PHYSICAL REVIEW ACCELERATORS AND BEAMS 21, 102801 (2018)

Luminosity scans for beam diagnostics

M. Hostettler

Albert Einstein Center for Fundamental Physics, University of Bern, Switzerland
and CERN, CH-1211 Geneva 23, Switzerland

K. Fuchsberger, G. Papotti, and Y. Papaphilippou
CERN, CH-1211 Geneva 23, Switzerland

T. Pieloni
FParticle Accelerator Physics Laboratory, Institute of Physics, EPFL, Lausanne, Switzerland

® (Received 4 May 2018; published 12 October 2018)

A new type of fast luminosity separation scans (“emittance scans”’) was introduced at the CERN Large
Hadron Collider (LHC) in 2015. The scans were performed systematically in every fill with full-intensity
beams in physics production conditions at the interaction point (IP) of the compact muon solenoid (CMS)
experiment. They provide both transverse emittance and closed orbit measurements at a bunch-by-bunch
level. The precise measurement of beam-beam closed orbit differences allowed a direct, quantitative
observation of long-range beam-beam PACMAN effects, which agrees well with numerical simulations

from an improved version of the TRAIN code.
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I. INTRODUCTION

The transverse beam emittance, and hence the transverse
beam size, is a key parameter defining the luminosity in a
collider. For high-intensity beams at the highest energies, it
is a quantity challenging to measure with beam instru-
mentation devices in a non destructive way, as the physical
beam sizes are very small due to adiabatic shrinking, and
the stored beam energy prohibits the use of invasive devices
like wire scanners.

Complementary to beam instrumentation, the convoluted
beam width at an interaction point, where the two beams
collide, can be measured by separating the beams and
observing the change in luminosity. This technique was
pioneered by Simon van der Meer [1] at the CERN
Intersecting Storage Rings, and is commonly used for
calibrating the experiments’ luminosity monitors. However
these “Van der Meer scans” are done in dedicated machine
cycles with special conditions (isolated bunches, no cross-
ing angle) for maximum precision on the absolute lumi-
nosity calibration. Such dedicated calibration cycles are
typically done once or twice per year of running, and they
take several hours of machine time per experiment; for
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monitoring the beam conditions in regular operation, their
overhead is too large.

In the following, we present a new approach to luminosity
scans, called “emittance scans,” which can be performed in
regular physics production conditions within a few minutes.
Analysis of the bunch-by-bunch luminosity measurements
during these scans enables deriving transverse emittances
and closed orbit offsets at a bunch-by-bunch level.'

Emittance scans were first commissioned at the LHC in
2015 and have been done regularly ever since. As they
depend only on the linearity of the luminosity measurements
and the transfer function of the used steering magnets,
they are fully independent of any beam instrumentation
commonly used for transverse emittance measurements.
Therefore, the scans provide important complementary data,
at an accuracy compatible with LHC requirements (~10%
on bunch-by-bunch transverse emittance [2]). Accurate
and independent transverse emittance measurements were
crucial for following up on the efforts to maximize the
luminosity yield in the past years of LHC operation.
Examples include the quantification of the transverse emit-
tance optimizations in the LHC injector complex in 2015, or
the understanding of the observed asymmetry in delivered

1Though not the primary merit (and not further expanded
on in this article), a “Van der Meer scan” like analysis for the
absolute luminosity calibrations is also possible on emittance
scans, and is potentially useful for tracking the long-term stability
of the calibration from one dedicated calibration cycle to the
next one.
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luminosities between the two high-luminosity experiments
ATLAS and CMS in 2016.

In this article, we present the methodology and results
from Emittance Scans performed in 2015-2017 LHC
operation. In Sec. II, we give an overview of the operational
setup at the LHC and the resulting beam-beam effects. The
methodology and analysis of emittance scans is described
in Secs. [II-VI. Finally, we present the measured effective
emittances at the LHC in Sec. VII and compare them to
complementary measurements from beam instrumentation.
The measured closed orbit separations at the interaction
points are shown in Sec. VIII and compared to simulations;
there, we also discuss the recent improvements to the
TRAIN simulation code to accurately predict bunch-by-
bunch beam-beam effects at the LHC.

II. BUNCH-BY-BUNCH DIAGNOSTICS
AT THE LHC

A. Luminosity measurements

In the following, the main observable used for the
analysis of emittance scans is the bunch-by-bunch lumi-
nosity as measured by the LHC experiments. Due to
technical limitations, a bunch-by-bunch luminosity meas-
urement at a high rate (0.5 Hz) was only available from
the CMS experiment; therefore, the emittance scans were
performed at that experiment.

The absolute accuracy of the CMS online luminosity
measurements is typically 5-10%, with an linearity better
than 2.5% for the luminosity range of a typical emittance
scan after correction [3]. The online luminosity data used for
this study is provided courtesy of the CMS collaboration.

B. Sources of bunch-by-bunch differences

For physics production at the LHC, each of the two rings
is typically filled with more than 2000 bunches [2]. The
bunches are mostly spaced by 25 ns, but longer gaps
separate them in “trains” of, e.g., 96 or 144 bunches to
allow for injection and extraction kicker rise times both in
the injectors and the LHC. Certain effects and systems
affect the bunches differently depending on their position
in the train. For example, electron-cloud effects generally
degrade the beam parameters towards the end of the train.
Also, as explained in the following, the number of parasitic
long-range beam-beam encounters depends on the position
in the train. Hence, bunch-by-bunch beam diagnostics are
crucial to optimize the performance of the LHC.

C. Beam-beam effects

When the two beams share a common beam pipe around
the 4 LHC Interaction Points (IPs), parasitic collisions
outside of these points are avoided by crossing the beams
at an angle. The plane in which this crossing angle is applied
isreferred to as the “crossing plane” (vertical for ATLAS/IP1,

T T T T T T T T T
0.4
z 0.2
‘E
=
S 0
&)
02
M
-0.4
! ! ! ! ! ! ! ! !
-10 -8 -6 -4 -2 0 2 4 6 8 10
Distance [o]
FIG. 1. The beam-beam force for round beams. The amplitude

is in arbitrary units, the separation in units of the rms beam size.

horizontal for CMS/IP5), while the orthogonal plane is
referred to as the “‘separation plane.” Even though direct
parasitic collisions are avoided by the crossing angle, the
bunches still are affected by the fields of the other beam. The
functional shape of this beam-beam force is shown in Fig. 1.
Next to the IP, the long-range parasitic encounters typically
happen at separations of 8—10c.

At the LHC, there are a maximum number of 45 long-
range encounters over a length of ~168 m at either side of
an IP until the two beams are fully separated in individual
beam pipes again. In the first ~60 m around the IPs there
are 15 long-range encounters in the drift space and the inner
triplets, with a beam separation given by the crossing angle
of the closed orbit (vertical in ATLAS, horizontal in CMS).
Thereafter, the design orbits of the two beams are separated
horizontally by the separation and the recombination
dipoles over ~108 m by 19.4 cm [2].

Due to the gaps between the bunch trains in the LHC
filling schemes [4], bunches at the beginning and at the
end of each bunch train are missing some long-range
beam-beam encounters. This leads to a different net
kick on these bunches, and hence, to bunch-to-bunch
differences in orbit, tunes, and chromaticities. These so-
called “PACMAN” effects have been predicted first in
design studies of the SSC [5,6], and have since been
observed in the Tevatron [7] and in the LHC [4,8—-10].
Also, due to the asymmetric position of the ALICE and
LHCb experiments in the LHC, some bunches do not
collide at all in these IPs (“SuperPACMAN” bunches).

While not hindering LHC operation, these PACMAN
effects can affect the beam lifetime, and lead to bunch-to-
bunch differences in orbit, tune and chromaticity, which
cannot be mitigated by global correctors (which do not act
on individual bunches). The differences in orbit lead to
bunch-to-bunch differences in the separation of the two
beams at the IP, which can be measured through emittance
scans. Despite of the small impact on the overall luminosity
of these separations, they are a good benchmark for the
overall long-range beam-beam effects and PACMAN pat-
terns in the machine.
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III. EMITTANCE SCANS FOR
GAUSSIAN BUNCHES

For Gaussian beams, in the presence of a beam sepa-
rat;on, the luminosity of a colliding bunch pair is given
by” [11]

freleNZ
= v 1172 1
27%, %, S (m)

where N, are the bunch intensities, f., is the revolution
frequency, and X, X, are the convoluted beam sizes in the
x, y plane (including the effect of the crossing angle in the
crossing plane).

In the presence of a separation d, the separation factor S
is given by

S=exp (;_;) @)

where X is the convoluted beam size in the plane in which
the separation d is applied.

By scanning the separation d in each plane and fitting a
Gaussian of the form

_(du - duO)2

[’(du) = ‘Cpeak eXP( 732 ) for u = X,y (3)

to the measured luminosity, both the convoluted beam
sizes %, ,, and the initial (parasitic) separations d ,, can be
determined. An example luminosity measurement during
a scan with 7 separation steps is shown in Fig. 2, and
the resulting fit is given in Fig. 3. If a bunch-by-bunch
luminosity measurement is available, the fitting can be
done independently for each colliding bunch pair.

To derive the transverse emittances ¢, , from the con-
voluted beam sizes ¥, ,, it is assumed that the beam sizes of
Beam 1 and Beam 2 are equal.3 In this case, the transverse
beam size oy, in the separation plane is given by

Ty = V20 )

In the crossing plane, the longitudinal bunch profile is
projected onto the convoluted beam size X;,, through the
crossing angle. For a Gaussian longitudinal profile with
bunch length o, and half crossing angle a, the convoluted
beam size is given by

*This calculation neglects the “hourglass effect” [11], and is
thus only valid for short bunches (¢, < #*). For the LHC beam
parameters considered, this effect is at the level of 1%.

*The sizes of the two LHC beams are typically within 5-10%
considering independent measurements, e.g., from the synchro-
tron light monitors. If the emittances of the two beams are
different, this analysis yields the effective emittance: the average
of the two emittances of a colliding bunch pair.
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FIG. 2. Luminosity evolution during a scan in one plane.
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FIG. 3. Fitted beam profile from a scan in one plane.
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Zying = \/ZUXmgcos (a) + 202sin*(a) (5)

The effective normalized transverse emittances e, are
then derived from the transverse beam sizes o, , accounting
that the dispersion as the IPs is negligible’ and g* =
Py =Py

_ 7 o

&, = /}_*Gu

where y is the relativistic gamma factor and f* is the value
of the p-function at the IP.

foru =x,y (6)

IV. EMITTANCE SCAN PARAMETERS

The scan parameters, namely the separation steps to scan
and the time to acquire data at each step, were optimized to
provide an adequate measurement while keeping the scans
as short as possible. The steps were chosen to be equidistant
and symmetric with respect to the initial position of the
beams. A total effective separation of ~3¢ is aimed for,
corresponding to a separation factor of S = 0.1 and hence a
change in luminosity by a factor of ~10. Half of this total
separation is applied symmetrically to the orbit of both

“The nominal dispersion at the LHC IPs is 0. After optics
corrections, the dispersion beating is less than 1.2 x 107> m at
the IPs [12]. This changes the beam size by less than 1%.
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TABLE I. Scan parameters.

Number of separation steps 7
Integration time per step 10 s
Beam separation (crossing plane) 2.5 Gpom
Beam separation (separation plane) 3.5 6pom

beams with an opposite sign. Due to the crossing angle,
Xsing 18 larger and the effect of the separation is smaller in
the crossing plane. This can be accounted for by applying a
larger separation in the crossing plane.

The operational scan parameters established for the LHC
based on these constraints are given in Table I. The scan
range is given in units of the “LHC nominal” beam size
Onom (assuming a nominal emittance of &,,,, = 3.5 ym),
while the actual beam emittance was € ~ 2.5 ym as of 2016
[13]. Scans were done regularly at the CMS experiment as
the experiment could deliver bunch-by-bunch Iuminosity
readings at a high rate. Considering the integration time and
the time required to displace the beams, a pair of scans can
be done in less than 4 minutes.

V. EMITTANCE SCANS FOR LONGITUDINALLY
NON-GAUSSIAN BUNCHES

In the nominal LHC cycle, the bunch length is increased
artificially during the energy ramp by injecting rf phase
noise to guarantee beam stability [14]. This changes the
longitudinal bunch profile from a Gaussian to a distribution
with a larger core and lighter tails, which can be represented
as a g-Gaussian with g ~ 0.85 [15]. Over the course of
several hours in collisions, the longitudinal distribution
resumes a more Gaussian shape (Fig. 4).

If the longitudinal distribution is not Gaussian, the simple
factorization of the convoluted beam size in Eq. (5) is no
longer valid for the crossing plane [16]. While still assuming
a Gaussian distribution in the transverse dimensions, the
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FIG. 4. Longitudinal profiles in LHC fill 4964 for beam 1,
bunch 142 over 12 h in collisions, measured by a Wall Current
Monitor pick-up sampled at 40 GS/s. Other bunches (including
those in beam 2) behave similarly.

luminosity during a scan of the separation d in the crossing
plane fulfills

L x exp (4‘52 ) -C(d) (7)

xing

Cld) = / ® ds(fy * £2)(25) exp

o

(—s sin(a)(;:ign(a) - d))

(8)
where a is the half crossing angle, f , are the longitudinal
distribution functions for beam 1 and beam 2 respectively,
and * denotes a convolution.

It is worth noting that @ = 0 yields C(d) = const. and the
separation dependency reduces to the separation factor as
shown in Egs. (2) and (4). This also proves that the
longitudinal distribution only affects scans in the crossing
plane.

If the longitudinal distribution is measured for both
beams, the convolution and the integration in Eq. (8) can be
done numerically, and a non-linear regression of Eq. (7) to
the measured scan points yields o6y,

A. Simulations

To benchmark this approach, emittance scans were simu-
lated for bunches with a transverse Gaussian and longitudinal
g-Gaussian distribution with ¢ = 0.85 (Fig. 5). This longi-
tudinal distribution is typical for bunches in the LHC at the
start of collisions.

The simulations were done for two different sets of
machine parameters and emittances, corresponding to the
configurations used during the LHC 2015 and 2016 run
periods. The simulated data were then analyzed using the
method proposed above, and compared to the Gaussian
approximation based on full-width half-maximum (FWHM)
and true rms bunch length measurements. The operational
bunch length measurement in the LHC is based on the
FWHM method.

Results are compiled in Table II. While commissioning
emittance scans during 2015 LHC operation, the Gaussian
approach using the operational FWHM bunch length
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FIG. 5. Longitudinal g-Gaussian profile used in the simula-

tions, compared to a Gaussian profile of the same rms width.
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TABLE II. Reconstruction of emittances from simulated emit-
tance scans in the crossing plane with a longitudinal q-Gaussian
(g = 0.85) distribution for the LHC machine parameters used in
2015 and in 2016.

2015 LHC machine parameters
p* =45 cm, a = 145 prad, 6, = 7.5 cm

Reconstructed Emittances

Method Eref = 2 pym Eror = 3.5 um
Gaussian fit, FWHM bunch 1.85 ym 3.34 ym
length
Gaussian fit, rms bunch 2.02 ym 3.51 um
length
Direct fit using longitudinal 2.00 ym 3.50 ym
profile
2016 LHC machine parameters
p* =40 cm, a = 185 prad, 6, = 7.5 cm
Reconstructed Emittances
Method Eof =2 um € = 3.5 um
Gaussian fit, FWHM bunch 1.55 ym 3.02 ym
length
Gaussian fit, rms bunch length 2.09 ym 3.57 um
Direct fit using longitudinal 2.00 ym 3.50 ym

profile

measurement was used and a systematic error of up to 15%
in the crossing plane due to the non-Gaussian longitudinal
distribution was assumed [17].

For measuring low-emittance beams at a large crossing
angle, as at the LHC in 2016 and 2017, using measured
longitudinal bunch profiles or a true rms bunch length
measurement becomes crucial. For the machine parameters
considered, the error on the emittance measurement using a
Gaussian fit with a true rms bunch length measurement is
below 5%.

B. LHC machine studies

The impact of a changing longitudinal distribution on
emittance scan was directly probed in 2016 during the
commissioning of the longitudinal bunch flattening at the
LHC [18].

During these tests, a sinusoidal rf phase modulation
was applied to compensate for the shrinking caused by
synchrotron radiation damping by flattening the bunch
profiles. The distribution was measured before and after,
the change is shown in Fig. 6.

Before and after the longitudinal bunch flattening, an
emittance scan was done in the crossing plane. Results are
shown in Fig. 7, and compared to the yield of Eq. (7)
considering the change in longitudinal distribution and
intensity, but assuming no change in transverse emittance.
The agreement shows that the longitudinal distribution is
well accounted for.
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FIG. 6. The measured longitudinal profile before and after the
flattening.
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FIG.7. The scan data and the simulation based on the measured
profiles. The effects of the bunch profile change are well
reproduced. The transverse emittances of the two simulated
scans are identical.

C. Retrospective correction

An operational measurement of the longitudinal bunch
profiles was not available at the LHC as of 2017; longi-
tudinal bunch profiles could only be logged by manual
intervention on demand. However, since the machine
parameters and the longitudinal distribution were repro-
ducible, the difference between the reconstruction based on
a FWHM measurement and the real emittance reduces to a
constant offset at first order. This allows using the opera-
tional FWHM bunch length measurement and correcting
the resulting emittance by an offset to be determined by a
reference profile measurement and numerical simulations.

For emittance scans at the start of collisions in 2016, a
simulation shows that the emittance in the crossing plane is
underestimated by 0.5 = 0.1 pm for the operational machine
parameters and a typical bunch length of 6, = 7.8 + 0.5 cm.
This is a constant offset in emittance, and is only weakly
dependent on the actual bunch length. Neglecting the bunch
length dependence and applying a correction of +0.5 um,
the residual error on the emittance is less than 5% for the
range of bunch lengths and emittances used at the LHC.

VI. SYSTEMATIC ERRORS

At high luminosity, systematic errors are largely pre-
dominant, while statistical errors on the luminosity

102801-5
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TABLE III.  Errors on emittances from luminosity scans.
Separation Crossing
Error source plane plane
Luminosity non-linearity [3] 5% 5%
Steering magnet calibration [3] 5% 5%
/* (optics uncertainty) [12] 3% 3%
Head-on beam-beam kick [19,20] 2% 2%
Dynamic f* (beam-beam) [20] 2% 2%
Transverse distribution [15] 5% 5%
Crossing angle e 5%
Longitudinal distribution 5%
Combined error 9.6% 11.9%

measurement are negligible. The error sources considered
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FIG. 9. The average convoluted emittances at the start of

collisions in 2016 proton physics operation.

and their contribution to the total error of the derived
emittances are given in Table III. For the crossing plane, it
is assumed that the longitudinal bunch shape is taken into
account up to a residual error of 5% as described in the
previous section.

It is to be noted that most systematic error sources only
affect the absolute scales of the derived beam sizes and
emittances. Relative bunch-to-bunch differences and other
fit parameters (in particular the initial separation d)) are not
affected. Also, only the luminosity nonlinearity due to pile-
up effects and the longitudinal bunch shape are expected to
change over the course of a fill, and therefore to possibly
affect the time evolution of the emittance.

VII. EMITTANCE MEASUREMENTS

A. Convoluted emittances

The effective convoluted transverse emittances &, =
\/m at the start of collisions, averaged over all bunches
in the LHC, are shown Figs. 8 and 9 for the LHC proton
physics runs in 2015 and 2016 respectively. For comparison,
the other emittance measurements available for high-intensity
beams are also displayed: the synchrotron light monitors [21]
and the reconstruction from the luminosities measured by the
ATLAS and CMS experiments. The available measurements
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FIG. 8. The average convoluted emittances at the start of

collisions in 2015 proton physics operation (only fills with
emittance scans are shown).
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FIG. 10. The average horizontal and vertical emittances at the
start of collisions in 2016 proton physics operation.

agree better than 20% in convoluted emittance, which is the
expected level of systematic uncertainties [13].

In 2016 as of fill 5079, the convoluted emittance was
reduced from 3.4 + 0.6 ym to 2.0 £ 0.3 um at the start of
collisions with the introduction of the “batch compression
merging and splitting” [22] beam production scheme in the
injector complex. The resulting reduction in emittance is
confirmed by all monitors.

B. Horizontal-vertical emittance asymmetry

A difference between the ATLAS and CMS luminosities
has been observed throughout 2016 LHC operation, while
ideally the two experiments would receive the same lumi-
nosity from the LHC. As the beams cross in different planes
in the two experiments, non-round beams can cause such an
imbalance via the crossing angle (see Egs. (4) and (5)) [23].

Nonround beams were indeed observed in emittance
scans in 2016, as shown in Fig. 10. The larger emittance in
the horizontal plane penalizes the ATLAS experiment
(crossing vertically) less than the CMS experiment (cross-
ing horizontally). The level of the measured emittance
asymmetry is consistent with the ratio of the ATLAS and
CMS luminosities [23].

C. Bunch-by-bunch emittances

Effective bunch-by-bunch emittances for a typical LHC
fill are shown for all bunches in Fig. 11 and details for

102801-6
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FIG. 11. The bunch-by-bunch emittances of all 2556 bunches

in the LHC (fill 6054).
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FIG. 12. Zoom on Fig. 11. The shaded error region for the
emittance scan data includes both systematic and statistical
uncertainties.

6 typical bunch trains in Fig. 12. An increase in emittance
over the individual trains by ~0.5 pym is visible, attributed
to electron cloud effects. Also, a decreasing trend in
emittance is visible over the full ring. Bunches early in
the ring are injected first, and thus circulate for a longer
time in the LHC at injection energy where the degradation
due to intrabeam scattering is strongest [24].

The measurements from the synchrotron light monitors
and the emittance scans agree well within the expected
systematic and statistical uncertainties. As expanded in
Sec. VI, the systematic uncertainties affecting the absolute

3.5
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sl | T Emittance Scan ||

A A
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ot

1100 1150 1200 1250 1300 1350 1400
25ns Bunch Slot Number

FIG. 13. Bunch-by-bunch convoluted emittances for 6 typical
bunch trains (LHC fill 6054). The shaded error region for the
emittance scan data includes both systematic and statistical
uncertainties.

emittance scale for all bunches are strongly dominant over
per-bunch statistical or systematic errors.

In Fig. 13, the measured convoluted bunch-by-bunch
emittances are compared to the convoluted emittances
reconstructed from the bunch-by-bunch luminosity mea-
surements in the ATLAS and CMS experiments. Again, an
agreement well within the expected statistical and system-
atic uncertainties is observed.

VIII. CLOSED ORBIT SEPARATION
MEASUREMENTS

For 2017 proton physics operation, PS batches of 48
bunches were joined to form trains of 96 bunches (2 PS
batches) or 144 bunches (3 PS batches). The LHC filling
scheme consisted of 15 trains with 144 bunches, interleaved
with 4 trains of 96 bunches. Together with 12 noncolliding
“witness bunches,” this amounted to 2556 bunches per LHC
beam (Fig. 14). The number of long-range beam-beam
encounters per bunch in the drift space around the ATLAS
and CMS experiments for this filling scheme is shown in
Fig. 15. Due to PACMAN effects, the different number of
beam-beam long-range encounters is expected to yield a
difference in closed orbits, which can be observed using
emittance scans.

A. Simulations

The TRAIN code [25,26] can simulate self-consistent
closed orbits on a bunch-by-bunch level under the presence

0 500 1000 1500 2000 2500 3000 3500
25ns Bunch Slot Number

FIG. 14. The 2556 bunch filling scheme used for LHC beam 1
in 2017 proton physics operation. Apart from the 12 noncolliding
bunches (yellow), the filling scheme for beam 2 is identical.
Bunches in blue are not colliding in the ALICE or LHCb
experiment.
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FIG. 15. Number of long-range beam-beam encounters in the
drift space and inner triplets around ATLAS and CMS for two
trains of the 2556 bunch filling scheme used in 2017 LHC
operation. The pattern is identical for all trains.

of long-range beam-beam effects. These simulations take
into account the filling scheme, and optionally measured
intensities and emittances. The simulation gives the bunch-
by-bunch closed orbit for either beam, as well as bunch-by-
bunch tunes and chromaticities. The difference between the
closed orbits of the two beams at the IP yields a separation,
which can be observed during emittance scans. This effect
has previously also been observed at the LHC during van-
der-Meer scans [27].

In earlier versions, the TRAIN simulation only took into
account the 15 long-range encounters in the IP drift space
and inner triplets [26]. This approximation was justified for
the LHC nominal design optics, but for the “achromatic
telescopic squeeze” (ATS, [28]) optics used in the recent
years of LHC operation, the effect of the long-range
encounters beyond the 15th, while small, could sum up
to non-negligible orbit kicks. This led to a discrepancy
between measurements and simulation results in earlier
studies, which were most pronounced in the horizontal
(crossing) plane at CMS [29]. For this study, we therefore
extended the TRAIN code to support an arbitrary number
of long-range beam-beam encounters, taking into account
both the closed and the design orbit. As shown in Fig. 16,
considering the full 45 long-range encounters approxi-
mately doubles the PACMAN orbit effects in the horizontal
plane at CMS, and introduces an additional fine structure
over the bunch trains. A convergence study considering
different numbers of long-range beam-beam encounters
showed that at least 35-40 encounters per IP-side are
needed to accurately reproduce this structure.

B. Measurements

Figures 17 and 18 show the bunch-by-bunch parasitic
separations [Eq. (3), d,9 ,0] measured by an emittance scan,
compared to the simulation results of the TRAIN code. The
simulation takes into account the measured emittances and
bunch intensities.

The PACMAN bunches in the beginning and in the end
of each 144 bunch train have different closed orbits due to

—e— 15 encounters per IP-side
—e— 45 encounters per IP-side

| i ofMng

—0.5+

|

T
|

Horizontal Separation [pm]

| | | | | | |
1100 1150 1200 1250 1300 1350 1400

25ns Bunch Slot Number

FIG. 16. TRAIN simulation of the closed-orbit separations in
LHC fill 5976 (ATS optics, f* = 40 cm in ATLAS and CMS,
£=25um, N = 1.15 x 10" ppb). The plot shows the expected
separation in horizontal plane of CMS, where the additional long-
range beam-beam encounters beyond the 15 in the inner triplets
and drift space have the strongest impact.

the different number of beam-beam long-range encounters.
The structure in the horizontal plane is predominately
generated by long-range encounters in CMS (horizontal
crossing), while the vertical structure are due to long-range
encounters in ATLAS (vertical crossing).

Also, the SuperPACMAN trains missing head-on colli-
sions in ALICE or LHCb are offset in closed orbit with
respect to the trains colliding in all experiments. This is due

g 1 ‘ —— Measured —— TRAIN k

=

.§ 0.5 *

=

5

5 0 n

*

=

£ -05

N

=i

5

T -1 -
! ! ! ! ! ! !

0 500 1000 1500 2000 2500 3000 3500
25ns Bunch Slot Number

—— Measured —— TRAIN

0.5

-0.5 -

Vertical Separation [pm]
o
I

_ | | | | \ \ |
10 500 1000 1500 2000 2500 3000 3500

25ns Bunch Slot Number

FIG. 17. The bunch-by-bunch orbit separations at the CMS
experiment for all bunches colliding there (fill 5976). Note that
the trains missing collisions in ALICE and LHCb have different
separations (in particular in the horizontal plane).
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FIG. 18. Zoom on Fig. 17, showing two typical bunch trains
colliding in all four IPs. The shapes predicted by the TRAIN
simulation match the data within uncertainties.

to the use of luminosity levelling by separation in these
experiments: the partially separated beams cause a coherent
beam-beam kick, which the SuperPACMAN bunches miss
at either the ALICE or LHCb experiment.

The TRAIN simulation, which takes into account these
particularities of the filling scheme and the partial separa-
tion in ALICE and LHCb, agrees well with the measured
separation in both planes, and all expected features are well
reconstructed.

IX. CONCLUSIONS

Emittance scans were used in LHC proton physics
operation since 2015 as a complementary, independent
tool for measuring the bunch-by-bunch transverse emit-
tances and closed orbit differences in collisions. One scan
pair (horizontal and vertical plane) has been done regularly
at the start of collisions and before programmed dumps at
the CMS experiment. With the operational parameters
established, one scan consists of 7 points at different
transverse separation, and the full measurement takes less
than 5 min.

With the beam and machine parameters used since
2016, the present approach of measuring the bunch length
with a full-width half-maximum (FWHM) algorithm
and then assuming all planes to be Gaussian lead to
systematic errors of up to ~30% in the crossing plane. To
mitigate this, we propose an analysis to take into account
the measured longitudinal profiles. This new approach

has been validated in simulations and machine studies.
Alternatively, if a longitudinal bunch profile measure-
ment is not available, numeric simulations can be used
to derive correction constants for the FWHM analysis.
For reproducible machine conditions, such a correction
can reduce the uncertainty due to the longitudinal profile
down to ~5%.

The transverse emittances measured through emittance
scans have been compared to measurements from the
synchrotron light monitors and the expected values from
the ATLAS and CMS luminosities. An agreement better
than 20% in convoluted emittance was found over the full
run periods of 2015 and 2016. At a plane-by-plane, bunch-
by-bunch level, the agreement between the synchrotron
light monitors and the emittance scans was found to be
better than 10%. The uncertainty is dominated by system-
atic effects which affect the absolute emittance scales for all
bunches; the individual, relative bunch-by-bunch measure-
ment is more accurate.

The bunch-by-bunch closed orbit differences observed
during the scans are fully explained by beam-beam long-
range and PACMAN effects. All bunch-by-bunch features
and structures agree with simulation results from the
TRAIN code. It is to be noted that over the course of this
study, it was found that for the 2017 “ATS” LHC optic [28]
the long-range beam-beam encounters beyond the drift
space and inner triplets around the IPs have a significant
effect, in particular in the horizontal plane. As a conse-
quence, the TRAIN code was improved to include these
additional encounters. This highlights the importance of
the emittance scan data for benchmarking and improving
the simulation code which can then be applied to different
scenarios and machines.

Over the course of 2017 LHC operation, the data from
emittance scans could also be used by the CMS experiment
to continuously check the stability of their individual
luminosity monitors over the course of the LHC proton
physics runs [30]. Following these results, the ATLAS
collaboration requested emittance scans to be commis-
sioned at their experiment as well for 2018. Since the beam
sizes at ATLAS and CMS are the same but the beams cross
in different planes, comparing the scans at the two experi-
ments will allow a direct measurement of the impact of the
longitudinal distribution in the crossing planes.
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