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1 Introduction

The control of the transverse impact parameter at which counter-rotating bunches
pass each other at the Interaction Points (IP) represents a powerful tool to optimise
the overall operational e�ciency of the accelerator. The problem is of particular im-
portance in asymmetric colliders where the beams mostly circulate in separate rings
and experience di�erent magnetic histories. Signi�cant collision o�sets can arise and
seriously a�ect the performance if not properly monitored and corrected. Besides op-
tical machine imperfections, speci�c modes of operation like bunch-train operation in
LEP can generate non-zero collision o�sets. Opposite-sign residual vertical dispersion
from electrostatic separation schemes and closed orbit perturbations from long range
beam-beam e�ects can combine to generate unwanted o�sets. The potential of closed
orbit distortions (COD ) associated to the beam-beam interaction as diagnostic tool in
circular colliders has been thoroughly investigated in[1][2][3].
Beam-beam deections (BBD ) induced on the trajectories of bunches colliding at an
o�set can be exploited to monitor and control the beam overlap. Adopted for the �rst
time at the SLAC SLC single-pass collider[4][5][6][7][8] the method relies on the recon-
struction of orbit angles at the collision point from beam excursion measurements at
nearby pick-up monitors.
BBD in storage rings have been experimentally observed at CESR[9] and KEK[10]. A
particularly useful application of the method has been developed at LEP[11][12] and
is currently adopted to optimise the beam overlap at the four interaction points.
An experiment associating the BBD technique to luminosity measurements is proposed
to study the behaviour of the Meller-Yokoya[13] relation between the coherent ��� tune
split and the incoherent beam-beam parameter under di�erent operational conditions.

2 Notations

In the following we indicate with (z = x , y) the transverse beam coordinates and with
�z� the impact parameter as the di�erence between the bunch centroid o�sets x�

�
and

y�
�
at the IP:

�z� � (�x� ; �y�) � (x�+ � x�
�
; y�+ � y�

�
) : (1)

The luminosity for Gaussian bunches colliding at negligible collision angles but with a
non vanishing impact parameter is reduced according to

L(�z�) = kB frev LX| {z }
L̂

� exp
�
�1

2

h��x�
�x

�2
+
��y�
�y

�2i�
(2)
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where the luminosity per interaction is

LX =
N+N�

2��x�y

=
N+N�

2� R�2
x

(3)

and the following notations are used:

�z =
q
��

2

z+ + ��
2

z� ; R =
�y

�x

=

s
r2+ + a r2�
1 + a

; r� =

�
��y

��x

�
�

; a =
��x�
��x+

: (4)

For equal bunch sizes Equ.(2) and (3) simplify as

L(~z) = L̂ � exp
�
� ~x2 + ~y2

4

�
; LX =

N+N�

4� r ��2x
=

N+N�

4�
�
"x
p
� ��x �

�
y

�
�

: (5)

The dimensionless quantities (~x ; ~y) are the components of the collision o�set ~z nor-
malised to the transverse rms dimensions ��x; �

�

y at each IP

~z � (~x ; ~y) =

�
�x�

��x
;
�y�

��y

�
=

�z�

��z
(6)

while the aspect ratio r and the coupling factor �� have the known expressions:

r =

�
��y

��x

�
=

s�
�
��y

��x

�
�

; �� =

�
"y

"x

�
�

: (7)

For interaction regions operated in at beams con�gurations (r� 1) small amplitude
vertical collision o�sets can produce a substantial luminosity reduction due to geomet-
rical (o�set) and optical (beam blow-up) e�ects. For negligible horizontal overlap and
blow-up Equ.(5) gives

�
�L

L̂

�
~x=0

'

8><
>:
�3% (~y = 1=3)

�6% (~y = 1=2)

�22% (~y = 1)

(8)

and a non-invasive control of the impact parameter largely contributes to the opera-
tional e�ciency.
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3 Collision optimisation with "Vernier" scans

Large amplitude scans of the impact parameter can be performed to optimise the lu-
minosity at a given IP when operating not too close to the beam-beam limit.
An example is shown in Fig.1 on the use of the "Vernier" scan technique[15] at LEP
to compensate collision o�sets generated by the vertical beam separation required to
avoid unwanted collisions outside the IP in bunch-train operation. The scan is per-
formed at IP2 during a three-bunch per train operation. The maxima of the luminosity
measured for each colliding family as a function of the electrostatic bump amplitude
de�ne the optimum separator setting at that point. Some coupling to the other interac-
tion points is clearly visible. Besides possible miscrossing from a non perfect closure of
the scanning bumps, vertical blow-up con�rmed by correlated beam sizes observations
mainly contributes to the luminosity loss. The vertical beam blow up inferred from
the behaviour of the luminosities at the non-scanned IPs is shown in the �fth picture.

4 Beam-beam deections

The motion of a test particle traversing a Gaussian charge distribution at an o�set
is expressed in closed form in[16] and revisited in [17][18]. The transverse motion of
the charge distribution centroids, addressed in[2][7][19][20][21] is generalised to non-
Gaussian distributions in[22].
In the Linear Rigid Gaussian Model (LRGM)[20] and for r � 1 the vertical deections
of the centroids of two Gaussian distributions interacting at a normalised o�set ~z (6)
are given by:

��y� = �̂�
�
� <
�
w
� ~x + i r ~y

d

�
� exp

h
�1

2
(~x2 � ~y2)

i
� w
�r ~x+ i ~y

d

��
(9)

where w is the complex error function

w(z) = e�z
2

�
1 +

2ip
�

Z
z

0

et
2

dt

�
= e�z

2�
1� erf(�i z)� : (10)

The parameter d =
p
2 (1� r2) accounts for the ellipticity of the electro-magnetic

�elds (it vanishes for round beams). The kick in the horizontal plane is given by the
Imaginary part of (9).
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Figure 1: "Vernier" scans performed at the LEP interaction point IP2 to determine the

separator setting for optimum overlap in the three-families per train operation mode.

The 0:9�m vernier setting is determined from a �t to the luminosity measured for

each family. The vertical beam blow up inferred from the luminosity loss at the three

non-scanned IPs is shown in the �fth picture.

In the general case of unequal bunch energies and intensities the maximum centroid

deections �̂�
�
depend on the energy � of the deected bunch and the population N�

of the deecting bunch:

j �̂�
�
j = re

p
2�p

�2
x � �2

y

�
N�

�

�
' re

p
2�

�x

�
N�

�

�
(11)

where re � e2=mec
2 = 2:817 941� 10�15m is the classical electron radius.

The approximation, valid for at beams (r � 1), allows for the determination of the
convoluted horizontal beam sizes �x at the interaction from a measurement of the
maxima (11) at large bunch separations (~x; ~y � 2:5).
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Another interesting application is provided by the slopes of Equ.(9) for impact pa-
rameters comparable with the transverse rms beam sizes (~x; ~y � 1)

Sbbd
z� �

�
@ ��z�
@ �z�

�
= � 4�

�
�z

��z

�
�

(12)

directly proportional to the ratio between the coherent beam-beam parameter

�z� =
re

2�

��z�
�z(�x + �y)

�
N�

�

�
(13)

and the �-functions at the interaction.
A nice example of simultaneous measurement of the deection slopes experienced by
two colliding beams at the SLC is given in[8].

4.1 BBD in the vertical plane

As the coherent beam-beam parameter for equal bunch sizes in the LRGM as-

sumptions is half the incoherent one

�z� =
�z�

2
=

re

4�

��z�
��z (�

�
x + ��y)

�
N�

�

�
(14)

the BBD slopes (12) speci�ed in the vertical plane read:

Sbbd
y� = � 2�

�
�y

��y

�
�

= � re

1 + r

�
N�

�

�
1�

"x
p
� ��x�

�
y

�
�

: (15)

In principle di�erent for the two colliding bunches according to their populations and
energies, they provide a measurement of the emittances and coupling factors when as-
sociated to the maxima (11) once the �-values at the interaction are known.

More directly Equ.(15) provides an independent measurement of the luminosity

L =
kB frev (1 + r)

2 re
(N)

�

�
�y

��y

�
�

=
kB frev (1 + r)

4� re
(N)

�
jSbbd

y� j : (16)

without requiring the knowledge of the dynamic ��y at the interaction.
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4.2 BBD measurements at LEP

BBD in the vertical plane are routinely performed at the LEP collider to compensate
residual collision o�sets from electrostatic separation required to avoid parasitic colli-
sions outside the IPs in the 8-on-8 bunch operation at the Z0 resonance[12].
Beam-beam deections are inferred from measurements of the beam excursions at suit-
able monitors either side of the IP while varying the impact parameter with vertical
electrostatic closed bumps. Evaluating the di�erence between the opposite sign de-
ections to enhance the signal provides the double slope

Sbbd
y = Sbbd

y+ � Sbbd
y� = � 4�

�
�y+

��y+
+
�y�

��y�

�
' � 4�

h�yi
��y

(17)

where

h�yi = �y+ + �y�

2
' �y+ + �y� : (18)

This notation, equivalent to those in[2][7][9], holds for symmetric rings with equal
���values and when the beams experience similar tune shifts. For asymmetric rings the
beam-beam parameter should be measured for each beam from Equ.(12). At LEP, the
luminosity, tune shifts and rms beam sizes are extracted from a �t to the complete scan
data. BBD measurements at two IPs are shown in Fig.2 as a function of the amplitude
of the centroids separation. In particular the luminosity values agree with a numerical
estimate using the general expression (16) with the double slope (17). Considering the
di�erent scales the slope at IP6 is about twice that at IP2 in agreement with the bunch
intensities. This reects into the average tune shift and luminosity values associated
to the measurements.

5 Coherent tune split

Originally investigated at SLAC[23] the beam-beam coupling is at the basis of the
performance of any storage ring. Normal modes of coherent oscillations are generated
at each bunch collision (�-modes) in addition to the fundamental �-mode de�ned by
the focusing sequence of the ring magnetic structure. In the unperturbed �-mode
the bunches oscillate in phase at each IP while the �-modes exhibit relative bunch
motion. The associated eigenfrequencies spread over a wide range depending on various
parameters like the number Ni of interactions per revolution, the shape of transverse
distributions, the amplitude of the impact parameter and the bunch populations.
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Figure 2: Example of BBD scan in the vertical plane at LEP in two di�erent �lls.

The slope of the measurement with higher intensities (IP6) is about twice the other one

(IP2). The luminosity, tune shifts and rms beam sizes are extracted from a �t to the

complete scan data. The deections �bb are the algebraic sums of each beam deection

and the �tted luminosity values agree with the use of Equ.(16) with the double slope

(17). The zero-crossing of the �t determines the separator settings �yopt for optimum

head-on collision.

In the simpli�ed case of only one bunch per beam and one interaction per revolution,
the relation between tune split and beam-beam parameter reads

cos 2�(Q�

z +�Q��

z ) � cos 2�Q�

z = cos 2�Q�

z � 4� �z sin 2�Q�

z (19)

and for �z � 1 the tune split is

�Q��

z � q�z � q�z ' 2�z : (20)

For non-rigid equal bunch sizes Equ.(14) modi�es into

�z = �z(Ni; N�)
�z

2
(21)

where the factor

�z(Ni; N�) =
�Q��

z

�z
(22)
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accounts for deviations of the beam transverse dimensions at the interaction from the
LRG model. It makes the visible tune di�erence �Q��

z larger than the LRGM beam-
beam parameter �z [13][14][24][25]. Its theoretical value is in the range between �z = 2
(Piwinski[26]) and �z = 1 (Hirata[19], Hofmann-Myers[27]) depending on the model
assumed for the transverse distributions of the interacting bunches.
When the beams are separated at the IP the horizontal beam-beam parameter �x is
much less reduced than �y as the separation represents a small fraction of the horizontal
size. The correction factor (22) is then di�erent in the two planes, according to the
aspect ratio and the �-functions at the interaction, which are in turn modi�ed from
the nominal value according to the strength of the interaction itself. Furthermore,
the factor �z has been evaluated for head-on collisions but not for non-zero impact
parameters.

5.1 A possible experiment

The above considerations make an experimental investigation on the behaviour of the
�z parameter quite attractive and enlightening both for at and round beams.
Experimental approaches have been proposed for LEP[28] and adopted in other storage
rings[29]. We suggest a method to measure the Meller-Yokoya parameter (22) by
monitoring the ��� tune shift and independently derive the beam-beam parameters
from the BBD slope (17) and the luminosity (16). If care is taken to collide equal
bunch charges the average tune shift h�yi from a measurement of the luminosity is a
realistic representation of the single bunch tune shift.
The existing facilities for BBD and luminosity measurements, associated to the recently
commissioned ��� mode on-line detection[30], make this experiment feasible at LEP.
The factor (22) should be studied in di�erent operational conditions i.e. as a function
of the number of interactions, the bunch intensity and the impact parameter.

6 Collision feedback

The amplitude at position s of the COD generated by a localised kick ��z� associated
to a non-zero collision o�set �z� is, from (12)

z�(s) = � 2�

s
�z�(s)

��z�

cos (j��z�(s)j � �Qz�)

sin (�Qz�)
� �z� � �z� (23)

where ��z�(s) is the phase advances from the IP to the observation point.
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The residual centroid o�set at the IP in units of the impact parameter

~z� =
z�
�

�z�
= � 2� �z� cot (�Qz�) (24)

can be made very small by a proper choice of the working point (~z� � �0:07 for the
LEP 1998 optics). Recording the COD amplitude (23) at some selected BPMs provides
a signature of the orbit perturbation induced by unwanted collision o�sets. Exploiting
the symmetry of the BBD-driven COD w.r.t. the IP and the asymmetry w.r.t. the
charge, the sensitivity can be improved by monitoring the sum of the orbit di�erences
(23) at suitable position monitors BPM j right and left of each IP:

�zj =
��� (zjL+ � z

j

L�)
���+ ��� (zjR+ � z

j

R�)
��� : (25)

The BPM o�sets are eliminated when the excursions zjRL� are measured as orbit dif-
ferences w.r.t. an unperturbed one de�ned either by �z� = 0 in a dynamic collision
scan or by a non-colliding bunch.

7 Outlook

A review of methods suitable to a diagnostics program at the interaction regions of
circular symmetric and asymmetric colliders has been presented. Considerations on
experimental applications at the LEP collider have been extended aiming at possible
applications to asymmetric rings expected to be operational in the future.
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