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BEAM-BEAM LIMITS

F, Amman
Laboratori Nazionali del CNEN
Frascati, Italy

The forces due to beam-beam interaction set
the ultimate limit on the performances of a storage
ring; I shall {ry to review briefly the status of the kno
wledge and the experimental data on the beam-beam E
mits.

In the following I shall refer mainly to electron
storage rings, with bunched beams and gaussian di-
stribution of the charge in three dimensions (x and z
transverse s longitudinal); I shall also assume (un-
less otherwise specified) the crossing of a weak beam
Iy with a strong beam I, the difference in charge
being such that the strong beam is not appreciably af-
fected.by the weak beam and can be considered as a fi
xed charge distribution. -

Let us consider first the effect of the beam-
-beam interaction on the transverse motion; an use-
ful parameter is the linear Q-shift per crossing
given by:
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where i is the current per bunch in units of the Alf-

vén current I, = (eg/re) = 17.000 A;
Gy, 6, are the transverse r.m.s. beam dimen
gions;
R is the mean radius of the ring;
y is the energy of the particles in rest mass u-
nits; Oy o
H is a form factor of the beam Hx, 7= 1+? 2=

zZ,X
Bx 7 is the amplitude function at the crossing.

It has to be noted that the Q-shift depends on
the amplitude of oscillation of the particle: § is the
maximum value (for amplitude = 0), and it is positive
in the case of ete~ collision, while for large amplitu-
des the Q-shift: tends to 0; § is therefore also a mea
sure of the Q spread per crossing introduced by the
beam -beam interaction.

Various types of numerical computations have

shown that the parameter £ determines the beam-
beam limit,, and its maximum allowed value is betwe-
en 0.05 and. 0.10, provided that particularly bad ope-
rating points be avoided; the total Q-shift per revolu-
tion is expected to be limited to values certainly not
higher than the distance to the closest half-integer or
integer.

More recent computations on the stochasticity
limit due to the localized non-linear forces of the
beam-beam interaction have shown that the criterion
of the resonance area equal to the area of the Qy, Q,
diagram is fulfilled when § =~ (0.09+0,05), depending
on the beam shape, the larger values being for flat
beams(1).

Ag the luminosity that can be achieved depends
on the trasverse current density, eq. (1) shows that,
for a given maximum value of §, the luminosity can
be increased if the amplitude function is made small:
"low B insertions(2) with B as low as 5 or 10 cm
have been designed and operated.

I want to remark here that the beam-beam for
ces are proportional to the transverse current densi-
ty, not to & ; it is only the effect on the transverse
motion that depends on E. This means that if the
beam-beam force has a longitudinal component, the
use of the "low 8", allowing much bigger forces be-
fore running into troubles with the transverse motion,
may cause the longitudinal beam-beam instability to
become the dominant limit.

The experimental data on the maximum values
of § achieved on existing rings are listed in table I;
they refer to the crossing of two beams of very simi-
lar current, and, therefore, should not be directly
comparable with the computations on the stochasticity
limits. I may add that tests done on ADONE show that
the beam-beam limit at high energy (E > 1 GeV)
seems to be about the same for the two cases of weak-
-strong and strong-strong beams. Another remark on
the 3 measurement: it is an indirect method, which

TABLE I
nO of crossings armpl. funct. at the Max. Energy Max. @Q-shift per Xing
m crossing fx, 5(m) E (GeV) Em

Stanf. - Princeton 1 ~ 2,1 0.55 ~ 1072
VEPP-II 2 ~ 2 0.7 ~(0.5+1) x 1072
ACO 2 2,0; 4,0 0.52 4 x 10-2
ADONE 6 8,9; 3.2 1.5 8 x 10-2
CEA-Bypass(2) 1 0.046; 0.28 2.0 ~(2.5+5) x 1073
_SPEAR 2 1,0; 0.37 2.6 8 x 10-2
ISR-CERN (pp)(b) 8 22, 6; 14, 9 28 ~(5 + 8) x 1074

(a) - In the CEA-bypass the beams interact at a distance over a large fraction of the ring; the Q-shift per cros
sing takes into account therefore only a part of the beam-beam force.
(b} ~ The operation of the ISR-CERN is current limited, therefore the Q-shift per crossing is not at the beam-

~beam limit.
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requires the measurement of the luminosity L and of
the current of the weaker beam I, together with the
knowledge of the imperturbed amplitude function at the:
crossing and of the beam agpect ratio; from the lumi-
nosity formula and eq. {1) one obtains:
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Eq. (2) is valid under the assumption of gaussian di-
stribution, but the result does not critically depends
on the assumption; it has the advantage that it does
not require the measurement of quantities that are ve
ry difficult to determine accurately (like the beam
cross section).

The results of table I cover a quite large ran-
ge of energies and operating conditions, While the o~
perating point of ACO (slightly below an integer reso-
nance) does not allow values of § higher than 0.04
with two crossings per revolution, the behaviour of
ADONE and SPEAR seems to be in agreement with the
computations on the stochasticity limit. The important
fact is that the SPEAR operation has proved that the
assumption of a limit on § is valid also when the am-

" plitude function is very small (as long as it is larger
than the bunch length).

The energy dependence of the maximum value
of & observed on ADONE(3) in the two strong beams
operation (§,,* 71.5 for energies lower than about
1 GeV) is not as yet understood; measurements in the
weak-strong case indicate that a similar energy depen
dence of § is observed below much lower energies
(0.5 + 0.6 GeV). The dynamics of a non linear system
closeito the stochasticity limit is not yet well known;
models have been proposed where a relatively slow dif
fusion process depending on §, in competition with
the radiation damping, gives an energy dependence of
the maximum Q—shift(4'); assuming that the diffusion
time constant is proportional to m-1 15“2 (where m is
the number of crossings per revolution), this inter-
pretation is not in contrast with other experimental ob
servations, as the threshold energy;, below which the
£ o ,}'1 -5 regime should start, turns out to be 250 MeV
for ACO (m=2) and 940 MeV for SPEAR (m=2), assu-
ming 1 GeV for ADONE (m=8).

The extrapolation of these results to the case
of proton beams (either proton-proton or proton-elec-
tron) is not obvious, as the lack of a damping mecha-
nism enlarges the time scale of the dangerous pheno-
mena by many orders of magnitude. It is probable that

the beam-beam limit.is set by slow diffusion procese:s .

ses, due to the non-linearity of the force, at values of
¢ which might be an order of magnitude smaller than
the stochastic limit(9),

Discussing the transverse beam-beam limit,
it must be remembered that the beam-beam interac-
tion can limit the current also when the beams are se-
parated, as it usually happens at injection when one
warits to store currents higher than those allowed by
the beam~beam limit at the injection energy. In this
case one has to take into account that the injected
beam can be much longer than the regime dimension;
in general it turns out that a "low §" in the direction

.of the beam separation must be avoided; the beam-

beam separation required will depend also on the tran
sverse emittance of the injected beam, besides its e-

~nergy and maximum stored current.

It has been already mentioned that the beam-
-beam interaction can affect also the longitudinal mo-
tion; three different cases have been so far conside~
red, namely: .

a) when the beams cross at an angle the beam-
-beam force has a longitudinal component 6);

‘b) when the beams ¢ross in a region where the
off-energy function ¥ is not zero the transverse
beam-beam force changes the relationship between e-
nergy of the particle and its orbit lengih, affecting the
refore the synchrotron motion' */;

¢) the variation of the beam cross section at
the interaction region, very pronounced when the 8
is low, gives rise to a longitudinal force(8).

These three effects change the synchrotron fre
quency (lowering it in the e%e™ collisions); the first B
and the third ones give a limit on the beam current per
bunch, while the second one gives a limit on the trans
verse density. -

With certain assumptions {essentiallyithat the
beam dimensions are the ones given by radiation fluc-
tuations) the relative change of the synchrotron fre-
quency squared 4, defined as:

2_q2
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Q2
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where Qo and Qg are the unperturbed and the actual
synchrotron frequencies, are given by:
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where: ap is the r.m,s, energy spread in the beam;
GXB » Oy are the r,m, s, betatron and syn-

chtrotron ‘widths ;
O is the r, m, s, beam length;

¢ is the momentum compaction

m is the number of crossing per revolution,

Eq. (4a) and (4b) refer to a crossing angle

0470 and to an off-energy function Py 70, both in
the x direction, Which is the rnaximum allowed va-
lue for 4 is an open question; at 4=0.5 one should
get coherent instabilities(?), and, certainly, at 4=1
incoherent instability (the synchrotron frequency be-
coraes zero); on ADONE 4y, is about 0.4 in normal
operating conditions, without indications of longitudi-
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nal instability, while some preliminary results on low
p tests, with higher values of Ab, might be interpre
ted as due to a longitudinal limitation,

Eqs. (1) and (4) show that the energy depen-
dence of the maximum current per bunch is the sa-
me for the two bearn-beam limits, transverse and
longitudinal, in the assumption that they are defined
by a value of §,, and 4., independent from energy
and that each beam transverse dimension is propor
tional to y; the maximum current per bunch is pro-
portional to 73 and the luminosity turns out to be
proportional to 74‘.

A last remark on the space charge compen-
sation method proposed by the Orsay group(lo); in
the crossing of four beams (two positive and two ne
gative) of equal current and charge distribution the
re are no beam-beam forces. The critical point of
the method is the stability of the system of four
beams, besides the practical question of their equa
lity; at very high transverse density (corresponding
to & » 1 for a single beam) the system is unstable
for coherent motion‘.ll), but, as far as I know, the
re are no quantitative evaluations of the transverse
density at the stability limit,

REFERENCES, -

(1) - E. Keil, Non linear space charge effects, CERN-
-ISR TH/72/7 and TH/72/25 (1972).

(2) - K. W, Robinson and G. Voss, Report CEAL-1029
(1966); M., S. Livingston, Report CEAL-1028
{1966},

(3) - F, Anitman et al,, Proc. 8th Intern, Conf, on
High Energy Acceler., CERN (1971), pag. 132,

(4) - BE. Keil and C, Pellegrini, private communica-
tion.

(5) - E, Keil, Incoherent space charge phenomena in
the ISR, Proc. 8th Intern, Conf, on High Energy
Acceler,, CERN (1971), pag. 372.

(6) - J.F. Augustin, Report ACO R.T. 35-69 (1969).

(7) -~ F. Amman, Frascati Report LNF-71/82 (1971).

(8) - Ya. S, Derbenyev, A.N, Skrinsky, Report 71/72
Novosibirsk (1972).

(9) - J.R. Rees, Report SLAC-PUB-781 {1970).

(10) - Orsay Storage Ring Group, The Orsay Compen
sated Colliding Beam Rings (DCI), Proc, 8th
Intern. Conf, on High Energy Acceler, CERN
(1971), pag. 150,

(11) - Ya. S. Derbenyev, Report 70/72 Novosibirsk
(1972).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


