simulation problem.






INTRODUCTION

One of the principél prdb]ems presénf ih co1de1ng beams storage
rings is the Tlimit oh Tuminosity (countihg rates) caﬁsed by what is
commonly called the "beam-beam" Timit. At this Timit an incréase in
beam strength Teads to a decreasevin Tuminosity due to excessive grpwth
in the size of one of the beams. A]sd, the stored beam is eventually
lost due to a shorteniﬁg of the béam lifetime. It waS to investigate this
beam-beam 1imit that the computer program PEP was deve]opéd.[]]

In this note results from that study are summarized. The study was
carried out over a period of time and it is not possible tb cover in detail
all the Tessons learned and results obtained. A somewhat mOre complete
sukvey and references to badkground material can be found in [2] ahd some
recent detaf1ed results in [3]; In this note are discusséd the baéic,
bfiginal model and results obtained from it (Model I), an deated modeT
thétbleads to better agreement with}measured data (Model Ii),:and some

vmbké recent results based on a variant of the second model (Model III).
In conclusion, a number of remarks are made that are derived from the
experience gained during the course of this study.

| It should be emphasized that fhese ca]cu]atfons werévméant, in so
fér'as possib]é, to simulate a.real storage ring. This is in contrast
to other types of studies where a specific nonlinear equation is studied
with the.object of undekstanding the properties of its so]dtion space.
This simulation attitude strongiylinf]uenced the mode1 deVe]opment and

the presentation and interpretation of results.



MODEL I

Since the exact modeling of a colliding beam storage riné is not
possible, a simplified model was developed. Thié simulation model,
called Model I here, concentratéd on the collective effect of one beam
upon the particles in the othér beam as the two beams intersected in the
fie]d-frée interaction regions of an e+e’ storage ring. Thus, the simu-
Tation cohsisted 6f two bunched beams; a weak beam, beam 1, and a strong
beam, beam 2.

The strong beam was aefined analytically by a charge distribution.
Initially this distribution was Gaussian in the variable x, y, z with
r.m.s. beam widths Ty oy g, The strong beam was assumed to be highly
relativistic, traveling parallel to the z axis, and stationary in the
sense that its charge distribution was not a function of the number of
collisions it experienced with the weak beam. The three-dimensional
character of the strong beam and the rapid change of the beta functions
in the interaction region were included in the calculation by discreti-
zing the interaction region along the z axis. See Figure 1B, 1C, also
Table 1,

The weak beam, also assumed to be highly relativistic, was initially
defined by drawing samp1es of test particles from a Gaussian distribution.
For the weak beam the effects of beam growth and damping in the trans-
verse X,y plane due to quantum radiation were included. Also, the x

motion was coupled into the y motion in a manner that represented the

- natural coupling present in the ring.



The basic ring structure betWeen interaction regions was represented
by a linear transfokmafion. See Figure 1Al A11 energy loss effects,
'other than quahtum noise pertdbations, were Tgnored. Thus, a]]vc011isions
for each testvpartTc1e were time independent in the sense fhat a test
particle was either always ear]y; on time,'or late when it arrived at the
~ interaction region. The only forces considered were the basic Lorentz
force of the strong beam bunch acting on the Weak beam test particle, the
random noise due to quantum radiation, and a bé]ancing damping effect.
The latter two effects were adjusted to yield the correct (experihenta]]y
| measured) beam”size. In order to compare the ealculated results with
experimenta11y measured results, a Tuminosity calculation was included.

The simulation using Model I was done by setting the mode1‘para-
meters such as the machine ﬁunes (yx,vy); the beam distribution‘sizes
v(ox,cy,oz) the beam strengths and quantum noise parameters to values
that represented the machine being simulated and then fo]]owing'the
evolution of the weak beam charge d1str1but1on as a function of the
vnumber of interactions with the strong beam

| The model was origina]]y developed with the goal of simulating the
e+ef machine SPEAR.I operating at SLAC. The details included, such as
the beta function variation in the interaction region and the quantum
noise, were those fhat were ‘thought: to be important for correctly
representing the beam-beam effect in that machine. For a fuller dis-

cussion of these modeling details the reader should consult [2].



RESULTS I
The results presented here ére a summary of some of the main con-
clusions that were derived from computer runs made‘using the CDC program
PEP based on Model I. A somewhat fuller discussibn can be found in [2].

The natural time unit to use for this calcu1ation was the trans-

verse quantum radiation damping time which was about 66x10” u sec., or

170,000 interactions. In order that the ca]cu]atiohs could be carried
out over a number of damping times, the machine parameters were scaled
by a factor of ten to 15 GeV. At that energy, the démping time was only
66 u sec. or 170 interactions. This scaling was carried out in a manner
that left the small amplitude tune shift the same for the scaled and
unscaled machine. [2]

There were essentially two types of resu]ts>ca1cu1ated; single test
particle results and statistical results obtained by choosing a>samp]e of
test particles to represent the weak beam. The single particle results
were similar to those obtained using a sample.

Our basic conclusions from runs'using Model I can be summarized as:

1. the beam strengths neéded‘haexhibit.beam b]ow up were
unreasonably high and did not corre]ate with experimentally
obtained results;

2. quantum noise and damping,'although contribﬁting adversely
to a beam that showed growth, did not in themselves seem to
trigger or cause the observed growth;

3. Model I must be missing some necessary details since it tended
to show only stable results for beam strengths that were known

to cause growth in SPEAR I.
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Thése calcu]atiohsvalso sﬁbwed'thaf it Qas neceSsary.to ca1cﬁ1ate
fields in a smooth accurate manner in order to eliminate the introduc-
tion of numerically spurious results that caused artificial beam growth.
They also showéd that beam shape was a factor that influenced the results.
Flat beams grew at tune shifts that were different from those of round
beaﬁé. For example, the small amp]itude Tinear force tune shift for the
separation of stable and unstable beams was about'AvX=.136 for a round
beam but appeared more like Avy=.302 for a flat beam. Thus, an under-
standing of the beameeam limit in a particular machine would require
that the beam be correctly modeled. | |

The results also showed that when strengths were such that beams
were stable, they would exhibit stable behavior'QVer a large number of
interactions. We had single particle runé on the order 6f 106 inter-

actions that tended to support this.'AWhen'they were unstable they
:exhibited fast grthh. |

In Figures 2 and 3 are shown the type of results obtained from -
Model I calculations. In each case luminosity is plotted versus the
number of interactions. Figure 2 is for a flat beam with parameters
chosen to rebﬁesent theksca1ed SPEAR I machine, whereas a round beam
waé used in the ca]du]ations'shdwn'in Figure 3. The fluctuations were
attributed to the small sample size and smoothed for larger samples.
As hoted'ébove, a rough or inaccurate impulse (field) calculation shows
numerical blow up in Figure 2 where in fact the more accurate, smooth
calculation shows none. Both Figures 2 and 3 showfstab]e beam, no
1uminosfty loss, at beam strengths that were known experimentally to

cause beam loss in SPEAR I. The small amplitude linear force tune



shifté are a measure of the interaction force. - The blow up exhibited
in Figuké 3 is at an_unreasbnab1y high interaction force 1eve1;
MODEL II | .

The original model had failed to produce results that correlated
with exper%menta] measureménts. In génera], it had shown no beam growth g
when in fact there actua]iy was; The basic model was, therefore, expand-
ed to inc]ude the effect of momentum errors Ap/p. [4] This was done by
including an early late timing effect and also a phase modulation in the
linear transfer matrices. Thus, as the test pdrtic]és arrived at the
interaction region, those for which Ap/p#0 were sometimes early, on time,
or late as their position(in the weak beam bunch changed. Also, they
were transferred between interaction regions using a transfer matrix with
appropriately updated fhe tunes.

At the same timg a. new charge distribution was used for the collective
effect of the strong beam on the weak beam. See Table 1. The closed -
form solution for this distribution as derived by Dr. Smith [4,5] was
about a factor of 5 faster than the evaluation of the bi-gaussian by
numerical quadrature. The model was also refined to include the fact
that the beta functions wHich determined the strong beam shape in the
interaction region depended on the beam strength.

RESULTS IT.

Runs were made on a parameter set that corresponded as closely as
possible to the 1.5 GeV SPEAR I machine running with about 8.2 ma of
10

current. This beam intensity corresponded to beams with 4.0x10

particles per bunch, linear tune shifts of Avx=.059 and Avy =,072



and was one of the higher intensity runs for which SPEAR I results were
avai]ab]é.

With the inclusion of Tongitudinal motion, the relevant damping
time was the longitudinal quantum radiation damping time which was about
85,000 interactions. Single test particle runs were made over this length

of time using the unscaled machine parameter set. Exploratory runs showed

~ that off-momentum particles oscillating on the order of 3czvaxis showed

“significant amplitude growth within 85,000 interactions, that is within

one longitudinal damping time T,
Because of these preliminary results, a series of runs that covered
a Sox by 100y area in the initial value space were made. A1l test par-

ticles were stakted‘with zero slope. These runs were made with ap/p=0

~and Ap/p‘d 302. Results of these runs were saved for later analysis and

plotting.

The results that are shown in Figure 4 are plots of the maximum

“excursion AX that was achieved by the test particle that started initially

at the values (xo,yo). The ordinate is the initial vertical displace-

ment yo, the abscissa the 1n1tia] horizontal displacement xO, the number

amplitude Ax that the test particle would have in the ring at the time

of the plot. A]]'vaiues have been divided by a measure of the beam

0 : 0
and AX, and cy for y-.

The plots-are given for a number of interactions N that correspond

width,‘oX for.x

to .001, 0.5, and 1.0 damping times. Those points that don't have an
amplitude number had no test particle tracked for that initial value.

Due to the expense of geheratihg these results, not all points in the

'50x by 5oy'spaCe shown were selected for tracking.
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The interprétation of these plots is Timited to rather elementary
conclusions. The plot on the bottom is for Ap/p=0 and the'one_on the
top for Ap/p o 302. The cross-hatched area has particles that do not
exceed 1ox in amplitude, the next area is for those that do not exceed
3°x’ and the darker region for those fhat do not exceed 6°x in ampli-
tude. The evolution of these areas is shown for the damping times
t/x, =0.0, 0.5, 1.0.

It is seen that the ap/p=0 plots are relatively stationary; however,
this is not the case for Ap/p « 302. Thé region with AX between 3—60X
shrinks and outside this region oscillations are at a large amplitude.

- There are many values at 190X and some at 200X. |

The same type of results are shown in Figure 5 for the maximum

ampTitUde A

y
clear cut, tend to show that the beam is relatively stationary when

in the y plane. For Ap/p=0 the results, although not as

synchrotron oscillations are not included. Again, when Ap/p o 302 the
3-60y region éhrinks and outside that region particles increase their
amplitude of oscillation and there is at 1ea§t one point out to 28§y.
These results tend to indicate that not including synchrotron

oscillations in the original model was a serious omission since their
inclusion leads to beam growths of significant magnitude. Previous
results obtained from Mode I .suggest that the inclusion of quantum
noise and damping would have made these growths greater. Luminosity
calculations might, however, not show much beam loss since not much
growth occurred within 30 and most of the beam is contained within that

region. Aperture restrictions for SPEAR I were about 47oX and BOoy,

so clipping was not experienced. However, from a lifetime or diffusion



point of view there are points in the 1nitia1 distribution space 5°x by
50y by 302 that are getting close to the y place wall. Long tails grow
for particles that are at 302 and for these paktic]es the growth of the

tails of the distribution is rather fast and large. Thus, it might very

well be that a lTifetime calculation, if one could berform it, would show

a short beam 1Tfetfme; Obviously, the results given here are not complete .
enough:to draw any definite éohc]usfons;
|  MODEL III

In response‘tova renewed 1nterest in the original beam-beam calcu-

lations, runs were made using a program WEA10 developed by Dr. Laslett

~of LBL. [6] This’program is based on a model, called Model III here,

that is simi]ar to Model II. It does a somewhat more restricted simula-

~ tion than was done using the program PEP and Model II; In particufar,

Model III is an impulse calculation and does not také into account the
longitudinal axis. Also Ap/p=0 appéars only in the transfer matrix ele-
ments, no fiming effects are included, all interactions take place at
the symmetry point of the interaction region. It does, however, have the
same coupling of the x motion into the y.motion that was used in Model II.
No quantum noise is considered. Since no use was made of this effect in
Model II calculations, its omission in Model III is not important.
RESULTS III
Many Sing1e test particle runs were made using Model III. These

resU1ts are desckibed in detail in [3]. The mafn interest hére is to
note how these results ré1ate to the original runs.

As closely as possible the original SPEAR I parameter set was used

as input. Since only a strength parameter is used in WEA10, the small
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amplitude tunes were used as a measure of the beam strength and they
were set so that Av, was the same as previously. Because no longitudinal
beam Tength was included, Avy did not turn out to be the same as befdre.
There was in fact no Way fhat this model would give the same tune shifts
as Model II. | |

An initial test particle at 4°x’ 36y was choseh since this test
particle had previously exhibited large growth in amplitude within
85,000 interactions. The partfc]e was run to 84,000 interactions and
no noticeable growth in ampTitude was observed. For all practical pur-
poses the selected particle showed regular behavior with no growth.

By sampling the initial value space it was possible to find an
initial value that did exhibit growth and studies were made on its
behavior as Ap/p was varied and also as the synchrotron oscillation

frequency v_ was varied. These results are also reported on in [3].

s
However, the interesting rgsu]t obtained from Model III was that a
change in the model which on the surface looked rather slight caused a
comp]ete]& different behavior of a particular initial valued test particle.
Thu;, if would be necessary to redo the 5°x by 5oy sample set to see if
the results were qualitatively the same with Model III. A lack of time
and the cost of such runs prevented that from being done.
- | GENERAL REMARKS

The results summarized fn this report were obtained trying to num-
erically simﬁ1ate ﬁhe beam-beam effect as it actually occurred in an
ete” storage ring. The first attempt, Model I, although it contained

many details of the interaction process, did not produce results that

correlated with experimentally measured values. It also appeared that
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the inclusion of somevdetaf1s like quanfum radiation/damping were not
necessary and in faet only made uhderstanding the results mere difficult.
The inclusion of synchrotron osci11etions and tune variation due to
momentum’errors, Model II; gaVe beam growfhs that were large af beam
strengths that Were ¢1ose to the eXperimentally determined 11mit$. How-
‘ever, the results Were limited'to a 50* by 50y region evaluated at Ooz
‘and 302 . The calculations neededvto adequately populate a full three-
dihensiona] space, much Tess the full six-dimensional phase space, are
time consuming. It would be a very large teek to do a comp]ete set of
¢ runs over a.range of parameters; such as béam strengths and synchrotron
frequencies, and then analyze the resu]ts..

"The third set of runs; derived from Model III and only mentioned
here [3], point out the perplexing fact the‘behavior of a specific orbit
s i) very sensitive to slight paramefer'changes and ii) model dependent.

Thus, it seems that before conclusions can be reached a rather dense
samp]ihg ofvinitial value space must be done and thevbehavior of the
sample investigated. Also, since different models give different orbits,
it would appear that only the total sample behavior cen.have any real
validity and that two models would be judged equivalent if tHe total
sahp]e.behavior were equivalent, regardless of what individual orbits
did. |

One of the guide lines that shdu]d be followed is to remember that
the storage’rings are ana]ogde models end results must always be checked
against them or there is ho way of knowing whether the numerical calcu-

lations reflect anything that relates to a real machine.
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It also appears important to correctly model the beam shapes that
are in the machine being simulated. Although this is difficult, idealized

beam shapes can lead to erroneous results. In particular, sharp edges on

~_ charge distributions and doubly valued charge distributions are to be

avoided unless they really exist. Round beams are not Tike flat beans. y
. The distribution suggested by Dr. Smith [4,5] is both numerically fast
and physica]iy reasonable. - A |

The change in the function across the inferaction region and the
finite bunch length must be considered. A check that results are correct
must be made when simple impulse calculation is used. If the changes in
the beta function and bunch shape are significant, a simple impuisg ca1; _
culation will not suffice. At least for the simulation of SPEAR I, a
longitudinal discretization was necessary.

The problem of trying to simulate and understand the beam-beam effect
is a rather perplexing one. From a throretical viewpoint, it is interesting
to construct a "mode]",u‘choose a set of parameters, and then explore the
properties of specific orbits, either numerically, analytically, or with
a combination of both. However, from a practical point of view, none of
the parameters are known exactly and fukther what the model shou]d be is
not obvious. The calculated results are not only mode]_dependent, but
small parameter changes can lead to qualitatively different behavior of u
individual orbits. [3]. Thus, it may make little sense to infer results
from individual orbits and only the collective sample behévior may be
meaningful. But the sample size is of necessity small compared to beam
10

bunches which for the unscaled SPEAR I machine were onvthe order of 10

particles per bunch. So gross qualitative conclusions are eventually
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arrived at from results obtained using a vefy small sample.

This state of affairs necessitates the checking,of calculations
égainst expériménta1 results and trying to build a computational model
that accUrate]y reflects a real maéhine. It was this approach that
was taken in developing Model I and II.. The reéu]ts‘obtained with
Model II are a somewhat encouraging indication‘that such a model can
-be built. Unfortunately, a simulation Caléﬁlafion is expensive in time,
effort, and money. Also, it is not obvious that the model eXtrapo]ates
to another, different machine.

What is really needed is a theory that wod]d exhibit as of a func-
tion of machine parameters what happens to all orbits. This is what the
usual linear orbit theory does. It would be nice if somehow in the present
nonlinear problem equations could be obtained that show globally how all
solutions behave with respect fo some of the relevant machine parametersi
Just what these "solutions" represent is left open; However, they should

be relatable to experimentally measured beam quantities.
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TABLE 1

Charge Distribution For Nonlinear Fields.

1. Bi-Gaussian
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