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ABSTRACT

We re\i.ew existing methods to bring beams in collision in circular machines, and examine collision alignment
strategies proposed for e+e~ fl-factories. The two-ring feature of such machines, while imposing more
stringent demands on beam control, also opens up new diagnostic possibilities.

l. INTRODUCTION: WHY SHOULD THEY
COLLIDE ANYWAY?

Even in single-ring colliders such as LEP, where
rounter-rotating electrons and positrons in principle
follow identical orbits, perfectly head-on collisions
do not always occur "naturally" Machine imper-
fections such as partially closed separator bumps,
interaction point (IP) dispersion, or energy differ-
ences between the two beams, sometimes result in
beam-beam misalignment and luminosity losses. In
two-ring colliders such as the planned e+e" B fac-
tories, however, the release of the "CPT orbit con-
straint" enables numerous beam separation mecha-
nisms

• relative misalignment of the low-energy (LER)
and high-energy (HER) rings, either quasi-
stalic (ground motion, alignment errors), or dy-
namic (temperature drifts);

• different orbits in the LER and HER, arising
e g from time-dependent beam position mon-
itor (BPM) calibration offsets, or from imper-
fect orbit correction;

• orbital or optical (dispersion, longitudinal waist
position) drifts in either ring;

• relative RF phase error between LER and HER,
etc.

Imperfectly aligned collisions obviously result in a
luminosity loss because of the reduced geometrical
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overlap. But the luminosity may degrade further
(for a given separation) if the beam-beam interac-
tion induces significant beam blowup - or even beam
loss - for separations comparable to the beam size,
as was observed at SPEAR, CESR and LEP

In this paper, we first review existing experience
on bringing beams in collision in electron colliders
(Sec 2). We then survey possible beam finding
techniques for B factories (Sec. 3), that rely on
either the luminosity, the quadrupole beam-beam
interaction, or the dipole component of the beam-
beam force. Collision feedback strategies are con-
sidered in Sec. 4. In conclusion, we broaden the
scope of the discussion to both optical and orbital
diagnostics at the IP (Sec, 5)

2. EXPERIENCE WITH
INTO COLLISION

BRINGING BEAMS

Establishing collisions in single-ring machines has
proven straightforward, as the beams tend to follow
almost identical orbits, and only a minor amount of
fine optimization is needed. In LEP [1], for instance,
the preferred method is that of a "luminosity scan",
where one beam is swept vertically across the other
using electrostatic separators, and the small-angle
Bhabha luminosity is maximized as a function of
the separator setting The 'tune coupling" method
(see Sec. 3.4.1) was also successfully tried, but is
not used routinely for reasons of operational conve-
nience.

In contrast, in the case of SLC, where the e+ and
e~ beams remain totally independent, it is necessary
not only to actively bring the beams into head-on



collision, but to constantly maintain them in align-
ment. At commissioning time, when the currents
are weak and the luminosity low, the only usable
technique is that of the wire scanner [2] Here the
iransvprse profile of each beam in turn is measured
by sweeping that beam across a thin carbon fiber lo-
cated at (or very near) the IP, and recording a sec-
ondary emission or bremsstrahlung signal propor-
tional to the number of electrons hitting the wire.
The two beams are then displaced with respect to
each other until these profiles overlap, the accuracy
of the technique is excellent as long as the wire ra-
dius is no larger than the r.m.s. beam size. Once
the beam currents and IP spot sizes come within a
factor of 4 of design values, one resorts to the much
more powerful and non-invasive technique of beam-
beam deflections [3]. Here, as the beams collide with
non-zero impact parameter, the dipole component
of the beam-beam force induces an angular kick of
one beam by the other, which is delected by BPMs
located at well chosen phases relative to the IP. This
method lends itself to pulse-by-pulse feedback and
has been in routine use at the SLC to correct for
both slow drifts and fast jitter in the relative posi-
tion of the colliding e+ and e~ beams [4].

Most relevant is the recent two-ring experience
at HERA [5]. Here again a luminosity scan (max-
imizing the rate for the e p — e' p' 7 process) of
the p beam cross the e~ beam has been the pri-
mary tool. But this method is sensitive to beam-
gas background and to the incident e~ angle. An
alternative approach is that of the "tune coupling
scan", pioneered by Piwinski at Dons. Here one ex-
cites the electron beam horizontally at its betatron
frequency The e~ beam therefore appears as an off-
axis "quadrupole" to the proton beam; the ampli-
tude of the kick imparted to the protons is propor-
tional to the horizontal derivative of the beam-beam
force. A Schottky monitor, phase-synchronous with
the e~ kicker, measures the proton oscillation ampli-
tude as a function of the (magnetically controlled)
vertical or horizontal separation between the two
beams. The maximum amplitude corresponds to
the optimum beam-beam alignment. This method
offers the advantage that it is fast and precise, re-
mains sensitive even for large initial beam separa-
tions, and provides a measurement with very differ-
ent systematics from those of the luminosity moni-
tor Unfortunately, the detected signal reflects the
vector sum of kicks over all collision points, and is
inversely proportional to the difference between the
tunes of the two beams, which is not always a free

parameter

3. BEAM-FINDING STRATEGIES FOR B
FACTORIES

Because of their two-ring structure, asymmetric B
factories share, in a sense, some of the basic features
of both circular and linear colliders. Single-beam
dynamics follow the same rules as in conventional
storage rings. But because the two beams do not
share the same beam line, central collisions are not
guaranteed and must be actively maintained. This
independence of the beams (except for the beam-
beam interaction) allows one to envisage diagnostics
that would be difficult to implement in a single-ring
e+ - e~ collider, but have proved very useful at the
SLC. In this section, we examine beam alignment
techniques currently under consideration for future
machines like CESR-B or PEP-II. While some of
these methods are well established (Sec. 3.1 to 3 3),
others are more speculative (Sec. 3.4), and in par-
ticular depend critically on how the beam-beam in-
teraction affects off-axis collisions

3.1 Matching reference orbits

While bringing both beams on their reference or-
bits is essential, for instance, to control vertical
emittance and dispersion, and to minimize detector
backgrounds, experience at both SLC and HERA
suggests it is totally insufficient for establishing col-
lisions. This is due to inadequate resolution and
to time-dependent electronic or mechanical offsets
affecting the BPM readings [6]. Part of these prob-
lems can, however, be circumvented by measuring
directly the e+ and e~ orbit difference as was pro-
posed for CESR [7].

3.2 Luminosity scan

A x-y raster scan of the relative position of the
two beams, using the luminosity as a criterion, prob-
ably remains the best empirical way to "hunt" for
collisions. At the B factory, a radiative Bhabha
luminosity monitor [8], located downstream of the
separation point of the two beams and detecting
the high-energy photons, should provide an abun-
dant signal, even at low luminosity, that allow such
scans to be completed on the time scales of tens of
seconds or faster. If however synchrotron radiation
backgrounds render such a monitor inoperable, the
non-radiative Bhabha rate within a realistic angular
acceptance is probably too low for such a hunting
procedure to be efficient in routine operation.



3.3 Synchrotron light monitor

Another empirical method, successfully employed
at PEP, exploits the beam-beam induced blowup
of the beam size visualized on a synchrotron light
monitor. While this technique might be useful to
bring the beams within the sensitivity range of other
methods, its accuracy is limited by the resolution
and linearity of the light monitor, and, more fun-
damentally, by the physics of the beam-beam in-
teraction: maximum blowup does not necessarily
correspond to optimum overlap (Sec. 3.4.2)

3.4 Beam-beam scans

3.4.1 Beam "shaking"

When one of the beams is excited by small am-
plitude kicks away from its equilibrium orbit, the
coupled oscillator motvon of colliding bunches pro-
vides two distinct signatures that can be applied to
relative beam-beam alignment.

• Tune coupling, already discussed in Sec. 2, is
sensitive to the quadrupole component of the
beam-beam interaction. It provides a signal
whose amplitude is maximum for centered col-
lisions. Its long range sensitivity favors its use
for initial beam-finding, as advocated e.g. for
CESR-B [7].

• Tune modulation manifests itself when analyz-
ing the transverse motion of one of the beams in
the frequency domain. Only the fundamental
frequency appears when the beam separation
is large compared to the beam size (Fig. Ia).
For smaller inter-beam separation, that single
line splits into a- and ir-modes (Fig. Ib). The
coupling between the two beams, and hence the
a — IT tune split, is maximum for head-on col-
lisions. One should emphasize that only the
dipole mode was analyzed in this PEP-Il sim-
ulation [9], that assumes two rigid, Gaussian
beams colliding in the impulse approximation.
A real spectrum would display a more complex
structure because of higher-order effects.

3.4.2 Seam deflection scans

A different, and novel, approach exploits the
beam-beam deflection, induced by one beam on the
other via the dipole mode of the beam-beam inter-
action At the SLC, this deflection is used not only
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Figure 1. Calculated frequency spectrum of the verti-
cal motson of the electron 6unch ctntroid, for small-
amplitude oscillations around the equilibrium closed
orbit. In (a), the beams are separated vertically at
the IP by 50 fim (about 7 cry), while in (b) they col-
lide head-on.
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Figure 2 Elevation sketch of the closed verti-
cal orbit bump at the IP The nominal closed cr-
bits (CO) are indicated by horizontal dotted lines
(shown slightly displaced for the sake of clarity).
The two bunches are shown on their actual orbits,
displaced by Y+ and Y- from their bumped orbits.
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Figure 4. Beam blowup relative to the unperturbed
beam size, as a function of the vertical IP beam
separation. To set the scale, the nominal horizon-
tal and vertical IP spot sizes are <rr = 186 fim,
ay = 7.4 fim.

for beam alignment, but constitutes the backbone
of a complete optical tuning procedure by which
the beam matrix at the IP can be experimentally
iliagonalized, and the luminosity optimized.

In order to transplant this method to the B fac-
tory, assume that there exists a closed orbit bump
that splits the closed orbits vertically by a distance
d in the immediate neighborhood of the IP (Fig. 2).
Such a bump can be implemented with appropri-
ate magnets or electrostatic separators. We assume
that this bump is nominally closed, i.e. that in the
absence of the beam-beam force the orbits coincide
exactly with the nominal orbits in the region out-
side the bump. Because of the beam-beam inter-
action, however, there exists a residual closed orbit
distortion everywhere in the ring. If one assumes
rigid Gaussian beams acting on each other as thin
lenses, one can calculate analytically [9] this closed
orbit distortion, and in particular the deflection an-
gle experienced by, say, the e+ beam at the IP, as a
function of the amplitude d of the bump. The result
is illustrated in Fig 3, where the parallel between
the deflection and tune splitting methods becomes
apparent the former measures directly the coherent
•lipole beam-beam kick, while the Utter is related to
its derivative

In practice, applying such a technique in a cir-
cular collider raises fundamental questions. How
do beam-beam effects modify the naive rigid beam
model above? Can beam blowup, in the case of off-
axis collisions, sufficiently distort the beam shape
or shorten the beam lifetime to render the approach
impractical? Is the beam deflection of sufficient
magnitude to be reliably measured? Will the beams
even survive significantly misaligned collisions 7 Ex-
perience on this topic ranges from total beam loss
for ss 1 a separation (SPEAR), to occasional blowup
when electrostatic separators turn off too slowly
(CESR, LEP).

A first analysis has been carried out for the PEP-
II case [9]. Two different strong-strong multiparticle
tracking simulations, which still assume Gaussian
particle densities but include thick lens effects for
finite bunch length, synchrotron motion, radiation,
and quantum excitation, suggest that the vertical
e+ spot size blows up by a factor of 1.5 to 2 when
the beams are separated by about 1 to 3 times the
vertical RMS beam size (Fig. 4). The vertical e"
spot size increases by only 15% to 20%, because of
the higher beam energy, and the horizontal beam
sizes remain unaffected by vertical separation. The
closed orbit distortion, in turn, is well described by
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Figure 3: Beam-beam interaction signatures for off-center collisions at the PEP-II IP, as a function of the
IP bump amplitude, (a) and (b) display the horizontal (solid) and vertical (dot-dashed) angular deflections
of the e+ beam at the IP when the beams are scanned (a) verttcally or (b) horizontally across each other,
(c) and (d) show the position of the a and ir peats in (Ae frequency spectrum of the (c) vertical and (d)
horizontal motion of the e~ beam centroid. The horizontal bump amplitude is set to 0 for a vertical scan,
and vice-versa.
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Figure 5 Dependence of the electron and positron
•mgular deflections on vertical beam separation. The
three sets of curves correspond to the full simula-
tion (solid), the one-turn map analytical result using
nominal beam sizes (dotted), and the analytical re-
sult but using blown-up beam sues as obtained from
the full simulation (dashed).

an analytical one-turn map approach, provided one
takes into account the beam blowup predicted by
the simulations. Finally, the magnitude of the beam
centroid deflections, and their dependence on the
beam separation, differ by at most 10% when com-
paring the naive, rigid bunch analytical calculation
to the full simulation (Fig. 5)

Under nominal operating conditions, the beam-
beam-induced angular deflection represents a size-
able fraction (s; 30%) of the IP angular divergence.
The orbit distortion should therefore become mea-
surable at points away from the IP, where favorable
phase relationships and large enough /3-functions
provide the necessary amplification [10]. A pro-
posal [11] has been put forth to test these ideas
at TRISTAN, where simulations predict that the
beam blowup effects should remain at the as 10%
level, and that the relative vertical position of the
beam centroids can be measured with an accuracy of
about 1 /jm If the technique sketched above with-
stands experimental validation, this kind of preci-
sion makes the beam-beam deflection method quite
promising in its application not only to collision
alignment, but also to spot sue determination.
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Figure 6. Measured time history of the vertical e
beam position at LEP IP4 over the course of a typi-
cal physics data-taking fill. For comparison, the ver-
tical beam sue is <ry = 12/im. The abrupt changes in
beam position correspond to the operators correcting
the orbit around the machine to improve experimen-
tal background conditions.

4. MAINTAINING OPTIMUM BEAM-BEAM
CENTERING

One of the important differences between single-
and two-ring colliders lies in their sensitivity to
drifts in beam position. Fig. 6 displays the evo-
lution of the vertical electron position at one of the
LEP collision points. While in this case the e+ and
e~ remain aligned in spite of large common excur-
sions, drifts of this magnitude by either beam in the
B-factory would seriously penalize the integrated lu-
minosity, and dictate the use of a transverse collision
feedback system. Several signal variables suggest
themselves.

• The luminosity constitutes in principle the ul-
timate criterion. However, while plenty of
rate should be available [8], in practice on-line
Bhabha monitors notoriously suffer from back-
ground problems and other systematics [5] In
addition, the luminosity varies relatively slowly
with beam separation when the beams are only
slightly off-center. More importantly, a single



measurement provides no indication of the sign
of the desired orbit correction, so that a lu-
minosity scan (Fig. 7a) is necessary. Finally,
many effects besides transverse misalignments
can conspire to a reduction of the instanta-
neous luminosity: RF phase shits or longitu-
dinal waist motion result in the two beams col-
liding away from their respective focal points;
dispersion or x-y coupling increase the effec-
tive beam size, etc. While the luminosity con-
stitutes the main criterion of optimal machine
performance, it is unable to provide an unam-
biguous diagnostic of the source of a degrada-
tion

• 'Beam shaking" techniques suffer from largely
the same disadvantages as the luminosity . even
function of beam offset, necessity to scan, sensi-
tivity to a number of factors other than relative
beam alignment

• The beam-beam-induced deflection angle near
the head-on setting is linearly related, in mag-
nitude and sign, to the beam-beam alignment
offset, and its sensitivity peaks at the crossover
point (Fig. 7b). This signal is now routinely
used at SLC [4], but requires a periodic "cali-
bration" scan to update the zero-crossing point
and the slope of the deflection curve: the former
is sensitive to BPM offsets and to thermal ex-
pansion of magnet supports, the latter to beam
currents and beam sizes. Performing such a
scan over a wide enough range (typically ± 5
to ± 10 a) might in addition cause serious beam
lifetime and detector background problems.

• An elegant approach is that of the "missing
partner" technique proposed for CESR-B. Here
on measures the closed orbit difference between
a colliding bunch and a "partnerless" reference
bunch of the same polarity [7]. This method
provides, with a single measurement (as op-
posed to a scan), both the sign and (provided
beam currents and sizes are known) the mag-
nitude of the beam-beam centering error

Another set of issues arises from the coupling be-
tween the collision feedback discussed above, and
the transverse feedback system used in each ring
to damp transverse coupled-bunch oscillations [12].
Finally, the question of whether individual bunches
are likely to follow significantly different orbits re-
mains to be considered in the present context. Im-
plementation of the collision feedback may require

both the sensing device(s), and the fast steering
dipoles located on each side of the IP. and that keep
the beams in collision, to selectively analyze and act
on subsets of bunches in the train.

5. CONCLUSION

In summary, the two-ring structure of B Facto-
ries forces us to abandon several of the single-ring
collider "prejudices" Collisions are no longer guar-
anteed. Beam-beam alignment must be actively en-
forced, not only by transverse collision feedback as
discussed above, but also m longitudinal phase space
where RF phase slippage and waist motions will re-
quire diagnostics of their own. The decoupling of
the two beams, on the other hand, suggests new
diagnostic methods that call for deeper understand-
ing of beam-beam issues, both at the simulation and
the experimental levels. Such methods are success-
fully applied at the SLC IP where they provide, in
addition to beam centering, flexible tools to mea-
sure and correct waist drifts, IP dispersion, cross-
plane coupling, etc. Combining such tools, suit-
ably adapted, and tested at existing facilities, with
a high rate luminosity monitor, will provide more
redundant, complementary and non-invasive beam
diagnostics that help increase the running efficiency
and the integrated luminosity in e + - e" factories.
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Figure 7 Dependence of the luminosity (a), and
of the horizontal (solid) or vertical (dot-dashed)
positron deflection angle (b), on the vertical beam
reparation at the PEP-II IP.


