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Abstract

The three-dimensional luminosity distribution at the in-
teraction point (IP) of the SLAC B-Factory is measured
continuously, using eTe™ — eTe™, uTu~ events recon-
structed online in the BABAR detector. The centroid of the
transverse luminosity profile provides a very precise and
reliable monitor of medium- and long-term orbit drifts at
the IP. The longitudinal centroid is sensitive to variations in
the relative RF phase of the colliding beams, both over time
and differentially along the bunch train. The measured hor-
izontal r.m.s. width of the distribution is consistent with a
sizeable dynamic-3 effect; it is also useful as a benchmark
of strong-strong beam-beam simulations. The longitudinal
luminosity distribution depends on the e* bunch lengths
and vertical IP g-functions, which can be different in the
high- and low-energy rings. Using independent estimates
of the 3 functions, we analyze the longitudinal shape of the
luminosity distribution in the presence of controlled vari-
ations in accelerating RF voltage and/or beam current, to
extract measurements of the e ™ and e~ bunch lengths.

INTRODUCTION

Measuring the beam parameters at the interaction point
(IP) of e™ — e~ colliders has historically been both essen-
tial and extremely challenging for accelerator builders. The
high luminosity of the PEP-11 B-factory [1], combined with
the performance of the BABAR multilayer, two-sided silicon
vertex tracker [2] and with advances in data acquisition and
on-line processing capability, now makes it possible to re-
construct in real time a sufficient number of physics event
vertices to characterize continuously the position and size
of the luminous region in all three dimensions. These pa-
rameters provide feedback to the accelerator on the time
scale of a few minutes, and are archived, together with
other machine parameters, for long-term monitoring and
offline characterization of the IP phase space.

LUMINOUS-REGION MONITORING

The elastic-scattering processes ete™ — eTe, utu~
are chosen for our purposes, because of their simple,
background-free topology and their low track multiplic-
ity (which translates into faster event processing). Event
data are collected on a farm of 32 Linux nodes. Based on
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the level-1 trigger flags, subsets of events are redirected to
eight monitoring CPUs that run the full BABAR tracking.
Charged-particle trajectories are reconstructed using hits
recorded in the BABAR Silicon Vertex Tracker (SVT) and
Drift Chamber. The resulting track list is fed to a selection
algorithm that retains the appropriate two-prong events.

The spatial coordinates of the retained event vertices are
continuously histogrammed. The mean and standard devi-
ation of these distributions, which reflect the centroid lo-
cation and the r.m.s. size of the luminous region, are reg-
ularly updated and, after correction for experimental reso-
lution, shipped to the accelerator control system [3]. The
typical refresh period is 10 minutes, which at a luminos-
ity of 9 x 1033cm =25~ corresponds to 6000 accumulated
events. The expected resolution on the luminous-centroid
position is about 1 pm, 0.5 pwm, and 0.1 mm in x, y and z
respectively, as confirmed by the sample-to-sample scatter
in the time history of the actual centroids (Fig. 1).
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Figure 1: Time history of the vertical IP position. Left:
vertical luminous centroid reported by BABAR. Right: y
position of the e* beam at the IP, measured by the BPM’s.
The sine-like behavior is caused by day-night temperature
variations.

The knowledge and long-term stability of the
interaction-region (IR) orbit is crucial to ensure the
reproducibility of the ring optics. The transverse IP
position, in particular, is typically monitored using
beam-position monitors (BPM’s) located one or more
quadrupoles away from the IP. Such a measurement
is compared to the online BABAR data in Fig. 1. The
IP-position variations reported by the BPMs is inconsistent
in amplitude, and a couple of hours off in phase, compared
to that reported by BABAR. This is attributed to the com-
bination of several factors: lattice-modeling errors (which
affect the transfer matrix from the BPMs to the IP); drifts
in the BPM electronics; and mechanical motion (thermal
expansion of mechanical supports, differential long-term
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ground motion), that distorts, in a time-dependent manner,
the relation between the beam position and angle at the IP
and that at the BPMs. In contrast, the BABAR IP position
directly measures the quantity of interest, on an absolute
scale set by the extremely precise and stable mechanical
structure of the SVT. It has proven a valuable tool to
diagnose large thermally-induced motion in the IR, or to
properly restore the horizontal IP position (to which the
e optics is rather sensitive) after long interruptions.

The longitudinal position z. of the collision point, which
ideally should coincide with that of the optical waists, is
not directly measurable by accelerator techniques: only its
relative variation averaged over the bunch train can be in-
ferred from empirical, luminosity-driven adjustments of the
RF-phase difference between the two rings. The SVT res-
olution is sufficient to routinely detect sub-mm changes in
< Zc >train- The technique can be refined to measure
the variation of z. along the bunch train (Fig. 2), revealing
systematic variations in longitudinal centroid location that
depend on the bunch pattern and total beam current. The z .
spread with respect to the waist position is sometimes large
enough to induce a noticeable luminosity loss and enhance
the sensitivity to beam-beam effects.
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Figure 2: z.-variation along the bunch train. The sharp
transition at the beginning of the train reflects the RF-phase
jumps caused by the 2% abort gap. The periodic structure
is caused by variations in relative RF phase associated with
the short gaps between the minitrains. The drift-chamber
time resolution is sufficient to resolve individual bunches.

Under the assumptions of Gaussian beams and negligi-
ble x-y coupling, the transverse luminous size a,,Lw is re-
lated to that of the e* beams by (02 ,)~2 = (0,) 2 +
(0;.,)"%. Machine parameters typical of 2004 running
are listed in Table 1. Because the actual vertical lumi-
nous size is much smaller than the vertexing resolution
(0res = 40um), the apparent vertical luminous size di-
rectly measures that resolution, and must be taken into ac-
count when reporting the horizontal size [4].

An early application of luminous-size monitoring is pre-
sented in Ref. [5]: when the horizontal tunes were brought
close to vF = 0.5 in 2003, the combination of an actual re-

duction in 8%~, and of the dynamic-/ effect in both rings,
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Table 1: Single-beam IP parameters and luminous sizes.

Parameter | LER (e™) HER (e7)
B /ﬁ; (cm) 51/1.21 25/1.25
exle, (M) | 22/23 49/1.4
ooy (pm) | 106/5.3 111/4.2

77 1 3.3 (low current, predicted)
60 / 4.7 (high current, predicted)
67-69 (high current, measured)

ol /qL ()
ok oy (um)

ok (um)

caused o= to shrink from about 90 to 67 pm. More re-
cently, strong-strong beam-beam simulations [6] using the
above-listed input parameters, predict a 25% reduction in
horizontal luminous size associated with the dynamic-3 ef-
fect. The data lie half-way between the low-current limit
(based on estimated emittances and phase-advance mea-
surements of 3 functions) and the high-current prediction
(Table 1). Some of the simulation input parameters, how-
ever, are poorly known, making a quantitative comparison
rather delicate. A direct measurement of the bunch-current
dependence of o is impractical, because it would require
extensive running at very low luminosity.

BUNCH LENGTH MEASUREMENTS

The sensitivity of the luminous length to moderate
changes in longitudinal parameters is illustrated in Fig. 3
(left). This suggests to measure the individual et and e~
bunch lengths by analyzing the longitudinal shape of the lu-
minosity distribution in the presence of known variations in
RF voltage(s) and/or beam current(s), one beam at a time.
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Figure 3: Left: history of the rm.s. luminous length o -,
before and after the LER RF voltage V4, was increased
(arrow). The HER RF voltage V. remained constant.
Right: e™-current dependence of the fitted value of X /2
(= oL) measured during a long coast-down. The line
shows the fitted current-dependence (see text). The HER
bunch length and the 3 functions are fixed in the fit.

The longitudinal luminosity distribution is given [7] by:

2N N_ —2(z — z.)?
+ exp( (’Z 2 )

L(z) =

)@

where N _ are the e* bunch populations, ¢+ the bunch
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lengths, X, = /o2, +02_, and (witht = 2, y)

_ 2
Sy = |0 <1+M> + 072 <1+ C

— )2
2 2
Bt [

Here o}, = +/€;;8;; (i = +,—) is the horizontal or ver-
tical size of beam i at the corresponding waist, z,; is the
longitudinal position of the waist, e}; and 3;; are , respec-
tively, the corresponding emittance and the g function at
the waist. The dominantly Gaussian shape of £(z) is mod-
ified, through its X, dependence, by an hourglass factor
function of 3, _ (the 3; dependence is negligible).

We first analyzed large samples (~ 0.5 — 2.5 x 10°) of
™ events recorded at two different settings of the LER
RF voltage, with V. fixed. The known Vxr-dependence
of the bunch length (c.[V5] = ﬂ%)az[vl]) provided
the necessary extra constraint. The event selection crite-
ria were tightened to minimize z-dependent acceptance,
resolution and background effects. The measured vertex
positions were corrected both for bucket-dependent offsets
(Fig. 2), and for slow drifts in the average longitudinal lu-
minous centroid. The results are summarized in Table 2. If
the 3 functions are fixed to values measured using the be-
tatron phase-advance method, the fitted e — bunch length is
consistent with the multibunch measurements of Ref. [8],
but the fitted e bunch length is subtantially shorter and the
fit 2 is very poor. If one allows 3, to float, the goodness
of fit improves substantially, the resulting value of 3 is
surprisingly large [9], but the bunch lengths decrease only
slightly. Extensive studies were carried out to try and iso-
late the source of the poor goodness of fit (at fixed 3;)
and of the apparent 3 bias (when fitted). The results are
highly insensitive to variations in the event selection cuts,
the portion of the bunch train included in the fit, or the as-
sumed values of ring parameters such as waist positions,
emittances and 3;, _. The fitting procedure was validated
on a parameterized simulation of ™~ events. To inves-
tigate the potential impact of beam—beam- induced distor-
tions of the luminous region, the fit was also applied to
luminosity distributions produced by the beam-beam sim-
ulations of Ref. [6], both at nominal and at very low bunch
currents (where distortions should be negligible). At all
currents, the fitted bunch length at fixed 3 was consistent
with the input value, and a similar upward “bias” was ob-
served when floating the g-function. At this stage there-
fore, the origin of these systematic effects is unknown, but
their impact on the bunch length measurement remains un-
der 1 mm.

In a second experiment, we took advantage of a long
coast-down during which the e+ (e ™) current decayed from
2.4 (1.5) A to 0.65 (1.0) A. The luminous length exhibits
a clear beam-current dependence (Fig. 3, right). As streak-
camera measurements [8] suggest a strong (weak) depen-
dence of the et (e™) bunch length on the correspond-
ing total current, the data was fitted under the assumption
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Table 2: Bunch length measurement varying VgF.
The results are quoted at nominal currents (I /1~ =
1.4/0.9 mA/bunch), and at V. (V) = 3.8 (16) MV. The
errors are statistical only. The total systematic uncertainty
on o, is 1.1 mm. The last row shows the spectral mea-
surements first, those using the streak camera second.

Par ameter LER (et) HER(e7)
,, (mm, from phase advance) 10.6 10.3
o (mm, fitted) 11.54+0.4 12.0+0.4
x?/D.O.F. 30
Byv =By (mm, fitted) 16.1+0.2
o (mm, fitted) 11.1+1.1 111411
x?/D.O.F. 35
o (mm, from [8]) 13.2-155 11.6-11.1

that the o varied linearly with current, and that o] re-
mained fixed to the value determined in the first experi-
ment. The fit yields ¢ = 11.2 + 0.9 mm at full cur-
rent (I,7 = 1.5 mA/bunch), and dof /dI,; = 0.84 +
0.37 mm/(mA/bunch).

CONCLUSION

Online monitoring of the luminosity distribution using
the BABAR detector has been providing routine diagnostics
of transverse and longitudinal phase space parameters at
the PEP-II IP. Offline analysis of "~ events allows di-
rect, non-invasive measurements of bunch lengths, and pos-
sibly of IP 3 functions, under nominal running conditions.
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