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Introduction

Alr.hnugl{n there are a number of excellent vapsrsl_l‘u on the beam—
beam phenomena, the {mportance of the problam which implies the moat
severe limitation on thc beam currents of the storage ring as well aa
recent avsilability of new experimental resulmk's and theoretical
apyroach7 make 1% quite, fenaible to add to the list.

The problem has aleo an fmportant praccical {mpact on many stor-
age ringe of the immediate future. For an electron-positron storage
ring it can give, by applying the approcprinte gealing laws, some
insight on the acceptable magnitude of the space charge parameter.
The same 19 aleo true for p)-: machine which can be considered, with
respect to the beam-beam effect, ss e_e+ ring with extremely small
particle energy.

Although the beam-beam effect itself is rather crude and well pro-
wounced, a theoretical description of it is very difficult to give
both analytically and numerically. The main difficulty lies in the
nonlinear charactec of che forces inveolved and to some extent in the
complicated dependence on many beam and machine parameters interlac~
ingly infiuencing each other.

In this eituation a phenomenological approach gseems to be ade-
quate. A proper paramaterizetion of the problem and description of
many functionsl dependencies by a few Eitting parameters can supply us
with aeeded scaling laws. The behavior of such a fitting parameter
with energy for example cannot be explained by a theory. This depend-

ence will be found from an experiment, But after it is established it




can have certain predictive power nnd will give sowe Insight for the
future accelerators.

There 16 also some hope Fo find suitable theoretical groung for
the accepted dependencies in the numerlcal snalysis of the problem.
Much work is needed in this respect.

In this work I suggesi some acaling laws for the luminosity,
space charge parameters, and beam size 94 funceions of particle energy,
maximum beam current, and the number of bunches. These scaling laws
are derived from the latest experimental data available now.

The biggest drawback of che description suggested here, as I aee
1t, lles, contrarary to the observations, in the complere abmence of
the {itting parameter dependence on the machine tune, This drawback
can be attributed to an averaging procedure needed for a diffusion-

1ike deqcription of the By this fng all

atructure of the particle wotion is completely lost. It is probable
that the resonauce and diffusion opproaches could be complementary to
ecach other, Again much work (8 needed here.

Saction 1 of this vork is devoted to the récent experimental
results £rom SPEAR, " AvonE,” and PETRA.S 1In section 2 che diffuston
theory 18 used to derive main relatlonghips and, together with the
cxperimental reaults, to get mafn sculing laws. In Section 3 we sum-
marire these ascaling laws, and in Section 4 some predictions for

€uture starage rings are done based upon the scaling laws.
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1. Experiment

Before discussing recent experimental vesults obsorved on differ-
ent electron storage rings it is useful to look first st the conditions
in which they are obtained and the assumptions under which they are

interpreted.

1.1 Main relationships and assumptions

First of all let us discuss relevant storage ring parametera as
well as experimental conditions under which they are usually measured.
I will 1liat the main parameters omd relationships betwcen them although

the latter are all well known.
L.1.1  Luminosity of the storage ring for the head-on collision of
two identical beams is usuvally assumed to be

12

2
4me faqxay

(¢4}

vhere 1 1is the current in either of two beams, B is the number of
bunches in each of the beams, f is the revolution frequency of the
particle with the charge e, ax and uy are horizontal and vertical
dimensions of the bunch (rms widths if the distributfon is Gaussian)

at the intcraction point.

1.1.2  Space charge paramcters under the same conditions are given by
the following formulae
a)  for the vertical motion

eip
-— @

2nf BEuy(Ux + ay)
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b) for the hurizontal metion

eig

X

20 BEo (o, +0,)

In these formulae e‘ and By are values of horizontal and vertical

B~f; at the { on point, B is particle energy. Eoth the

Juminocaity & and the space charge pavameters Ey and E‘ depend on the
bunch silze which is very difficult to measure direccly. But it is
clear that both values are sensitive to tha charge distribution in the
core of che beam rather than to the tails of {t. At the same time it
fs knnwnz that tails are affected by the beam-beam interaction mvsh

more strongly than the core.

1.1.3 The beam lifotime T for a single Gaussian bunch is given by9

oo, @)
where T 1s the vertical damping time

1 3
T - C'fE/h [&)]

Cv = 8,85 % lb-sm/GnNJ, p = bending radiue in m, E the energy in GeV.
T = ):2/11z (5)

T 1s an effective apperture of the machine. - The beam lifetime ig sen—
sitive to the distribution of the pacticles 4n the tails where the

bean-beam interaction changes distributions significantly. That makas
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the maximum luminosity ntrongly dopendent upon the value of the maxi-
mm beam corrent which inm turn happena to be a fast function of the
‘

particle energy.

1.1.4 Parameters of interest. Among the machine parameters entering
into expressions {1-6), the energy E, the number of bunches B, and the
ruvolution frequenc, f' atre known with great aceurucy. The luminosity
Z and the beam current 1 can be measured directly.

On the other hand, several ather parameters such as sx, ﬂy are
very difficuv’t to messure. Although one can expect that sx’ By ahould
be modified by the beam-beam force, these functions are changed only
in the second order of the perturbation theory and therefors usually
are assumed to bs equal to their theoretical value at the zerc cur-
rent. The sam» holds for the horirontal beem emittance £ and conse-

quentiy for the horizontal beam aizm o " Jz‘sx .

1.1.5 Experimental conditlons and asgumrtions. Experimental da:a on
the beaw-bean eflect are obtalned on different machinea virtually in
quite different conditions.

a} The invegtigation of the beam-beam limitations. Measure~
wents of thia kind are done during epecial machine physics
runs. The main goal of these meaaurements 1o to achieve the
waxisum posaible luminoaity for given parameters by increas-
ing the currents to the point where the lifetime of the beam
starts to decrease sharply. To maximze the luminoaity of
the ring both currents are ususlly maintalued orecty much

the aame, For the SPEAR mensuremen:el'
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One triea to do the same with the vertical size of the beam,
At least at SPEAR this condition was met by means of adjust-
ment of the phase between the rf cavities positioned symaet-

trically around the tateractisn puint.m

Experimental data obtained in this situntion should be more
sensitive to the particle distribution at large amplitudes
(to the tails of distribution) rather than to the distribu-

tion in the :ore of the beam.

The Lovestigation of ¢he storage ring performance, Measure-
ments of this kind ave usually done during high energy phys-
ics rung in a purasitic mode. Maximun luminosity 13 achieved
in this case under A restroined condition of the beam Iife-
time being unaffected or almost unaffected by beam-beam phe—
n8mena, These weasurements fhould be more sensitive to the

distribution in the core of the beam.

In all of the scorage rings the iongitudinal alze of the
bunch o, 1s much less than By. If this condition were not
fulfllled, differenc particles along the bunch would experi-
ence dLEferent focising and the results could be distorted
by thir effect. As we shall see later, it i3 assumed usually
that the distribution of the particles is Gaussian, at least
in the core. Thls assumption one needs to be able to calcu-
late the space charge parameters from the measured lumivosity

and cucrent.
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In some aspects there is also a difference berween the
strong beam-strong beam and the strong beam-weak beam

interactions.

1.2 Recent experimc~ntal results
An experimental fact observed on all the machines 15 that the hor—
izantal aize of che bunch s not influenced by the beam-beam ifaterac-

2,6

tion with the accuracy < 10Z.

1.2.1 Procedure of calculazing values of iatcrest

It is instruccive first to see how one can derive the relevant

s from the d ones.
a) First of all agsuning a, to be equal to chsx. one can find

beam aspect ratio aylax from the measured luminosity (1):
2 2
uy/w“ = 1/4me” fbo @ (&)

%) Formula (3) then allaws us to fiad the horizantal space

charge parameter
2
[ eif /2n f BEux(l+ aylu ) . 8)
e¢) After eliminating "y from (1)} and (2) one gets:
£, = 2’98 [Ei(L+a Ja) ®
y y y x

Let us review the recent experimental results obtalned on

different storage rings.
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1.2.2 SPEAR. Dependence on energy (H. ledemnnh)

Recently a set of new measuremencs of the maximym luminosity and
the beam current versus machine energy was undertaken by H. Wiedemann.
The range of energy variation was from 0.6 to 3.7 CeV and is much wider
than in all previous cxperiments. The data were taken during the spe-
cial runs of the SPEAR dedicated to machine physics. Much work was
done to adjust all the machine parameters to achieve maximum luminos-
ity. Special attention was paid to balance the vertical sizes of
electron and positron bunches to avold the loss of the luminosity due
ta the flip-flep effect.

The fit by a power law to recent data secms to glve quite differ-
ent slopes, especlally for the vertical space charge parameter, than
ones in the previous mguuremen:s.z The difference may be actributed
to the fact cthat the energy range in the uorkz was much narrower (from
approximately 1.2 to 2.5 GeV). Although the measurements are still in
progress, tha data are quite reliable in the opinfon of the experi-
menter'k Table 1 summarizes the results of fitting to these measured

and calculated data.

1.2.3 SPEAR. Dependence on the beam current

Table 2 summsrizes the data picked up from SPEAR logbooks by M.
Cumacchi.a.e The data were mostly taken during rcgular physics runs
of the machine. The fite to the data taken at high energy physics run
ate recalculated. Instead of fitting data by the least mguare method

the maximum luminosity was ficted.
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1.2.i  ADONE (S. Tuzzaris)

Table 3 summarizes the dependencies of the maximum luminesity and
the beam current versuva energy which vere taken from the report by S.
TazzarLs The space charge paramcters of this machlne were kept
approximately equal to each other. The fir for the space charge
parameters ia derived Ero.m the calculated values plotted in the uark.s
The number-of bunches in ADONE can be and was changed. The data taken

with 1 and 3 b do not ict the on

iy ~ UVYB

1.2.5 PETRA (G. Voss®)

The data from the measured specific luminosity 9/12 during high
energy physics experiments were fitted with the help of the blowup
function cy assumed to behave according to the following:

) .
2 2 at
@ ~ 9 +(°y) 10)

Here ao 18 the value of ay at zero current 1 and s is a parameter.

From the data taken at differeut erergies, a is found to be:

a = const/E® (11}

The valuves of aspect ratio of the beam emittances are estimated te be

of the order of several percent at all energiles.
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2,  Theory

The word "theory" ts probably an exaggeratfon {a application to
the beam-beam phenomena, at least in Its present state. What 1 really
mean is a kind of phenomenolagical theory which helps to make paramec~
rization of the experimental data in a suiteble vay and to derive some
s#caling laws by meaas of a few fitting parametera. The behavior of
these ficting parameters (g not described by a theory and should be
taken from the comparison with an experiment,

It is useful firat to go through main sssumpeions under wvhich the
theory 1s developed a8 well as those which will be used in the follow—

ing conuideratians.

2.1  Assumptions
2.1.1  First of all we shall consider one dimenslonal model of cthe
beam~beam {nteraction. Although the phenomenon {8 essentially mulei-
dimensional, the justificacion of this model at least in che first
approximation comes from the experimental observations that the vecrti~
cal size of the bunch 18 most atrongly affected by the interaction
vhile the horizontal size of the bunch secms to be affected very little
if any.

One may argue ahout “he loss of some particular multidimensional
features like the Arnold diffusion, sideband rescnances, and the 1like.
Al: of tuese effects seem to be amall compared to the main rough

effect.

2,1.2 Secondly, we assume *hat at least some nuaber of particles
bahave gtochastically. The reason for such a bshavior can be noalio~

earities ia the machfne lattice, nonligearity of the electromagnetic
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beam-beam force, combined action of many close-lying resonances, pres-
ence of a atochastic layer in the phasc apace of particle motion, etc.
Note that I do not include in this liet the change of particle ampli-
tude due to radiation quantum fluctuations making thus the consideration

equally applicable ta proton storage rings.

2,1,3 We shall use in for ng d 1 an p that
both beams are identical. This assumption is not mandatory for the
derivations but 18 juatified by experimental conditiona and wmakes all

formulae more straightforward.

2.1.4 Also everywhere where it 1s appropriate I will simplify che
calculations using Gaussian distribution, linear force, etc. Although

more exact calculations can be fulfilled gometimes they do not seem to

be y due to implifying ons made above already.

2.2 Beam blowup according to diffusion theory
At each interaction the vertical coordinate y and the angle fn

vertical plane y' are changed as follows:
dy = 0 a2}

g,
o
ay' ank, E Koy () 13)

where b = (“qux)/ " (aylox) » umyloy

and Kbob 18 a function describing the alectromagnetic force of the

opposite bunch. For Gaussian distribu(inn’
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o = of e o s

a
~

According to the main assumption a certain part of the motion due
to the interacrion (13) can be describsd as stochastic and hance can
be conaidered as an additional source of diffusion (in addition to all
other sources which do not depeud aon the beaw-beam force).

We know that at least the linear part of .he force cannot cause
the stochasticity. It can be considered as an additlonal focusing
force and hence should be included in the regular part of particle
motion. Probably the same is true also for eome nonlinear parts of
the force.

That is why for the purpose of calculating beam blowup as a con~
sequence of a diffusion~1like process we should conaider not all the
force oh(u), but only some nonlinear part of ic s‘b(u). The way to get
3" out of ¢, is not clsar and should be considered here only as a way
to introduce in the theory a phenomenclogical firting parameter. It

can be done in different manners:

9 - (-me D, (5. Rhetfers’)
§ oy - a6

ho"’(u) . {A. Ruggleruu)
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One can find still other possibilities. For a swall value of h both

procedures give essentially the same result,

It 1s re‘nson.ablz to assume that for particles which behave errat-
ically there is a complete mixing of phages within the buach and ln
the long run each particle can be expected to acquire any valuve of
coordinate y. In this case the beam blowup can be found by averaging

the value (Ay')z over the distribution functiom

3o R (renerdid)

where the brackets < > mean averaging over the distribution function.

In expre‘uslon 7

0 o= zs{ﬂzney)z ) as)

where T 1s the vertical dawping time (5).

For Gaussian distribution

2 -

©

22 Ry 22 g
Ry = —2 (we Y 19
% o fay % )

Instead of doing actual calcularions we substitute in the following

T * we'(o) = Zh( 1+bz-b) 20)

Then we gec:
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2 2, anPetaliols’

a‘ = g (21)
Y o* § azzozoz(nu o )
First of all we sec here exactly the same formula (10) that was postu-

lated in the Hurk,ﬁ Camparing (21) with (10), we find

%ef hao —1—' -
Eﬂ‘(l+vy/a‘) f

An expreasion similar to (21) can also be found in the papuu (see
Eq. {39) of this work) which gives to parameter h the physical mcaning
of the probability of finding the patticle i{n a atochastic layer.

2
Expression {(21) was alge derived by J. Rccul from the assumption
2 _ 2 2.2
5, = o+ § BEBE

where 0 . 1is the effective r.m,s. scattering angle of a particle in

the vertical plane.

2.3 Scaling laws

Expressions (21,22) contain only ono unknown parameter h. Let us

1d 4

ic as a

logical paramecer which should be Jotermined
from experimental data. One way to do this is to use PETRA nmul.:s6
(11). It is easy to sce that to satisfy E-l' decrease for the value a
we need the following +depandence of h on energy:
E-3/2

h o~ (23)




17-

Stnce we are interested now in maximum values of the luminocsicy and
the current,we derive from (10) that asymptotically at large curremt i
{for the case uy << g, One can get resulta for the opposite limic in

a similar way) o; = Aziz or

5 et (24)

The maximum possible value of uy limited by particle losses and beam
lifetime should be some constant which can be writteo as st—y vhere
Ay 1s an effective vercical acceptance of the storage ring. From for-
vula (4) for Gauasian distribution ve would find that ¢  is constant
with the logarithmic accuracy. Let us see now what consequences fol-

low from these assumptions.

2.3.1 Dependence on energy
Consider first the situation where the limitarion arises from the
beam lifetime. Assuming °y = const in expression (24) we immediately

get
1 ~E (25)

With the help of this expressioa we also get the following scaling

laws (note that for the electron storage ring LA E):

7
PR (26)
14 ~ Ez @n
o

Eox v E (28

°qux ~ LE (29)
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2.3.2 Dependence on current

Let us now turn to experiments in which bLeas lifetime limit hanm

nat been reached yet., At a glven energy one gets from the same

expresslong
o, v 17 (30)
1/2
i 1
Em ~ (31}
P 312 .

2,3.3 Depondence on the numbar of bunches B
We should distinguish between the strong beam-weak beam and the

strong hesm-strong beam cases,
a) For the strong beam-strong beam case an attempt to measure

the dependence on B has been made on PETRA.‘] From expres-
4

sion (21) we have oy = 2rpe® or

2,174

252y 39

o, ~
Y

Defining in accord wilth the uurk13 the specific luminosity

P
- —E_. & (e}
s pam? o2
we have
e~ ea (35

ap

The dependence on B secms to be too weak to be in agreemeat
with PETRA abservations. The space charge parameters in

this case should scale 1llke:
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[,y “ /i/n”h (36)
RS an

Data on these dependencics are still not available,

For the strong beamweak beam case we have observatlons made
on I\m)NE‘5 Expression (21) in this casc should be rewritten

for the blowup of the weak beam by an unperturbed strong

beam:
) 2 2nZetigtn?s? -
o = g ———Y 38,
Y 0 22 2
§ BE o (1+ uylux)
A ing the game d of h on E we have ia this casc
12
o, = 7o © const (39)
BE

The last equality corresponds to conditions of the ADONE

experiments. Honee

Lo~ B (40)

max

Loy ™ BB @
3

Comax * F 178 (42)
2, 0= .

oax " BN %9

The scaling (40) scems to be in quite good agrecment with

the experimental datas on the strong beam-woak beam
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interaction at ADONE both on E and on B. On the other hand,
Ey and E‘ were maintalned equal. That makes the comparison

less, The d d on B

of the ~-crgy

ia not contradir.ory to the experiment.

3. Summary uf the cexperiment and theory comparison
Tables 4-6 prement the summary of the theoretical and experlmental

values for different parameters relevant for the beam-beam interaction.

Keeping in mind the number of {ons and the ions made

the agrevment deem to be astonishingly gaod.

4. Some speculatlons on a pp storage ring

There are twe main dissimilarities berwcen electron and proton
storage rings relevant to our conslderation. The first one {s the
ehgence of radiation damping of particle oacillations in the latter
ving. Consequently the ¢imping time constant T should be substituted
by real time t in the expression for the beam blowup.

The second one 1s the energy dependence of the beam emittance.
In a proton machine both o, and oy are proportional o 1//E,

Henca for a pp storage ring we should espect the following

relations

2

r 10./5 (48)
y

gy o uJan 45)

g~ 1 (46)

P “n
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For the case when the blowup is strong enpugh to influence the

lifetime

~ ‘const (48)

1f the dependence of h on E is the same as for an electron storage

ring
fo ™ EJ/zBUzILl/z 49
e v e (50)
S 2B/ (51)
Cay © EREIT (52

The quadratic dependence of Ey on energy differs from the 3/2 law

which is obtained by L. Tengls from fittiug the electron ring data.
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Table 1

Dependance of SPEAR parameters on the particle emergy € (in Gev), The

£1¢ 1 done’ by a function £ = kS,

£ k q Comment
L nax 0.033 6.6 in 1lf):mcm_zsel:-1
inx 1.2 3.6 in ma
o fo, 0.s -1.0 -
Ex 0.022 0.87» -
Ey 0,011 2.3 —
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Table 2

Dapendence of SPEAR parameters on the beam current i (in ma). The Fit

19 done by a funetiom £ - ki,

£ E  Gev k q Comment

"me 1.5 0.030 | 1.55 high

@0%%en Zaec™h
2,5 0.046 | 1,55 energy physics
3.7 0.054 | 1.45 TUung
1.95 0.052 | 1.41 By-lO cm ) machine
1.95 1.45 6y=20 cn } physies runs

0.59

%

[ L]

X
2.4 0.33

EY
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Table 3

Dependence of ADONE parameters on the particle energy E (in GeV).

fit 1s done’ by a function f = kY.

{ k q Comment
30 -2 -1
Loox 0.64 7 1n 107 en “sec
€x=£y 0.068 157 -
lmax 105 4.34 3 bunches strong
(in ma) bean-
42,4 4,12 1 bunch weak
beam

The
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Table 4

%he power q in the power law

EE) » EY
Experiment
Patameter } SPEAR | ADONE PETRA | Theory Comment
h -3/2 (23)
Poax 6.6 7 7 (26)
lmx 3.6 4.5 4 scrong - strong (25)
1max 4,12:4.34 5 weak - strong  (40)
5 2.3 1.5 2 27
€ 0.9 1 (28)
ay/u,= -1 -1 (29)
a -4 -4 an
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Table 5

The power q in the power law £(1) » 1%

Experiment
Paraneter § ADONE | PETR' ;Theory | Comment
2o 1.4 1.5 (32)
2, max -9.5 [-0,5 35)
a9, 2.6 0.5 (30)
£ 0.4 0.5 (31)
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Table 6

The pover q in the power law £(B) & s,

Expertiment
Parameter § |SPEAR | ADONE | PETRA Theory Comment.
!’m -0.25 atrong beam—
1Epmax 0.25 | (35) strong beam
imnx 0.8 0.5 (40) strong beam-
& ymax -0.8 -0.5 J (42) \ weak beam




