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Summary

This note summarizes MD 307, performed on August 27 2015, during which we measured with beam
the global apertures at 6.5 TeV with IR1 and IR5 squeezed to 8*=40 c¢m and a half crossing angle
of 205 urad. The measurement technique involved opening collimators in steps, while inducing
beam losses at each step, until the main loss location moved from the collimators to the global
bottleneck in one of the triplets. Measurements were performed in both beams and planes, and
each measurement gave the minimum triplet aperture over IR1 and IR5. The results are in very
good agreement with theoretical predictions based on the nominal mechanical aperture. At the
end of the MD, an asynchronous beam dump test was performed with all collimators moved in to
so-called 2-0 retraction settings. This MD is one in a series meant to address various open points
for the reach in £* in Run II.

1 Introduction

As * is pushed to smaller values to achieve higher luminosity in the LHC, the normalized
aperture in the triplet decreases, but it can only be decreased down to the level which can
be protected by the collimation system [1]. The triplets are locally protected by the tertiary
collimators (TCTs), which are also not robust against high intensity beam impacts that
risk to happen during an asynchronous beam dump. Therefore, in Run I, margins were
introduced between collimator families to keep the risk of damaging the triplets and the
TCTs very low. This practically constrained S* and the achievable luminosity.

The margins introduced in Run I accounted for the most pessimistic phase advance of
7 /2 between the dump kickers and the TCTs. For Run II, one way of pushing the reach in *
could be to account for the phase advance between the dump kickers (MKDs) and the TCT's
and triplets when determining the margins [2]. Since the phase advance with nominal optics
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Figure 1: The evolution of beam intensity and energy during the MD.

at $*=40 cm and below turns out to be much more favorable than at the higher f*-values
used so far in operation, the TCTs could potentially be moved in significantly without risk,
allowing thus a smaller aperture and smaller 8*. In this scenario, the TCT settings could
be constrained rather by halo cleaning and experimental background. We present here one
in a series of MDs proposed to investigate with beam the feasibility of the needed tighter
collimation hierarchy, and ultimately of 3*=40 cm or below as an operational scenario in
Run II. This MD addressed in particular the evaluation of the IR aperture at 5*=40 cm.

Because of chromatic effects and an optics correction that is potentially not as good as at
£*=80 cm, the normalized aperture could possibly be worse at very low £* than the expected
aperture extrapolated from measurements at higher g*. This MD aimed therefore at mea-
suring with beam the aperture of the triplets in IR1 and IR5 at §*=40 cm. Furthermore, in
a pushed *=40 cm scenario, there is not much margin and it is therefore necessary to know
the aperture with best possible precision. The MD serves also as an additional benchmark
for the aperture calculation models that have been used to estimate the aperture in any
running scenario [1, 3, 4].

It was also foreseen to perform off-momentum aperture measurements, which could not
be carried out due to a delay of several hours caused by a beam dump from an RF software
error that was not related to the MD. Such a measurement could possibly be performed
during the commissioning in 2016 if needed. In addition to the aperture measurements, an
asynchronous dump test was performed at the end of the MD to assess the losses on TCTs
with settings close to the IR6 dump protection.
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Figure 2: The positions of the TCT jaws as a function of time during the BPM alignment.
It should be noted that a BLM-based alignment of all TCTs usually takes around 1 h.

2 Measurement procedure

The evolution of the beam intensity and energy during the MD is shown in Fig. 1. The first
fill was dumped due to a software error in the main RF system [5], not connected to the MD,
before the measurements could start. The second fill, in which 8 pilot bunches were injected,
successfully reached *=40 cm using the standard operational procedure. At flat top, the
collimators were driven to coarse settings (TCP7 at 12 o', TCSG7 at 13 o, IR6 TCSP at
12 o, TCDQ at 15 mm, and all IR3 collimators at 20 ¢) and the TCTs symmetrized with
respect to the 80 cm orbit. Then all crossing and separation bumps were flattened, followed
by a first squeeze to 5*=80 c¢m and then second step to 5*=40 cm, where the optics had
previously been corrected [6]. The nominal optics was used all along the MD.

At f*=40 cm, a crossing angle of 205 urad was introduced in IR1 and IR5, which cor-
responds to a beam-beam separation 11 ¢ using a normalized emittance of 3.75 um, as
assumed for long-range beam-beam constraints [7, 2]. as well as the standard separation
of 0.55 mm [8]. After that, the TCTs were aligned around the new orbit using the BPM
buttons and retracted to an initial setting of 7.8 ¢. The jaw positions of the TCTs during
the alignment are shown in Fig. 2. As can be seen, the full alignment was finished in less
than All other collimators were then opened beyond that, in order to make the TCTs the
aperture bottleneck of the ring. In this configuration, an ADT white-noise excitation was
used to induce transverse losses on individual bunches, in order to probe the aperture. Both
beams and planes were probed consecutively with different pilot bunches.

Afterwards, all TCTs in IR1 and IR5 were opened by 0.5 sigma, and new losses were
induced in both beams and planes. The procedure of a TCT step outward followed by ADT
excitations to create losses was repeated until the main loss location moved from the TCTs
to the triplet aperture in one of the IRs. A conservative estimate of the aperture in units of

!The o in this note refers always to a 3.5 ym normalized emittance.
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Figure 3: The measured losses in IR1, B1, during a vertical excitation and when the TCT
was at 9.5 o (left) and at 10 o (right). It can be seen that between these two steps in TCT
opening, the main loss location moves from the TCT (black) to the cold triplet aperture
(blue).

o is then given by the largest TCT opening where the TCT was still shadowing the triplet.
An example of the local loss distribution in the IR is shown in Fig. 3, for both the case when
the TCT is still the aperture bottleneck, and the step after in the scan where the bottleneck
is found at the triplet.

After the TCT scans, similar scans were performed using the TCP instead, in order to
understand some inconclusive results found in the TCP scan. Both the TCT and TCP scans
are described in more detail in Sec. 3, while in Sec. 4, a comparison is made to theoretically
predicted apertures.

At the end of the MD, all collimators were moved in to the proposed operational settings
at f*=40 cm. Then an asynchronous dump test was performed, This is discussed more in
detail in Sec. 5.

3 Measurement results

The results from the measurements are shown in Fig. 4 in the form of losses at the triplets and
TCTs as a function of the TCT opening, for each beam and plane. It should be noted that
the raw integrated BLM signals during the loss have been normalized first by the intensity
decrease during the excitation (in p) in each step, which is not necessarily the same for each
ADT excitation. Furthermore, each data curve has been normalized by the highest intensity-
normalized BLM signal, recorded at its respective location. This accounts for the fact that
the BLM response (BLM signal per impacting proton) is different at different elements, due
to the shower development in the local geometry. With this normalization, which was first
introduced in Ref. [9], the losses at each element are given as a fraction of the maximum loss
that occurs when the element is the main bottleneck of the ring. The triplet aperture in each
case can be estimated as the interpolated cross-over between the TCT losses and the aperture
and the results are shown in Table 1, where they are compared to the conservative estimate
given by the largest TCT setting where the aperture was still protected in the measurements.
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Figure 4: The measured losses at the limiting triplet aperture and the upstream TCT, as a
function of TCT setting, and normalized by both the intensity loss at each excitation and
the highest loss measured at each element, for each beam and plane.

It should be noted that there is still a significant uncertainty on the interpolated values, due
to noise in the intensity normalization and shot-by-shot variations in the BLM response.
Therefore, in order to be on the safe side, we use instead the conservative estimates for any
estimation of the performance reach.

It should be noted that in the case of B2H, the measurement was not conclusive. It
can be seen in Fig. 4 that the measured triplet losses were actually slightly higher than the
TCT loss already at the starting point, with TCTs at 7.8 ¢. However, when the TCTs were
opened, the ratio of the loss at the TCT to the loss at the triplet remained approximately
constant. This hinted that the significant triplet losses were probably not caused by a real
aperture bottleneck, but rather by showers starting in the TCT and hitting also the triplet
BLM with a higher response there than at the TCT itself. If a primary loss would really
have occurred on the triplet, the loss at the TCT should have decreased significantly when
this collimator was opened more. Once the TCT setting reached 10.5 o, the ratio changed
very significantly, with the TCT losses dropping suddenly to almost zero. This could hint
that the real aperture was hit with the primary beam between 10 ¢ and 10.5 o.

In order to verify this assumption, a second measurement was carried out, where the
TCTs were opened to 13 o directly at the start, and the the scan was performed with the
TCP in IR7, opened in steps of 0.5 o steps, again with a blowup on every step. The initial
loss distribution in B2H, with the TCP at 8 o, is shown in Fig. 5. Losses at the triplet can



Table 1:  Results of the aperture measurements in units of ¢ from the TCT and TCP
scans, assuming a normalized emittance of 3.5 um. We show both the interpolated values,
for which the TCT and aperture are estimated to have the same normalized opening from
Figs. 4 and 6, and the conservative estimate given by the largest TCT setting where the
aperture was not exposed. We show also the IR in which the bottleneck was found.

Plane and beam | Interpolated aperture (o) | Aperture from coll. setting (o) IR
TCT scan TCP scan | TCT scan TCP scan ‘

B1 H 11.1 - 11.0 -1 5

B1V 10.0 9.8 9.5 95| 1

B2 H - 101 (10.0?) 10.0 | 1

B2V 9.8 - 9.5 -1

be seen also in this configuration, however, the TCP is the clear bottleneck of the ring with
a significantly higher loss peak.

It should be noted that the measurement with the TCP could in principle be expected
to be more conservative, as a we expect more secondary halo which is outscattered at large
amplitudes. A similar leakage of secondary halo to the triplet should not be expected during
standard operation, since all other IR7 collimators were open during the MD. This means
that IR7 contained a single-stage cleaning, which is much less efficient at absorbing the
losses than the standard multi-stage system. Furthermore, the TCTs were retracted in this
configuration.

The losses in the triplet and at the TCP, as a function of the TCP setting and using
the same normalization procedure as for the TCT scan, are shown in the left part of Fig. 6.
It can be seen that the aperture is exposed between 10 o and 10.5 o. This result of the
TCP scan thus confirms the suspected aperture in the TCT scan, where the ratio of TCT
to triplet losses decreased rapidly above 10 o, and makes it likely that the observed triplet
losses at small TCT openings must have been secondary, outscattered particles from the
TCT. It is, however, not understood why the BLM at the IR1 triplet records so much higher
losses during in B2H excitations than the corresponding BLMs for other planes and beams.
Previous studies with FLUKA have shown that the detailed placement of the BLM is very
important to the final BLM response [10, 11] and could cause large variations between BLMs
placed at similar elements in the ring. For a full understanding, the BLM locations at all
triplets and TCTs in IR1 and IR5 should be investigated, as well as possible effects coming
from the electronics.

In order to further validate the method with the TCP scan and compare it with the TCT
scan, the measurement was repeated for B1V. The resulting losses as function of the TCP
setting are shown in the right part of Fig. 6. This measurement agreed also very well with
the aperture found in the TCT scan. A TCP scan was attempted also in B2V, however,
this measurement was inconclusive as too little intensity was lost in the excitations, which
makes the normalization of the data too noisy. The results of the TCP scan are summarized
in Table 1.

The aperture measurement data can also be used to extract the ratio of BLM signal, in
Gy/s, to lost protons on the TCTs. This can be useful in several applications where it is
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Figure 5: The loss distribution between IR7 and IR1 at the first step of the TCP scan in
B2H, with the TCP at 8 o.

needed to estimate from the BLM signal the number of impacting protons, such as in the
analysis of asynchronous beam dump data in MD 310 [12]. The reason is that the TCTs
were the limiting bottleneck in the ring, while the beams were excited with the ADT to
create losses. Averaging over the points with close TCT settings (to the left in Fig. 4), we
extract an average BLM response of 2.1 x 107!* Gy/p lost on the TCTs, with a standard
deviation of about 70%.

4 Comparison with predicted aperture

The measured apertures presented in Table 1 can be compared to the theoretical estimates
using either a scaling of previous aperture measurements as in Ref. [1], or using the MAD-X
aperture module [13].

For the aperture scaling, we use as a starting point the interpolated apertures measured
in collision at 8*=80 cm during the 2015 commissioning [14] and scale each plane individually
by the theoretically expected change in beam size and add the theoretically expected change
in orbit expressed in units of o without any additional tolerances. We then compare with
the interpolated values from our measurements at 5*=40 cm, shown in Table 1.

In MAD-X, we calculate the apertures in the crossing and separation planes with a more
realistic set of tolerances than what was used during the LHC design stage, called Run I in
Table 2 of Ref. [4]. We assume a 5% (-beat (translating into a 2.5% change of the beam
size), 0.5 mm orbit shift, and no off-momentum component. This parameter set reproduced
well the smallest measured aperture with §*=60 cm in 2012 [4].

The comparison between the two calculation methods and the measurements is shown
in Fig. 7. It should be noted that the aperture scaling gives an excellent agreement in

7
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Figure 6: The measured losses at the limiting triplet aperture and the TCP, as a function of
TCP setting, and normalized by both the intensity loss at each excitation and the highest
loss measured at each element, for each beam and plane.
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Figure 7: The measured aperture at $*=40cm, from the interpolated values in Table 1,
shown together with the scaled apertures from previous measurements at *=80 cm, as well
as calculated values from MAD-X.

B1H, B1V, and B2V, where the maximum discrepancy is only 0.3 ¢. In all these cases, the
bottleneck was found in the crossing plane (IR1 for vertical losses, IR5 for horizontal) at
both 5*=40 cm and $*=80 cm. In B2H, the the aperture bottleneck was instead found in
the separation plane in IR1 at both values of $*. This is not expected theoretically, where
the crossing plane is expected to be limiting. If the aperture scaling is performed assuming
that the bottleneck is indeed in the separation plane, thus applying the expected change of
orbit and beam size in the horizontal plane in IR1, the estimated aperture at §*=40 cm is
1.5 o larger than what was measured (dashed yellow line in Fig. 1). If, on the other hand,
we use the scaling in the crossing plane (solid yellow line), the agreement is again excellent.

The reason for these puzzling results is not well understood. It should be noted that
the measurement in B2H was also the one that was showing issues during the TCT scan
and thus had to be repeated using a TCP scan (see Sec. 3). One explanation could be the
presence of a strong coupling, which would cause particle losses in the vertical or skew plane
even though the initial ADT excitation was done in the horizontal plane. Indeed, the optics



Table 2: Collimator half opening, in units of ¢ with a normalized emittance of 3.5 um, at
top energy and squeezed optics for the 2015 operational settings at 5*=80 cm, called “mm
kept” and the settings used during the MD for the asynchronous dump test.

Collimators 2015 OP setting (o) MD setting (o)

TCP IR7 5.5 2.5
TCS IR7 8.0 7.5
TCLA IR7 14.0 12.0
TCP IR3 15.0 15.0
TCS 1IR3 18.0 18.0
TCL IR3 20.0 20.0
TCT IR1,IR5 13.7 9.0
TCSP IR6 9.1 8.6
TCDQ IR6 9.1 8.6

measurements in B2 at 4*=40 cm showed a significant coupling source in IR1 [6]. This, in
combination with the large betatron amplitudes that the particles reach, could cause the
losses to have a vertical component. However, detailed quantitative studies are required to
understand more in detail if the effect is strong enough.

An alternative explanation for the B2H result would be systematic differences in the BPM
sensitivity between 5*=40 cm, where only pilot bunches were used and the BPMs therefore
working at a different gain, and 5*=80 cm, where nominal bunches were used. Nevertheless,
for the three other measurements, this effect seems to be negligible and the variation between
the different beams and planes shows an excellent agreement. This could mean that the optics
and closed orbit imperfections go in a similar direction in both configurations, or that the
variations between planes and beams are driven more by the misalignment of the magnets.
In any case, the overall agreement between the scaling method and the measurement is
excellent and it successfully predicts the lowest apertures that are potentially limiting the
reach in 5.

The MAD-X results are shown in Fig. 7 both for the crossing and separation planes.
No measured element misalignments were included. It is seen that, also for thef*=40 c¢m
configuration, the aperture model with the used parameter set gives an excellent estimate
of the interpolated aperture without margins. With a momentum offset of 2 x 10™*, MAD-
X reproduces instead the conservative estimate from the TCT setting. Our studies gives
another example that both the scaling method and MAD-X can be used to reliably predict
the aperture in future configurations.

5 Asynchronous dump test

After the aperture measurements, at the end of the MD, an asynchronous dump test was
performed in order to study the losses on the TCTs in a configuration with tight settings.
For this test, all collimators that had been taken out for the aperture measurements were
moved in again, in order to have the full collimation system in place. The deployed settings
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Figure 8: The longitudinal beam profile along the abort gap, as measured by the BSRA,
during the seconds preceding the asynchronous dump test for B1 (top) and B2 (bottom). It
can be seen that the population in B2 is significantly lower and that the B2 bunch enters
the abort gap much later.

are shown in Table 2. TR7 was moved to the 2 ¢ retraction settings. The TCTs were moved
to 9 o, which is 0.5 ¢ inside found aperture and close to the 8.8 ¢ tentatively proposed
earlier [2]. The standard orbit bump for asynchronous dump tests was introduced in IR6.
It brings the beam 1.2 mm further away from the TCDQ and the relevant TCSP jaw. This
corresponds to a loss of 2.4 ¢ margin in IR6, which is larger than expected from optics
correction and studies of orbit variations [15, 16].

In this configuration, the RF was turned off to make the beam debunch and drift longitu-
dinally and the BSRA was used to monitor the abort gap population. A dump was triggered
when a maximum abort gap population was estimated online. The integrated abort gap
population was, at the moment of the dump, 4 x 10° protons in Bl and 3 x 10® protons
in B2. The reason for this large asymmetry was the filling pattern, which had a bunch in
bucket 1, next to the abort gap, in B1 but not in B2.

Fig. 8 shows the measured bunch profiles in the abort gap at different times up to the
dump. It can be seen how the bunch enters the abort gap from the right (bucket 1) and
moves to the left at the same time as it spreads out. Unfortunately, at the time of the dump,
the core of the bunch was still in the right part of the window. This means that very few
particles entered the region where losses on the TCTs could be expected, which is in the left
part of the window.

This is illustrated in more detail in Fig. 9, which shows the abort gap population at the

10
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Figure 10: The BLM signals at all TCTs, as a function of time, up to the asynchronous
beam dump test. As can be seen, all BLMs are dominated by noise and no particular signal
above the noise is noticed at the time of the dump.

time of the dump in B1 and B2. In this figure, the horizontal axis has been scaled by the
expected normalized kick in o as a function of time in the abort gap, assuming the ideal
MKD kicker waveform and that all kickers fire simultaneously. The gray band indicates the
range 6-12 o that could potentially cause impacts on the TCTs. As can be seen, it is only
a small fraction of the abort gap. Figs. 8 and 9 show that if we had waited a bit longer, the
particles would have drifted more to the left and we would have had a higher population in
the gray band and thus better resolution of the losses on the TCTs.

Unfortunately, the BLM data at the TCTs from the asynchronous beam dump test were
within the noise of the monitors, which can be understood from the fact that only pilot
bunches were used, and the abort gap population in Fig. 9. One example of this is shown
in Fig. 10, which shows the BLM signals at the TCTs as function of time up to the dump.
As can be seen, no spike above noise level is observed at the TCT at the time of the dump.
Therefore, these data cannot be used to extrapolate whether a beam dump with a full
machine is safe in the same configuration.
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6 Conclusions and outlook

We have shown the results of MD 307, where the global aperture was measured with IR1
and IR5 squeezed to f*=40 cm and with a half crossing angle of 205 urad. The smallest
measured aperture is about 9.5 ¢ and was found in the vertical plane. This agrees well with
predictions. Slightly larger apertures were found in the horizontal plane. In general, the
results confirm the theoretical models and do not pose any showstopper for operation at
[£*=40 cm, provided that the general philosophy for collimation margins outlined in Ref. [2]
is adopted and assuming that the same optics and orbit control can be achieved.

In B2H, the first measurement with a TCT scan was inconclusive, since the triplet gave
the highest BLM signal already at the smallest TCT setting. This was suspected to be
caused by showers, since the BLM ratio between TCT and triplet did not change until the
TCT reached 10.5 ¢. This measurement was repeated with a TCP scan, which confirmed
an aperture between 10 ¢ and 10.5 o.

Scaling the aperture found in each plane at 5*=80 cm to the used machine configuration,
an excellent agreement within 0.3 o is found in three cases out of four. In B2H, the bottleneck
was found in the separation plane in IR1. In this assumption, the scaling yields a discrepancy
of 1.5 o, however, an agreement of 0.2 ¢ is found if the scaling of the crossing plane is used.
This is not well understood, but it could be that the significant coupling source found in
Ref. [6] at IR1, B2, causes skew losses, or that the orbit was not as well corrected for this
beam and plane.

The asynchronous beam dump test at the end of the MD did not show any unexpectedly
high losses, however, only minor losses were intercepted by the TCTs, so that their BLMs
did not exceed the noise level. Therefore, we cannot conclude on the overall safety for the
TCTs at *=40 cm from these measurements. It should be noted that the asynchronous
beam dump test in MD 307 [12], where nominal bunches were used, produced TCT BLM
signals well above the noise level.
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