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PHYSICS WITH AND PHYSICS OF COLLIDING ELECTRON BEAMS

| Claudio Pellegr1n1 and Andrew M Sessler

- Lawrence Radiation Laboratory
University of California -
-Berkeley, California .

November 18, 1969

When particle phys1cs is a closed subject which has been condensed
‘ into a text book the material w1ll surely be organlzed by concepts and
‘not according to what fact was learned on what accelerator. But short of
that day[facilities must be designed,>planned, and developed, and'experi-
-vments must be executed on one of a number of available accelerators; and
a very necessary p01nt of view is to ask what physics can be done with one
'fac1lity, 1n contrast to another. It is in this spirit that, in this note,
T we look'at electron colliding beam devices. |

| In the'first:section we discuss.the physics that can be done EEEQA
colliding electron‘beams.v After some general'remarks we revlew the experi-
ments already performed, and then turn to»experiments planned for the
futnre. |

The physics that can be done with any accelerator is a strong

function of the phys1cs of the accelerator. Every reader of this Journal
knows what determlnes the energy of an accelerator, but the physics that
determines the beam intens1ty, qnal1ty, and pulse length is perhaps not
so well known. (In' fact, we plan to devote a futnre_Comment to the
physics that limits the performanceiof conventlonal\accelerators.). In
the second section of this note, we discnss the pn&sics of colliding
elecﬁron ring devices. Eren more so than in conventional accelerators,
the performance of colliding-beam devices is doninated'ny the physics of
the machine, and hence our lengthy second section. Bnt we trust it will

-be interesting, for the physics is subtle and there is beauty in it.



1. The ngsiés With
" The main point is the energy'avaiiable in tne cénter—of—ﬁass
system.‘AIf the energy of each colliding bean is 'E =y mec?, the center-
of -mass energy is éE;"in,contrast; to attain tnevsame centeréof-mass. |
energy ﬁith’an elecfron hitting a stationary'electron.would require en_
'acoelerator energy 'Eequiv = 272mec2,_ we'are_talkinglanout colliding )
beams in the GeV range, the factor of 2y ig of the order of hOOOf‘and

Eequiv corresponds to en.accelerator beyond.rational contemplation.

A second point is thevsimplicity of the initial'state.- This is
'eopec1ally 1mportant in electron-p051tron collls1ons, where (with
annlhllatlon of the inltlal particles predom1nantly through one photon)
~the finalestatesvwill-have zero charge and strangeness, spin one, and
negative parity. In ﬁartieular,imeson peirs oan be produced in an
env1ronment undisturbed by strong 1nteractlons.

A third p01nt is that the momentum transferred from the 1n1t1al‘
to the final state is time~like, whereas for most other experaments 1t
v1s space~ llke, which means that collldlng beams allow the study of a -
large range,of phenomena otherw1se unavallable.

Andva last-general point: Clearly the reeetion.rate musf be
considered;vali the adyantages come to naught if.the experiments take:
forever. EQuivalently,:it is only the recently acquired ability ﬁo
produce intense circulating beams that has made colliding beam devices
firstly possible, and secondly capable of being employed to study small- e'
cross-section feactions. A convenient_measure of the reaction rate |
capability‘of an installation is the luminosity, L, which is defined as

the ratio of the reaction rate to the reaction cross section--and

consequently is cross-section-independent.



1. Experiments Performed

Colliding;beam_devices have been eﬁployed to test quantum eélectro-
dynamice (QFD),_ln fact the very fllot stoxage ring expeflrenf was a study
of e -e COlllSlonS by the Stanford Pri ceton group (See Ref. 1 for a
survey.of colliding-bean experiments,ﬁand_references_to the originalr
literature.)thhis expefiment tests epace-iike ?hoton propagators and the
electron vertex function. It may Be:analfzed>by writing the photon -

with a Feynman regulator:

propagator, ‘GK’

1

(1 - qg/l{z} ’

GK(q?)"=
where q?_ is the momentum'fraﬁsfer. A value of K-2 =0 corresponds to
avpoint—like‘electfon and ﬁo Cutoffvon the photon propagator. Experimeht
with two beéos—-each of 550'MeV--yields K"2 = (O 06 - 0.06) GeV/c
" which is-consistent with 'K“2 =0 and henoe no-breakdown of QED to this
level of.precision. | |
Surely the most ex01t1ng work w1th collldlng beams--to date-—has

" been the study of the p°,

et r e o %t i
first by the Novosibirsk group (oo.VEP-Q) and sdbsequently by the Orsay.
group.(on ACO), and the analogous study, by both groups, of the ¢0.
The p  experiments yield:the o mass and width, and'the‘bfenéhing ratio
(po I e+ + e-)/(po - ﬂ+ + n-).\ What‘was pefticularly interesting wae ﬁhé
width T = 105 * 20 MeV (Novosibirsk), and T = 112 12 MeV (orsay)
which was quite different from the previously obtained values from

reactions with strongly 1nteracting partlcles present
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The ¢ experlments, which -are presently stlll 1n progress, yleld
the - ﬁ mass and width and the branchlng ratio ¢'* e + e )/(¢ - K + K ).
The Orsay and Novosibirsk groups have also studied the branchlné ratlos

for g - K‘ + K7)/(g ~ K, o+ K2 - r+ o - ﬁo).

1.2. FExperiments Planned

We can categorlze collldlng beam experlments 1nto three groups:
. (1) QED, and final otates w1thout strong 1nteract10ns, (2) meson productlon,‘
and (5) baryon-antlbaryon produetlon. Different orders of magnltude of

luminosity are required for each category.v Frascati2 (Adone with its
~energy of l 5 GeVand L =~ 3, x lO ”v -2 sec-;), which has Just started
_operation,3 NOVOglblrSk (VEP—j, with 1ts energy of 3. O GeV and

L~2, x 1000 se ), which will be ready in about one year, and:

Ojlvcm_gsecfl),

V‘Cambrldge (The By-Pass, W1th energy of 3.5 GeV and L = P2,x 1
which will be ready for experiments in_perhaps a year,:will all'be'ablento
investigate.experiments in.categorieS'(i) and (2). Strong interaetioo
physics Wust await the high-luminosity machine of DESY6 (ériergy 3 -Gev;
peak luminosity--at 1 GeV;-of 5 X 1052 '—g'sec-l), or the (presenbly
'_unauthorlzed) proposals of srac’ (SPEAR) and Orsay (Coppella)

Typlcal QED experlments are e+-e elastlc scatterlng (whlch

"tests QED for time-like and space- like virtual photons) e-;e ahd'
e+-e+ elastic scatterlng (which test QED for space-llke v1rtual photons,
but are possible only with DESY and SPEAR), and e+ + e - 2y _prooesses
(which test QED for space-like virtual electrons). o
Final states without strong interactions include the reaction

+ - + - S
e +e =y + W, which studies time-like momentum transfer to the muon,

in contrast--for example--with the g~2 experiment, which primarily
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studies space-like mdmentum transfers. Aléo; of.éourse, afe included -
searches forréhargedbparticlés such as the weak—interéction vector-boéoﬁ -
or possible heavy electrons more maésive than the.muon
, MééQﬁ-pr§duction experiménts canibé extended.to sﬁudy smaller
braﬁching ratios than are preseﬁtly'possible, sﬁch as P~ 7+ }, p =0 } Y;
highef eneréy resoﬁaﬂces; and also‘the_nonresonanf'productionrof ;ﬁ’s.
Qonsiderable.interest is attacﬁedito the prbduction of hadron
paifs, fér this allows a detailed study of the electromagnetic structuré‘

of a great_fange of stablé.and unstable tarticles. For éxample,

e+ + e ~ P +_5> studies the'protonvform factors for time-like momentum

 transfer (in contrast with‘space~like'information'from e--p ‘scattering).

No other way is available to study the electrbmagnetic structure.of_

unstable hyperons. Studies of final states containing only a baryon-

antibaryon pair will be most ihformative as it is such a simple con-

figuration. For this reason alone,'thé construction of high-luminosity
e+-e- rings'would appear to be justified.
Typical reaction rates, for a high-luminosity ring, are given

in Tables 1 and 2. ‘A dipole form factor model was employed to evaluate

the cross sections.:
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. ’ : ‘ 4+ -
Table 1. “Reaction rates (in counts per second) for e -e collisionsg

035 -1

at 1 GeV per beam, assuming a luminosity of 1 em “sec . and

dbservation at all azimuthal directions having ccattering dngle between

45°  and 135 (Table taken from Ref. 8.)

"Final state o ' ' Coﬁhﬁing rate
e+ e : : . 2&3
y +r. ‘. 35
TR S | S
P R - ‘o.017
oo T
o+ 0.3
vy A . 0.003

Table 2. Reaction rates (in counts per hour) for hadron production_dndef

the same cbnditions as in Table l,.except for the indicated reactioﬁ'a

energies. (Table taken from Ref. 8.)

Final state = . . Counting rate

D +'§(1 GeV) . 2%
A+ F (1 b GeV) ' | 1.3
=t +>: (1. hGev) ' ' 9.7

7° 4+ 5° (1.1+Gev)- ’ ' ._'1&.5

oy



2. The Physics Of
The experiments which can be done using a storage ridg are

determined by the beam enérgy.and the lﬁminosity; In terms of -storage

| . _ v
ring parameters, L 1is given by

NN
S E b4

IJ = fh

i

wheré N and N+ .are the number of particles in an electron 6r
positron/bunch, S is the effective transverse area of the beam and_-

- depends ufon.the crossing'geometry KSee Sec. 2.5), f 1is the revqlution
_ freéuency, and h the numbér éf bunches per beam.. The éossibility of
‘reaching the high valﬁes of luminosity discussed in Section 1 has been
the resultlbf a long struggle to understand the pheﬁomené that occur _
vwhen high;intensity electron and positron beéms are stored and made to
,coliide.9 .A brief description of these phenomena and of thé limitétions
they impoéé on storage ring capabilities_is given in this section of4this

" note.

2.1. Synchrotron Radiation, Radio-Freguency Fields, and Particle Motion

Thévemission of synchrotron radiation, bybrelativistic electrons
.going around a circular trajectory, plajs an important role in storagé
rings. | ) |

One effect is to impose a practical limit on the maximum energy

that can be reached. in fact, the average energy radiated per turn by an

electron of energy E is

T h

L . Te E
W o= =5 — ————
3 p

>

2
(meq
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where r; is the.classical electron rsdius andv o the radius of curvature
of the trajectory. The energy lost by the farticles must be‘supplied'to
the beams by a rauio~frequency pouer system. The energy available must
also exceed the energy lost, because of fluctuations in the power lost by
synchrotron radiation. If this reouirement.is not met, the beam mean life
can become exceedingly short. | |

Beéause of the Eu-dependence of W, the requirement'on tne radio-
frequency nower system becomes yery difficult and costly to meet at hign
energy. In a storage ring of energy 3 GeV and radlus of curvature of
20 m (correspondlng to . a gulde magnetlc field of 5 kG), one has
W~ 0.4 MeV/turn. If the total circulating current is of the orde‘r of
2 to 20 A, as expected in the new storage rlng devices, the power requlred.
for the radio frequency system is in the range [0.8 to 8] MW..

Synchxotron radiation also has the effect of d1v1ding the beam
into bunches, sincevonly partlcles crossing the radio-frequency cav1t1es :
. in a definite phase interval can receive the required'amount of energy
for survival. The redio frequency'produces longitu@inal oscillations_of
the particies. There exists a preferred?psrticle, called the synchronous
particle, which in going around the ring receives‘from the radio-frequency
cavities the exact amOunt of energy lost by radiation and consequently has
a revolution frequency which is an exact multiple of tne cavity frequency.
Particles which, at any given instant, have a slightly different frequency
osc1llate longitudinally around the synchronous particle

In addition to the longitudinal oscillations, a particle also
”executes trensverse oscillations around the single closed curve'Whicn

is the equilibrium orbit of a synchronous particle.
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Both the transverse and longitudinal oscillations are affected
’by synchrctfcn radiation. The radiation is equivalent to a dissipative
force, ehd heﬁce can eithervdamp or antidamp the oscillations; which of
‘the two ﬁossibiiiﬁies occurs depend on'thevfocusing'properties cf the
storage ring; It is simple; with a pfoper design, ﬁo avoid the unstable
situation. |

Synchrctron radiation,_being a quantum phenoﬁenon, exhibits
'fluctuations;.which.also'influence the oscillations. Under the combiﬂea
action of daﬁping and fluctuationé, the oscillations have a.nonZero rms
amplitude.” Also, other random effects, such as scattering on the residual
Vgas?,haQe an effect on the rus oscillatidn amplitude( However, synchrotron
radiation is usually the dominant factorfin-determining the geometricélb
characteristic of‘the beams, which is an important factor in determining

the luminosity.

2.2. Tnjected Current Limit | |
The luminosity cbtainable with a storage ring depends strongiy on
the curreﬁt which can be storediin the machine. "In the process of injecting
large‘ currents (of the order of one or more a.mperes) ﬁhe synchrotron '
radiation is of.help because it allows.the ccnetraiﬁts of Liocville's_
thecrem to be cifcumvented. Hence the limit on fhe number of stored
particles, N (neglecting'collective phenomena,‘which will be diécuesed
beiow, end'are often Of dominent importance), is given by'
(1) injector current and beam lifetime (it should be noted that
vthe‘beam lifetime during injection is usually different,e _
.énd:shorter than that after injection, because of the beam

" perturbation introduced by the‘injection,mechanism.);
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‘(i1) radio-frequency power available.

2.3, Lifetime

The heam lifetiﬁe is determine& by
(i) interaction with the residuel gas in the vacuum tank of the e
ring; | |
(ii) ’Coulomb scattering betweenvparticles of the samexbeam
(Touschek effect)j |
C(1ii) 1nteractlon with the other beam;
(iv)v vsynchrotron radlatlon.
These effects all elther change a partlele s energy or trdnsfer_
a part of the large longltudlnal momentum of the particle 1nto transversev
v momentum ' The maximum transverse momentum of a stable partlcle is limited
by the finite size of the vacuum chamber. Also, too large a change in
ldngitudihal momentum bringsra'perticle out of phase ‘with the radio-
frequency sySteu, so that the partlcle is lost. v
Of the effects listed, the most important is usually the 1nteract10n
with the residual gas (elastlc scatterlng on nucle1 and bremsstrahlung)
To obtain a reasonable lifetime, of the order»of a few hours, the pressure
in the vacuum tankvmust be'lOWer than l0-9 torr. An even lower pressure
is also desirable near the crossing points of the beams ih order to reduce
the background in the experihents. ' I | o P
Pressures of the order of; IO—lo torr, or lower,-can-beIObtained :
in storage rings for a small4stored current and low beam energy. When
the current or the energy is increased, the large amount of’synchrotron

radiation produced makes it difficult to maintain a good vacuum. This

is becduse'synchrotron light, striking the vacuum tank wall, produces
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photoelecfroné which in_tdrn produce a degassing of.the‘vaﬁuum tank
surface.  ébecial désigns of the vacuum tank are necéssary in high-
luminosity storage rings to limit_thié effect éﬁd.to.obtain the‘desifed.
wwmm,.: | | | | | o
:Thg Synchfotron radiétidn introducés_a-fuspally negligible—-limit

on the lifetimeAthrough tﬁe already menﬁioned fluctuations in the péwér :
radiated pef turn. |

The Coulbmb scattering between ﬁarticies ip>é Beam causes losses
because the écattering caﬁ transfer a part of the iarge longitudinal
momentumvof éne particle to another particle in phe same bunch. >This
effect iS'étrongly dependent on,fhe péfficlé-ehergy and is'uéually
important only for low-energy beéms (beloﬁ 1 GeV).

Interaction with\fhe.other beam limité beam'iifé essentially via
‘the procesées of eléctron-positron bremsstrahlung and scattering at low
momentum‘transfer. Howevef, this effect is usually less important than
thé intefaction with the residual gas. It causeé particle loss proportional ‘
to the luminosity, ahd because the crdss secﬁions.fbr zerb-mdmentum transfer

are well known; these processes can be employed to measure the luminosity.

2.4, Coherent Instaﬁilities

| Coherent instabilities had béena-prior:to their.elucidation--one

of thé main limitatioﬁs in»the operation of storage rings, since they

limited the current which could be stably stored, and hence the luminosity.
Coherent instabilities arise because of:ﬁhe_électfomagnetic _ |

interaction between a beam circulating in a storage ring énd its surfound-

ings._‘ThiS'intefaction can produce a transfer of a part of ‘the iarge

longitudinal beam momentum to any of the beam oscillation modes, and



~course the stability and instability regions (n <v<n+X

‘L?-,
hence leads to an increase in oscillation amplitudes and beam loss.

An example is the.resistive,ﬁall instability.’_Assume that a
bunch of particles oscillates around the equillbrium orbit in the v1cin1ty L
of a resistive metallic wall, as 1llustrated in Fig. l:- We‘also assume
the bunch to be much shorter than the osc1llation wavelength, as is

usually true in storage rings. The bunch produces in the wall‘a eurrent

which decays slowly with respect to the revolution period. - Hence the'

current generated at one passage ﬁroduces on the bunch, when‘it comesuby

again after one revolution, an attractive force.

It is clear that if the phase shift of the osc1llat10n after -one
revolution is less than 7T thls force tends to decrease the osc1llation

amplitude,_and to give damping, while when the»phase shift is largerv_

l'than 7t it produces antidamping. Usually instead of the phase shift

of oscillations in one revolution, one uses the_wave number. v, defined
as the number of osc1llation wavelengths in one revolution. S50, in the

above example, the motion is stable if n <V < n + l, and unstablefif’

2
n + %-< v<n+ 1, where n is any integer.

'ReSults of”the same type apply if instead of a resistive wall the
bunch of particles is interacting with any other  structure, such as radio-
frequency cavities, or electrodes, provided that the signal induced by
the beam decays in‘a time long compared with the revolution'period.-‘Of
5 =< < .
2, n+5<v n+l)

can be reversed if the force produced by the structure is repu151ve instead

of attractive.
However, it is generally true that this kind of effect is strongly

dependent on 'v, and that, when there is only & single bunch in the beam,
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tﬁe instability can be removed by properly choosing the v value; -This
kind of aﬁal&sis can be eppiied tb both transverse (as iilustrated in
Fig. 1) acd lcngithdinal coherent osciliatione,_and in fact both kinds
of instabiliﬁies have been observed.>

When there is more than:one bunch in the'beam, each bunch interacts

 with itself and with all other bunches. In this situation it is no longer

possible to stabilize the beam by prcper choice of the Vv value. In fact
the beam can now be treated as an ensemble of coupled oscillators (each
oscillator is equivalent to one bunch), being subject to nonconservative

forces. It is clear that a part of the normal modes of this set of '

'oscillators‘will always be unstable.

-If the bunches have different oscillation frequencieé, and if,the
differences‘between the sguares of the oscillation frequencies are much
larger than the linear coefficient of the force caus1ng the 1nstab111ty
(which is also the force coupling the bunches), then the coupling between
bunches is‘of second order and can be neglected. In this case one can
choose the.single—ﬁﬁnch v value S0 ae to stabilize all bunch modes.

This method has in fact been employed in Adone to stabilize the longitu-

dinal (phase) oscillatione, which Were-unsﬁable'becéuse of the interaction
of the beam with the radio~ frequency cavities, ‘but 1t is usually difficult
to apply to transverse oscillations.9

Transverse instabilities can also occur when the signal induced by

the beam decays in a time shorter than the revolution period. Consider a

beam with a single bunch and assume for simplicity that the bunch is made

up. of onlyltwo particles, A and B.  These particles are oscillating

longitudinally so that during half of the oscillation period A is the
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"head" ofvbunch and B 'the.”tail," and dcring_the other.half'pericd the
situation is'reversed. If the head, A, starts to cscillate; the'signal
‘induced onvthe externel structure interacting with the bea@ wiii cause
-oscillations of the tail, B. After half a longitﬁdinai cscillation
period, ‘B is the head and will drived A. The precess is‘clearly'
v regenerative and can produce instabilities. The analysis-of'this case
is more complicated than the analysis of the resistive-wall type of
'instabilities, since the effect ie now dependent on the bunch structure.
This leads to qualitatlve differences between the resistlve wall type of
effect (RWTE) and the head-tail effect (HTE), as, for instance: RWTE is
strongly dependent on Vv and HTE 1s-not‘ the rise time of the'ﬂ |
instability is dependent on the total beam current and is 1ndependent
of bunch length for RWTE whereas it depends on the s1ngle bunch current
and bunch length for HTE.

How does one handle iﬁst&bilities? of couree one caﬁ designithe_
ring so ae to reduce to a minimum thedpreSence cf strﬁctures that cec
produce'instabilities,.but in practice this does hct suffice. Alsb,tche
cac choose v';values properly, ae described above, but there are
instabilities for which thie doesﬁ'tvsuffice. 'Therevare,‘hOWever, other

possibilites.

One stabilizing mechanism is prov1ded by synchrotron radlatlon
damping, which, however, is usually far too weak to allow for the storage
cf satisfactorily large currents. | |

Another possibility is to-dse.a stabilization mechanism which is
built into the beam itself. The focusing force for.the transverse (ér

longitudinal) oscillations is linear only to a first approximation. The
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nonlinearities in this force (primarily the cﬁbic terms) give £ise‘tova
depéndencekof_ﬁhe oscillation frequency.on_thé squafé of the oscillation
ampliﬁude,iand.hence tb.a spread of oscillatiog frequeﬁcy in:thé beam.

As a éonsequence,‘if we éxcite a cohérenﬁ oscil;atiéﬁ»of the beam ﬁhis
will last, in the absence of.cohereﬁt éxterﬁai forces, only“fdr a‘time of
the order l/bf,’ where Af “is the frequénéy spread'ih the beam. If
this decdherence time, Zf-l, is shorter thah.the riéevtime of 'a coherent
instability;»the’beaﬁ will be stablé,. Thus the fﬁeqﬁency spreéd innthe ]
beam introduces an effective damping of coherént motion: ILandau damping.

It.is possible, withihvcertaih limits, to control and to increase
the amount bf Laﬁdau_damping for a storage ring énd thus stabilize the
majority of beam,modés. For the remaining modes, one caﬁ use the fact
that the éoherent instabilities, just because they are coherent, can
induce signals on anieiectrode. These signals, properly amplified and
phase shifted, can be fed back onto ﬁhe beam so as to reduce the
osciliétion émplitﬁde. This system has béen succesgfully use& in étorage
rings to control a few stfongly unstabie'modes.

Everything that has been said_in this section applies to the_caée
in which only one beam is stored in'thé ring.' The situation with respect
to coherenﬁ—instability limitations is not qualitatively changed when two
beamsvafe presentAih the same storégé ring, apart ffo& the greater

complication of the problem.

2.5. -Incoherent Two-Beam Limit
Colliding two intense beams prOduces,a new problem, namely, an
incoherent beam-beam interaction, which, in practice, imposes the severest

restriction upon storage ring design.
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Each oarticle of a beam, for instance a poSitron;‘when crossing
:a bunch of the other beam is subJect to a force due to the averdge
electric and magnetic Tields produced by the electrons. (We do not
consider the 'cood case in which an electron and pos1tron come s0 near
that a reactlon occurs.) The electric and magnetlc forces due to the
. electrons are both attractlve and deflect the pos1tron traJectory by an
angle ~ .A T
2e £ 1

8 = =

' mo)'c

where 'e_'is the positron charge, 4 the bunch length, and- £ the
electric fleld of the electron bunch Assumlng that the beams are
cyllndrlcal with radlus a, and that the‘oumber of particles in the .
electron bunch is N, and that the positron crosses the electron bunch
at a distance r from the'axis; one can write Gl as

br N r

&

2

ra”
In. order to assure that the crossing occurs stably, and to-: av01d

dlffusion of one beam around the other, one must requlre

° < x
x belng the osc1llation wavelength dlvided by 2ﬂ, a quantity whlch in
accelerator language is called B (and has an average value of the order
of the ring radius divided by V). Thus one obtains

_ S'l,
7S ‘

where S is the beam transverse area.
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The fofce-acting between beams is, in réality, highly nonlinear.
' Consequently'experiments and digital computatiqn are required to bettér
detefmine the limit in the ébove ihegpality; one findsqthat the right-

haﬁd side is reduced to z_l/B.lgThe_important thing is that'the beam

'crossiné étfongly limits the nugber of particles per.beam. This limit
is éalléd b'thve' "incoherent beam-b'e'am interaction limit.” If this limit
ié éxceéded,’the luminpsity decreases and thé beams.becomé’unstable.

, Hoﬁéver, since the luminosity dépehds on N but not;én, B, one
can gain in luminosity‘by increasing N and decreasing B for-fixed,_S;-
Reduction of .B, at thé cfossing boiﬁt, by faCtoré up to oﬁe.hundred ﬁimes '
its'average_value, are considered fér%the CE%Q:DESY, and SPEAR storage
rings. Tﬁis, of coufse, somewhat complicates the design of the ring
itself.

:-Another p0ssibiiity for increasing the luminosity is to increase,
both N and S while kgeping their rétio coﬁétant.v Siﬁce the 1uminosity
‘is pfoportional to NE/S' this procedure will also allow a gain.‘ The -
most effective and practical way to increasg Sv is to’spiit tﬁe beam
»trajectories and tb havévérOSSing points where the trajectories cross
with an angle 28 (Eig. 2). 1In thié case ‘the effectivé transverse area |

 is given by
S = als,

where we assume 45 >> a,
The splitting of the trajectories can'pCcur either in theA
vertical plane, as in Adone, CEA, DESY, and Coppélia design,vor in the

--horizontal plane, as in the SPEAR design. 1In the Adone and CEA storage
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_rihgs the_sefafation betueen the beam and tbe ofossihg'engie & :afefnot
too large, so that the electron and positron beams are stored in one rlﬁg.
In thebDESY des1gn, & is qulte large, and the machlne is built as two o ;ﬁ;
verticellybsuperimposed rings with the beams sw1tched from one rlno”to
the other by means of electric flelds._ In the SPEAR des1gn the even
larger cr0551ng angle is in the horizontal plane, with the crossing

accompllshed by magnetic fields. A pos51ble advantage of the two-ring
edeSignssis thst'the_interaction between the beams is reduced to onlynbhe
’ crossing-points. It also.makes possible the storinglof two electfon.or

two pos1tron beams | . -

A completely different approach (Copbéiia)bhas been taken by the

. r v , :
Orsay‘group for reducing the effect of the incoherent beam-beam interacﬁion.
Their suggestion is to store four beams, one electfon and one_bositron
:beam in one ring, and anoﬁher'electron andvpositron beam in another riﬁé.
Assume one bunch per beam, as shown in Fig. 3; and assume, also, all the

bunches, 1 to h to be equally populated If we now cons1der a pertlcle

of the bunch-l, we can see that the forces on it_due to bunehes 2 and 3
" cancel endooﬁly the force:due to bunchih remains; howeuer;_for this

force the elastic and magnetic contributions are'of opposite sign, S0
- that the totaibforce is nou reduoed by abfactor '7-?. ~of couise,_inz'
- practice, there will be slight inequalities between.the bunches sovtbsti

. the effective force reduction will be somewhat less than 1/3 .
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3., The Past and The Future

The development of useful collidinéQbeam'devices.has been unbeliev—

ably difficult. Ve haven't emphasized it in the discussions of Section 2,
" but almost all the various phenonena we.described were discovered--rather
than pfedicted--in,theicourse_of trying te bring the first generation of

storage rings into operation, and each‘had its:associated'delay and
requisite :ing modification. It.would be unduiy distressing to document
the detail of the arduous effort‘required to isolate, understand, and
control these diverse effects. |

Wevhone it is history, but it is only candid to report that the
latest'beam instability (on Adone) was identified.and circumvented only
within this last year._ And then, when finally Adone was ready for
,physics experiments, a soc1al 1nstability delayed use of the machine
for five'months. But we believe the physics that has been and can be
done with storage rings should more than justify the effort that has been
required to develop then. | |

If we gauge the future by extrapolation from the past, then we
would expect that our understanding of the physics of storage rings is
not complete, and new phenomena will be_discovered‘as we press into new
regimes. But we would also expect that the new difficulties will be.
overcome.

We.iook forward to a golden decade of colliding-beam researcn
(includinglin our expectations the CERN PP 25~-GeV storage ring,.and
the Novosibirsk p-p. 25-GeV ring), but note with chagrin that although
American physicists have contributed so much to the physiCs gg.ccliiding
Beams, they seem destined, because of economic instability, to reap so
little fromsthe physics with coiiiding beanms.

Claudio Pellegrini -
Andrew M. Sessler
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© FIGURE CAPTIONS

-:Fig.:l.rvA bunch of electrons oscillating in a transverse mode about the'i

‘:5 - S ."__ o  }equ1librium orblt w1th v, 'iiv%‘Q;"
Fig. 2,,‘Geometry of a beam crossing region.'e_ f e
Fig. S.h:The two-ringf- four-beam Coppella : Cross1ng occurs only at ;AV

"'and B if there is only one bunch per beam
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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