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1. Introduction

The Cornell storage ring CESR, designed to collide
with ore bunch of e” at energies up to

7 eac i y
b~quark physics (the T region, 4.5 - 5.6 GeV per beam).
Fere the radiatiorn loss is less than one-guarter the
design maximum--low enough to relax beam-current limi-
tations due to total rf power, yet still high enocugh
te provide a comfortable amount of racistion damping
(Trad = 22 ns), which helps con*rol beam instabilities.
Performance is therefore relatively good. With single

the luminosity (which scales roughly as =*)

-2 M . .
2571 at 5.4 GeV. This is
achieved with bungn currents of about 17T , in a re-

lowup due to the be:
rather than I%. The beam cur-

1ﬁteraptlon makes L
rent is Zimited to this level by the onset of sudden
beam losses during collision.

To raise the luminosity, CESR has since 1983 cpe-
rated with multiple bunches in each beam. At the un-
warted crossing points within the guide-field arcs,
these bunches are separated ir the hcrizontal plane:
e™ and e~ orbits are oppositely distorted, "pretzel"

ashion, by a pair of electrostatic separators near

“he ends of each arc {Fig.l). The orbits still coin- g.i: e
cide around the two interaction peints, and must do so (mot *to s
very accurately of course. The reguired m at ome time,

‘ e~ o7 in gutde-Ffield ares of CESR
cale) Fwno¢nter ﬂ04nto Ffor 7 x7 bunches,
bunches aiso meet at
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0L Liold, ana ear.y experience 104 mMuaLTiouncs

tion, were described previcusly [1].

o)
Je renort our mrogress here. acs an example of the e
We report our progress here, asg an example of the -

considerations applying when two teams are bedded side-

by-side in the same aperture, separated by electrosta- Pretzel closure [2]: The lattice is constrained (by

tic steering elements. The topics are: design cons- adjustment of individual guadrupole gradients) to Dro-

traints, Sec.?; lattice-optical and orbi* effects, Secs. duce exactly 67 horizontal betatron phase advance be-

3 and 43 and beam performance, Secs. 5 and 6. tween the separators at the ends of each vretzel. This
closure condition is trimmed, operationally, by tra-
ding quacdrupole gradient within the pretzel for quadru-

Table 1 poles outside, keeping the tune of the machine cons-
tant. At the same “ime, the ratio of separator deflec-
Some CESR Farameters = ? P
. . . oy tion angles 1s trimmed as needed. Figure 2 illustrates
(Typieal Luminosity Lattice, 5.4 Gel) the degree of olosure obtained Urcer ontimum condidions
the degree of closure obtained uncer optimum conditions
. ~ measured as the orbit displacement prodaced by turnin
Revolution frequency f = 300 kHz P P v =
on and off a pretzel in just one of *the twec arcs [3].
Magnetic bending radius p =88m/ 3Em Residual errcrs outside the pretzel region are well
. belcw 0.1 mm, which is small compared to the horizontal
Chamber aperture A, A = zh5, =25 mm . L ©
x® Tz beam dimensions (typically, oy = 2 - 3 mm).
Betazron tunes G, 0_ = 9.394, 9.371

i
Pretzel symmetry: We have tried symmetric and antisym-
g func+ion (typ, in arcs) B =8 -35m metric pretzels in the two arcs, ending with a slight
m

preference for thke antisymmetric pattern {as shown in

Dispersion funcion (typ) n =<3 . . o .
k M - Fig.l). This eliminates, %o firss order, tune diffe-
Horizontal betatron emittance £ = 1.6%x1077 n» rences tetween the two beams and lateral separation at
. collision, which occurs at the symmetry points. It
Momentum compaction factor a_ = 0.015 > ISV v P o
el leaves open the vossibility of angular errors between
Radinticn loss U, = 1.12 MaV/turn +lha heama ot Amaling snd hreskire af +he +twe-fnld
Radiation loss 0 1.12 MeV/ture the beams at ossing, and breaking of the two-fold
- superperiod for each beam, as regardS betatron phase
Momentum spread o /p=5.8x107" perp > A5 e - E
P shift from one crossing to the other [L]
2o * . N . N . .
At Interaction Points (5/0): Ex =0,9/1.0m Orbit isochrony: A deflection © at a point where the
B% = 2.25/3.0 em dispersion functicn is n produces an orbit elongation
z - of nf. Thus the pretzel Leaves the orbit length un-
[G99327.9A7] n=2.78/0.70m changed, and does nct perturb the particle's synchro-
tron phase, if ny8;+ n.8, = 0, for the two defTlecticns
* at the ends cf 7he rretzel. Since for closure we re-
Work supported by the Nationsl Science Foundation. quire 6 % + e VB = 0, we zonstrain the lattice to
#rroma . T T A i e et v yield
M.31 £, L.Biun, D.Jean, G.Decker, M.Glarella, NS /’3_
S.Herb, G.Jackson, R.Littauer, B.McDarniel, D.Morse, ny/YE, = HZ’V'“
S.Feck, S.Peggs, D.Rice, G.Rouse, D.Rubin, L.Sakazaki, In addition, ariisymmetric pretzels leave the ortits
R.Siemann, R.Talman. isochronous, overall, ever w1thcut thls constraint.
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el utilization: This can be gauged by how nearly
actor siny, approaches unity, where py is the
ontal betabron phase advance frem o separator to
th goint of (separated) bunch encounter in the

We typically achieve a utilization of at least
, i.e., the minimum bunch-bunch separation is 90%
the maximum it could reach, relative to the local
bean dimension o,. An impression of this, for the case
of TxT bunches, 1s conveyed by Fig.l; Dbecause our rf
anumerology does not permit egual spacing of 7 bunches,
the bunches are there shown lengthened to represent
the #1.8-m variaticn in the ac®ual bunch encounter
voint, depending on the particular pair of bunches in-
volved. (For 3x 3 bunches we have equal spacing. The
lattice can be optimized separately for 3- and for T-
turch cperation, if desired.)
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5. Sextupole Patterns

Most storage rings’ are operated at slightly posi-
~ive chromaticy £ = {p/Q)(d8/dp), obtained by suitably
distribused sextupoles. There are usually at least
two "families" of sextupoles: those near points of
maximum By, and those near maximum B,. This permits
control of chromaticity in both planes. In the pre-
sence of pretzels, these sextupoles now becore the
sukject of particular concern, because the separated
orbits pass far off-center through many of them. This
leads to distortions of the lattice funections which may
affec~ the two beams differentially. Overall, sextu-
role effects play a cominant role iIn the pretzel
scheme~--second only to worry about the availability of

sufficiant aperture %o accommodate the beams physically.

Off-center passage of the closed orbit through a
sextupole insroduces a quadrupole term. For a horizon-
tal offset this represents a normal cuadrupole, modi-
fying the “ocusing and consequently the 8 function.

A vertical offset produces a skew-quadrupcle term thad
adds x-z coupling. (Vertical offsets may cccur through
orbit misalignmert, but also differentially between
the beams due to pretzel imperfections; see below. )

We require that the betatroen phase advances through
the pretzels remzin equal for the two beams, in both
planes. To achieve this, sextupole strengths may be
modified within the pretzels appropriately, tut these
changes must not disturb the desired chromaticity in
either plane. Altogether this calls for four degrees
of freedom, i.e., for four families of sextupoles
within the pretzel.

& AX (mm)

)};

-0l

Fiz.2: Orbit difference vroduced by turwing on and off
precazl in just one of the arcs. Note scale compres-
/

o factor of 10 within the pretzel region.
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Beyond chenging the betatron phase advance, modi-
fication of the B function for a displaced orbit effec-
tively mismatches the lattice, launching a B wave that
perturbs the whole ring. Depending on lattice details,
thisz change of B may be especially irksome near the
interaction points. By use of further degrees of free-
dom in the sextupole patterr, B and £' can te correctly
matched at the ends of the pretzel.

With 27 sextupoles within each pretzel, there is
amp_e freedom in principle for adjusting thelir excita-
ticns so as to meet many requirementz. However, in some
of the resulting patterns, individual sextupcles may tbe
assigned uncomfortably high strengths, giving rise to

concern about the resulting limization of dynamic aper-
ture. Our design optimizatiors have been weighted to-
ward minimizing peak sextupcle excitation [5]. Opera-
ting experience indicates that, in a lattice where the
3 wave is uncomfortable, it pays to use a pattern which
reduces this wave. Beyond this observation, no signi-
ficant effects attributable to sextupcle pattern have
so far been identified.

4. Some Further Details

Vertical orbit differences: Any coupling element at a
point of horizontal crbit separation introduces an in-
cidental vertical orbit difference which can vrcpagate
to the interaction pcinis, misaligning the bunches at
collision. For examp_e, when the ortit passes through
a sextupole above or below the median piane, a skew-
quadrupole component 1s encountered. Skew quadrupoles
also result from inadvertent til<c of the guide-field
quadrupoles. In eithker case, a (deliberate) horizon-
tal cffset then translazes into a vertical deflection.
(Vertical orbit separation car zlsc te caused by acci-
dental tilt of the separators themselves.)

We compensate for vertical orbit sevaration by
empirical adjustment of two skew-quadrupole correcsion
elements within each pretzel. Under optimum cordizions,
the vertical orbit "ripple" outside the pretzel region
(Fig.2) is small enough, even relative to the small
vertical hean size, to make further correcticn at the
intersection points unnecessary. (We tried such a cor-
rection without obtaining any increased luminosity.}

Vertical ripple within the pretzel, even though
compensated overall to cancel any orbtit separation at
crossirg, can still induce vertical dispersion ard ver-
“ical betatron emittance. Both these effects augment
<he vertical beam size at crossing. However, In com-
paring the luminosity degradation produced by two pret-
zels of different internal vertical ripple, we cbser-
ved no correlation with this particular aspect.

Differential coupling parameters: The x-z couplicg of
the teams must usually be adjusted critically tc obtain
maximuem lumincsity. With separated orbits (iavolving,
for example, accidental vertical displacements within
the pretzels at the sextupoles), i* is pcssible for
the twc beams to have different couplings. Not cnly
might this influence the beam-beam interaction mecha-
nism, but it might alsc leave the two teams colliding
with elliptical cross sections tilted different ways
so as to reduce their effective overlar. The use of
skew sextupoles within the pretzels can correct such
effects. 8o far we have worked with only one such
skew sextupole per pretzel. These elements zre adjus-
ted to have both beams well deccupled simultzneocusly:
from this initial setting, the cperators oozcasionally
find that small empirical changes can be helpful.

e

Injection: Injectlion is ir the horizontal plane at CESR,
impressing on the injlected particles large oscillation
amplitudes that subequently damp a

e~ {which must be injected against a
beam), we then have the ‘njected o~

Tn the case cf
ully stacked ef

initially »unning
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~he gauntlet of opposirs bunches with inadequate seva-
ration. As a result Jection becomes progressively

harder as more numerous and more intense e’ bunches N TYRICAL % 7]
are utilized. We have taken two sTens t“ increase the N OPERATION

{mm)
.

(but not the e’ beam) is subjected to
h rn directly after injecticn,
t*med SC as to recuce the injecticn amplitude and give
a correspondlqg excitation to the stored e~ beam in-
stead. This redistribution of the unavoidable evi
reduces the maximum oscillation amplitude to be carried
by any e, stored or injected. The magnetic pulser Is
lceated off-center at a pretzel maximum and can thus
influence tre e~ much more than the e¥,

il

PRETZEL AMPLITUDE
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(b) We add a component of vertical separatiorn in the

injection lattice, cbtained {(unavoidably!) from lack
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the —wo lnterau*lon regions. Those separators were > 4 6 8 10 2
forsed away from their ideal 180° points by physical

constraints when CESE was equipped with mini-beta in- CURRENT / BUNCH (mA)
sertions; now we capitalize on this result by arran-
ging the lattice so as to place peaks of vertical
beam separation near most of the bunch encounters in
the arcs. Though this separation is small (typically
+3 mm), it helps very noticeably with injection.

4: Minimum pretzel amplitude for 7x 7 bunches.
Minimum pretzel amplitude: Tc accommodate the large-
amplitude particles safely, the bunch separation at the
encounters becomes so large that the beam-optical inter-

In adéition, a thinner injection septum has teen action at the cores of the bunches is quite small. The
built, which should further reduce the injection amp- beam-beam dipole force produces orbit ripples of no
litude. This septum will be installed scon. mere than about C.5 mm. The quadrupole term, with 7x 7

bunches of 10 mA each, gives a tune shift Asz1+XlO—J,
with AQ, even smal’er [1]. This tune shift is corrected

th AQ, even smaller [1]. This tune shift is
for: . ., . . .
5. Performance when the operator optimizes conditicns for luminosity.

The orbit and lattice-ontical aberrations produced We have no hard-and-fast da*ta on the distarce of
by the pretzels can be brought under control, and we minimum apprcach actually permissible between a particle
believe that we have gone & long way toward elimira- in the fail of one bunch and the center of
ting problems specifically assocliated with such errors. bunch. That depends on circumstances,
Instead, multibunch perfcrmance is limited by some the mackine is tuned critically to cope beam-
more directly inherent features. beam effect at the interaction points. However, there

is a fairly defirite minimum pretzel amplitude below

Horizontal-aperture requirements: We observe that which lifetime suffers (Fig.L). The pretzel amplitude

s - . - x: " s ALINY

e Y non-—, s s T . R . . s
bga?s in collision cexe}?p rov ggys.lan ﬁ?llf }“ for best luminosity is somewhat larger than this minimum.
their norizontal, as well as in their vertical, den-

sity profiles. The well known vertical blowup is Colliding-beam performance: Achieving maximum lumi-
what normally limits the beam currents and lowers rosity is something of an art, ir most e¥-e” colliders,
the specific luminosity. The horizontal blowup is and CESR is no exception. This makes rigorous cempari-
less dramatic, especially when expressed in terms of son of performance under various conditions difficult;
tae ruch larger horizcental beam emittance; yet it normglly there is not time to optimize the situation
proves to be a painful surtax on our already over— in all cases, and the condition most recently honed to
strained sperture. In the renge from 3 - 16 mA, the fiye.perfpction has an unfalr advantage. However, our
tails grow by 1 - 2.50, (Fig.3). To provide clearance initial experiments with turning on the pretzels indi
from the walls as well as between the tals of either cated a considerable luminosity degradazion, leading
beam and the center of the other, this adds 3 - T.50, us, 1in ﬁ¥]a to rema?k ?ha} "Ye find gurselYes Vith &
to the required aperture, which translates into § - new machine on our hands.” Progre551ve ?eauct;gn of

23 mm at points of maximum Oy the Yarlous secondary effects discussed in Secticns 3

and 4 has gradually improved the situaticn.

At present, turning on the pretzels terds to de-

P —TTT T T T 17T T 1 1 [T 1 grade the luminosity by no more than 10 - 15%, a level
- beyond which further progress becomes very tedious.
ﬁ | + 1 BUNCH f// Figure 5 illustrates this performance. The machine-
x B8F P studies data were taken with 1, 3, and 7 bunches per
S ////p// ¢ beam under otherwise similar conditiorns; the 1x 1 phy-
— [ sics run has no pretzels, of course. On the whole,
& g7 - . * 4/"/1 n lumincsity per bunch is roughly independent of the
35 /{ . 4 &Ly P
=% —t numoer cf bunckes. Hcwever, the total luminosity
E o . achievable is limited ir ancther way: the maximum
A=6F -1 " ) A N 2 -
& s5° bunch currents that can be used become progressively
&‘V b smaller. The lifetime under collision decreases much
J =L SINGLE BEAM n faster with current in the multitunch situation (Fig.
g 1 A 6). This decrease is not irconsistent with cur known
T’ ]’ aperture budget, Iincluding the nongaussian tails
0 S S NS N NN NV RN VOO RS NN S N NV S N , i .
VO 5 0 5 Another, presently much more painful limitation

arises from the side effects c¢f the large total beam

current. TFor a period of several weeks, CESR was ope-

rated regularly with 7x 7 bunches, reaching total

Fig.3: Horizontal aperturs requived for one-hour beam currerts of 160 mA. The gﬁneral vacuum accommo-
2t erap ement )

x>

ment /. dated to this load relatively easily. The rf cavity

4 !
V ¥y easliy. 1ne CaviITY,

Lejo



°n the other hard, showed dangerous heating of the
ceramic input window, caused by “he larger rf power
requirerment and by the higher-order mcde losses induced
by the beam. Ultimately, window cracking forced a re-
treat to 3 x3 buanches. Work on an improved cavity
window Zg under way.

buminosity summary: The luminosities achkieved during
regular rurring, at each of the two interaction poirts,
are as follows:

Integrated
Peak

—_— (one day)
1xl: 1.6x103) cm?2s-! 600 nb~!
3x3: 2.6x1031 op~2g~1 920 nb-!
Tx7:  3.7x103% em=25-! 14co np-!

The 3 x 3 performance, limited by lifetime degradation,
probably represents the present machine's capabilities.
The 7x 7 luminosity was restricted by the rf cavity's
tetal-current limit; there is good expectation that thre
peak luminosity may rise to around 4.5x 1031 em—2s-1,
once this restricticn has been overcome.

Outlook: Reycnd general improvements being planned
(micro-beta interaction regions, injection directly

intc the luminosity Zattice), specific ideas concerning
the multibunch limitations are scarce. Horizontal aper-
ture shortage appears to be the major problem. Short

of reconstructing CESR entirely, this problem could be
alleviated only if the horizontal beam size under col-
liding-beam conditicns could be raduced.
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Fig.&: Lumincsity per bunch, wunder similar condi-
ttons, for 1, &, and 7 bunches per beam. For com-
paritsen, a 1x1 lumincsity run (no pretzels).
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Fig.8: Lifetime degradation as function of current.

6. Miscellaneous Problems

Multibunch instabilities: Such instabilities are cb-
served, mainly for horizontal betatron oscillaticns,
and have been studied exiensively [£]. TFortunately
they have presented nc serious operaticnal problems,
since they do no% occur after the beams are in colli-
sion and since up to that point they can be controlled
by the use of positive chromaticity and narrowband
transverse feedback.

Ion trapping: The separated e~ team can trep ions.
This leads to reduced lifetime as well as to conside-
razble modificaticn of the beam's dynamic properties.
Very occasionally, a CESR run does in fact revert sud-
derly into a short-lifetime condition, from which it
can only rarely be rescued. (Single e~ beams display
ion trapping more regularly, but they can often be
"shocked" vack by some sudden, violent perturbation.
Colliding beams are not so robust.) We have so far not
studied the ion-trapping prcblem extensively.
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